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Inside illustrations by Geert Donker

ISBN: 90-393-3192-8



Haemostatic effects of recombinant

coagulation factor VIIa

Bloedstelping door recombinant stollingsfactor VIIa

(Met een samenvatting in het Nederlands)

PROEFSCHIFT

Ter verkrijging van de graad van doctor

aan de Universiteit Utrecht

op gezag van de Rector Magnificus,

Prof. Dr. W.H. Gispen,

in gevolge het besluit van het College voor Promoties

in het openbaar te verdedigen

op dinsdag 17 december 2002 des ochtends te 10.30 uur.

door

Johannes Antonius Lisman

Geboren op 10 Maart 1976, te Arnhem



Promotor: Prof. Dr. Ph.G. de Groot

Faculteit geneeskunde, Universiteit Utrecht

Co-Promotor: Dr. H.K. Nieuwenhuis

Faculteit geneeskunde, Universiteit Utrecht

The studies described in this thesis were supported in part by an unrestricted educational

grant from Novo Nordisk.

Financial support by Novo Nordisk for the publication of this thesis is gratefully

acknowledged.



I’ve got a pen in my pocket does that make me a writer

Standing on the mountain doesn’t make me no higher

Putting on gloves don’t make you a fighter

And all the study in the world

Doesn’t make it science

Paul Weller





Contents

Chapter 1. General Introduction 9

Haemophilia

Chapter 2. Inhibition of fibrinolysis by recombinant factor VIIa in plasma

from patients with severe haemophilia A 41

Appendix to chapter 2.

Enhanced procoagulant and antifibrinolytic potential of

superactive variants of recombinant factor VIIa in plasma from

patients with severe haemophilia A 55

Cirrhosis and liver transplantation

Chapter 3. Haemostatic abnormalities in patients with liver disease 61

Chapter 4. Thrombin activatable fibrinolysis inhibitor deficiency in cirrhosis

is not associated with enhanced plasma fibrinolysis 75

Chapter 5. Recombinant factor VIIa improves clot formation but not

fibrinolytic potential in patients with cirrhosis and during liver

transplantation 91

Drugs inhibiting the coagulation system

Chapter 6. Enhancement of fibrinolytic potential in vitro by anticoagulant

drugs targeting factor Xa, but not by those inhibiting thrombin

or tissue factor 105



Chapter 7. Recombinant factor VIIa reverses the anticoagulant and

profibrinolytic effects of fondaparinux in vitro 115

Glanzmann’s thrombasthenia and anti-aIIbb3 drugs

Chapter 8. Recombinant factor VIIa enhances deposition of platelets with

congenital or acquired aIIbb3 deficiency to endothelial cell matrix

and collagen under conditions of flow via tissue factor-independent

thrombin generation 123

Chapter 9. General discussion 139

References 153

Samenvatting 181

List of publications 191

Dankwoord 193

Curriculum Vitae 199

8

Contents



Chapter 1

General Introduction

9



1) The haemostatic process

The vascular system is of vital importance for functioning of the human body. Blood

components are involved in the transport of oxygen, nutrients, hormones, and other

signalling molecules to all organs and tissues, and also in the removal of waste

products. Also, blood plays a vital role in the maintenance of body temperature. When

the integrity of the vascular tree is disturbed, a complex process referred to as

haemostasis is initiated to stop the bleeding and to heal the damaged blood vessel(s).

The haemostatic process is tightly regulated; the haemostatic plug formed closes the

rupture in the vessel, but not the vessel itself. A disbalanced haemostatic system can be

a consequence of congenital deficiencies or dysfunctionalities of the system, or may be

due to acquired defects induced by unrelated diseases or by drugs affecting

haemostasis. Disturbance of the haemostatic balance results in either a bleeding or a

thrombotic tendency (or a combination of both in rare situations).

Haemostasis can be divided into 5 distinct processes.

1) On rupture of a vessel, vasoconstriction is initiated as a first measure to limit blood

loss.

2) Blood platelets adhere to subendothelial components and aggregate to form a platelet

plug, which closes the damaged vessel.

3) The formation of a fibrin clot stabilizes the primary haemostatic plug.

4) The generation of plasmin through the fibrinolytic system results in breakdown of the

clot.

5) Repair and regeneration of the damaged vessel.

Although the haemostatic process is presented here as a sequence of distinct events, the

actual process involves a complex interplay between these haemostatic sub-processes.

Vasoconstriction

The role of vessel wall contraction in haemostasis is poorly understood. Also, the agents

involved in vasoconstriction are poorly defined. Molecules derived from endothelium

(endothelins)1, platelets (serotonin and thromboxane A2)
2,3, or the coagulation system

(fibrinopeptide B, bradykinin)4 may be involved in vasoconstriction mediated by the

contraction of smooth muscle. Vasoconstriction might be more significant in arteries

than in veins, due to the presence of bigger muscular coats in arteries. Although it is

conceivable that vasoconstriction contributes to haemostasis, as the reduction of flow

might facilitate other haemostatic processes, the significance of this process remains to

be elucidated.
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Platelet adhesion and aggregation

Blood platelets circulate in a quiescent state, which is maintained by both active and

passive inhibitory elements provided by intact endothelium. Endothelial cells excrete

the platelet inhibitors prostaglandin I2
5, and nitric oxide6. In addition, endothelial cells

express the transmembrane ecto-ADPase CD397, which inhibits platelet function by

hydrolyzing ADP from activated platelets, thereby preventing ADP-induced platelet

activation (see below). Moreover, platelet adhesion to intact endothelium is prevented

by its negative charge, which is provided by heparan sulphate moieties present on the

luminal side of the cells.

Rupture of a vessel exposes subendothelial components to the blood. A number of

proteins, which are adhesive to platelets, reside in the subendothelium. These include

collagen8, von Willebrand factor (vWF)9, fibronectin10, vitronectin11, laminin12, and

thrombospondin13. Platelets adhere to the subendothelium, become activated, and

subsequently platelet-platelet interactions are formed, resulting in a platelet aggregate,

which serves as a first measure to close the damaged vessel.

Figure 1. Schematic representation of platelet adhesion and aggregation under flow conditions. A)

Rolling of platelets over collagen-bound vWF mediated by GPIb. B) Firm attachment mediated by

a2b1 and glycoprotein VI (GP VI) binding to collagen, and by aIIbb3 binding to collagen-bound

vWF. C) Platelet activation, secretion, and spreading. D) Aggregate formation.
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Adhesion of platelets to the vessel wall presumably proceeds in a two-step mechanism

(Figure 1). First, platelets are slowed down by transient binding of platelet glycoprotein

Ib to von Willebrand factor bound to subendothelial collagen14. Subsequently, a

stationary contact between platelet and subendothelium is accomplished by binding of

one or more platelet integrins and other receptors to their ligands in the

subendothelium. Specifically, integrin a2b1 and glycoprotein VI can bind to collagen,

aIIbb3 can bind to vWF, fibrinogen, vitronectin, and thrombospondin, a5b1 can bind to

fibronectin, a6b1 can bind laminin, and avb3 can bind vitronectin11.

After adhesion, platelets become activated by a number of agonists including collagen

and thrombin. Platelet activation is propagated by excretion of thromboxane A2,

which is synthesized in the platelet on stimulation, and by factors excreted from

intracellular granules, such as ADP and serotonin. Platelet activation involves binding

of the herefore mentioned agonists to their specific receptors. These receptors are either

seven transmembrane G-protein-coupled receptors (GPCR), or receptors coupled to

tyrosine kinases. A well-characterised GPCR is the classical thrombin receptor, also

referred to as protease activated receptor-1 (PAR-1)15. An interesting feature of PAR-

1 is that it carries its own ligand. Thrombin cleaves an N-terminal peptide from the

receptor, thereby exposing a new N-terminus which binds to another region of the

receptor thereby activating it16. PAR-1 cleavage by thrombin is strongly enhanced

when thrombin is bound to glycoprotein Ib17.

Platelet activation results in signal transduction pathways, which eventually lead to

shape change, aggregation, release of granule contents, and synthesis of propagators of

platelet activation.

Platelet activation is accompanied by expression of procoagulant surface, i.e., negatively

charged phospholipids. In unactivated platelets, anionic phospholipids such as

phosphatidylserine (PS) and phosphatidylethanolamine (PE) are restricted to the inner

leaflet of the platelet membrane through the cooperative action of an ATP-dependent

aminophospholipid translocase and an ATP-dependent floppase. On platelet

activation, PS and PE are translocated to the outer leaflet by activation of a calcium-

dependent phospholipid scramblase (for a review see18). Exposure of procoagulant

surface facilitates thrombin generation required for enhancement of platelet activation

and the generation of fibrin (see below).

A second mechanism by which platelet activation supports fibrin generation is the

excretion of proteins involved in coagulation as well as inhibitors of clot breakdown

from alpha granules.

Platelet activation results in activation and clustering of aIIbb3, which subsequently can
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bind fibrinogen and vWF. Bridging of fibrinogen and vWF between two platelets results

in aggregation, which leads to the formation of a stable platelet plug.

Fibrin formation

Blood coagulation, or the process of fibrin formation, consists of a complicated sequence

of enzymatic reactions, eventually leading to the generation of thrombin. Thrombin is

not only responsible for platelet activation, but also for the cleavage of fibrinogen into

fibrin. Fibrin spontaneously polymerizes and forms an insoluble mesh, which stabilizes

the platelet plug.

In 1964, two groups independently proposed the cascade model of coagulation19,20. In

this model, the generation of thrombin involved a sequential series of steps in which

activation of one clotting factor led to the activation of another. Through sequential

activation of clotting factors an enormous amplification of the initial signal could be

accomplished. The first signal was thought to be initiated by either intrinsic activation

via coagulation factor XII, or extrinsic activation via the tissue factor-VIIa complex.

Although these two activation pathways are nowadays still highly significant in the

diagnostic laboratory (i.e., intrinsic and extrinsic activation are used in the APTT and

Figure 2. Schematic representation of tissue factor-induced coagulation. Activation steps leading to

the generation of thrombin are represented by the uninterrupted lines. The interrupted lines

represent inhibitory systems. TF: tissue factor, TFPI: tissue factor pathway inhibitor, PZ:

protein Z, ZPI: protein Z-dependent protease inhibitor, APC: activated protein C, PS: protein S,

TM: thrombomodulin, AT: antithrombin, HC-II: heparin cofactor II, a2-M: a2-macroglobulin.
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PT assay, respectively), it is currently believed that the extrinsic pathway is the

physiological initiator of haemostasis21. The intrinsic pathway seems not to play a role

in normal haemostasis, but might become important in pathological situations such as

sepsis22. A schematic representation of the TF-induced coagulation pathway is presented

in figure 2.

Coagulation is initiated when cells expressing the transmembrane receptor tissue factor

(TF) are exposed to the blood. Traditionally, it is believed that under normal conditions

tissue factor expressing cells are located exclusively extravascular21, although TF

synthesis can be induced in endothelial cells and monocytes by bacterial components

or inflammatory cytokines23,24. However, recent data suggested that tissue factor

expressing cells may circulate in the bloodstream under normal conditions25. In an

intact vasculature, the tissue factor in blood cells is thought to be ‘encrypted’ (i.e.,

inactive), presumably due to a lipid environment not supporting initiation of

coagulation26. It has also been suggested that encryption of TF is a consequence of

dimerisation. Upon activation of TF-bearing cells, TF has been shown to monomerise,

and it has been suggested that this is the event that triggers TF decryption27.

When active (decrypted) tissue factor is in contact with blood, its complex with factor

VIIa initiates coagulation. Factor VII circulates in the blood in both zymogen and

activated form. Activated factor VIIa does not have any relevant enzymatic activity on

its own. Only on binding to tissue factor and in the presence of anionic phospholipids,

factor VIIa is able to activate its substrates, factors IX and X, by limited proteolysis.

The activation of factor VII proceeds when it is bound to tissue factor. A number of

mechanisms by which factor VII is activated have been proposed, including activation

by TF-VIIa28, factor Xa29, factor IXa29, thrombin30, hepsin31 and a poorly

characterised ‘factor VII activating protease’32. Factor Xa, however is nowadays

believed to be the physiological activator of factor VII during injury33. Factor IXa is

thought to be responsible for the maintenance of low levels of factor VIIa in circulation34.

The TF-VIIa complex activates factors IX and X. The efficiency of activation depends on

the concentration of TF. At low concentrations of TF factor IX is predominantly

activated, whereas at high TF factor X is the preferred substrate35. Factors IXa and

Xa then assemble into the tenase and prothrombinase complex, respectively. The

tenase complex, consisting of the enzyme factor IXa, cofactor VIIIa, and zymogen

factor X bound to a lipid surface containing anionic phospholipids, results in the

activation of factor X by factor IXa. Similarly, the prothrombinase complex (enzyme

factor Xa, cofactor Va, and zymogen factor II assembled on a procoagulant surface)
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results in the generation of thrombin. Figure 3 shows a schematic representation of

initiation of coagulation and assembly of tenase and prothrombinase complexes.

The procoagulant surface is required for all steps in thrombin generation so far

described. The function of the procoagulant surface is not only to localize thrombin

generation at the site of injury, but also to accelerate reaction velocity by producing a

profound drop in the Km of the reaction36,37. Binding of (pro)enzymes to an anionic

lipid surface is facilitated by the presence of c-carboxylated glutamic acid residues (Gla

residues) in the N-terminal part of these proteins. Besides factors VII, IX, X, and II, also

the anticoagulant proteins C, S, and Z (see below), and the amplifier of platelet activation

GAS6 contain Gla residues. The posttranslational modification of glutamic acid residues

to Gla residues is regulated by a vitamin K-dependent carboxylase38. Gla residues bind

calcium ions, and binding of Gla proteins to a lipid surface is a consequence of calcium

bridge formation between protein and lipid surface.

The role of the cofactors Va and VIIIa in the prothrombinase and tenase complex,

respectively, is to accelerate velocity of substrate conversion (Vmax), presumably by

inducing a conformational change in their respective enzymes36,37.

The thrombin generated by TF-induced coagulation amplifies its own generation by

Figure 3. Tissue factor-induced coagulation, and the assembly of tenase and prothrombinase

complexes. The TF-VIIa complex can activate factors IX and X. Activated factor IX enters the

tenase complex consisting of enzyme factor IXa, activated cofactor VIIIa, substrate factor X,

and the catalytic phospholipid surface containing anionic phospholipids. Activated factor X,

resulting from tenase activity or from TF-VIIa activity enters the prothrombinase complex

consisting of enzyme factor Xa, activated cofactor Va, substrate factor II, and the catalytic

phospholipid surface, leading to the generation of thrombin.
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activating the procofactors V and VIII, and by activation of factor XI. Factor XIa can

activate factor IX, which can subsequently participate in a tenase complex. A relatively

small amount of thrombin is required for the cleavage of fibrinogen into fibrin, platelet

activation, factor V activation, and factor XIII activation39. Activated factor XIII is a

transglutaminase which stabilizes polymerized fibrin by crosslinking gamma or alpha

chains in adjacent fibrin molecules by introducing e(c-glutamyl)lysyl isopeptide bonds40.

In vitro experiments indicate that thrombin generation continues after clot formation,

and that in fact the bulk of thrombin is formed after clot formation39,41. These higher

concentrations of thrombin are required for the activation of TAFI (see below).

The generation of thrombin is controlled and terminated by a number of inhibitory

mechanisms including the presence of blood flow, which removes (activated) clotting

factors from the site of injury, and a number of inhibitory protein systems, acting on

different steps in the coagulation cascade.

The activity of the TF-VIIa complex is regulated by the tissue factor pathway inhibitor

(TFPI)42. TFPI is a kunitz type inhibitor and inhibits coagulation in a two step

mechanism. First, TFPI binds to activated factor Xa, thereby inhibiting its proteolytic

activity. Next, the TFPI:Xa complex binds with high affinity to factor VIIa in the TF-

VIIa complex, resulting in a fully inhibited quaternary TF:VIIa:TFPI:Xa complex.

Propagation of coagulation is inhibited by the protein C system, which inactivates

cofactors Va and VIIIa43. Activation of the protein C system is initiated when

thrombin binds to the endothelial cell surface receptor thrombomodulin. Once bound

to thrombomodulin, thrombin loses its procoagulant properties, and becomes able to

activate protein C and TAFI (see below). Activated protein C, together with its

cofactor protein S, inactivates factors Va and VIIIa by limited proteolysis.

Localisation of protein C to the endothelial surface is facilitated by the transmembrane

receptor EPCR (endothelial protein C receptor). Protein S also displays anticoagulant

activity independently of protein C, presumably involving displacement of coagulation

factors from the procoagulant surface44.

Antithrombin regulates thrombin generation by inactivating thrombin, factor Xa, factor

IXa, factor XIa, and factor VIIa by forming a stable 1:1 complex, thereby inactivating

the enzyme45. The inhibitory potential of antithrombin is greatly accelerated by heparin

or the heparin-like glycosaminoglycans present on endothelial cells.

Two other plasma proteins, heparin cofactor II and a2-macroglobulin are also

stoichiometric inhibitors of thrombin46,47.

Finally, a recently characterized inhibitory system of coagulation is the protein Z/protein
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Z dependent protease inhibitor (ZPI) system. ZPI inhibits factor Xa, and protein Z

serves as a cofactor for this inhibitory reaction48.

Recently, the above-described model of coagulation has been refined to a cell-based

model49. In this model, emphasis is placed on the surfaces on which the different

coagulation reactions occur. Coagulation initiates on tissue factor-bearing cells, such as

fibroblasts or smooth muscle cells. A small amount of thrombin is generated on the

(procoagulant) surface of these cells, and the thrombin generated results in platelet

activation, and activation of factors Va and VIIIa. For full thrombin generation, the

procoagulant surface of the activated platelet is required. Factor IXa formed on the TF-

bearing cell diffuses to the platelet surface. Factor IXa, but not factor Xa is assumed to be

able to transport from the TF bearing cell to the platelet50, as factor Xa in solution is

rapidly inactivated by antithrombin or TFPI, but factor IXa in solution has a relatively

long half life. Factor IXa combines on the platelet surface with factor VIIIa, and starts

activating factor X, which in its turn combines with factor Va to generate thrombin.

Fibrinolysis

A formed fibrin clot needs to be removed when the integrity of the vessel is restored.

Fibrin degradation proceeds by a process referred to as fibrinolysis (see figure 4 for a

schematic overview). Fibrinolysis is initiated by the conversion of the plasma protein

plasminogen into plasmin. Plasmin is a rather unspecific serine protease, able to cleave

multiple peptide bonds in the fibrin molecule, but it also can proteolyse a number of

other proteins, including coagulation factors V51 and VIII52, TFPI53, and others.

The physiological activator of fibrinolysis is thought to be tissue type plasminogen

activator (tPA)54. tPA is synthesized by endothelial cells, which both constitutively

excrete and store this molecule55. tPA is found in plasma in small quantities in

complex with its physiological inhibitor plasminogen activator inhibitor 1 (PAI-1)56.

Presumably, the tPA excreted by endothelial cells near the site of the injury is

responsible for fibrinolysis in vivo. Alternatively, plasminogen can be activated by

urokinase plasminogen activator (uPA). uPA circulates as a single chain proenzyme

(scuPA), and is activated by plasmin or by kallikrein generated via the contact

activation system of coagulation57. uPA can bind to a specific receptor (uPAR), which

is present on many cell types58. Binding of uPA to uPAR localizes plasminogen

activation, but also leads to intracellular signalling which has been shown to play an

important role in tissue development59. It has been suggested that uPA is primarily
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responsible for plasminogen activation in tissue, whereas tPA is responsible for clot lysis

in the circulation. PAI-1 is most probably also the physiological relevant inhibitor of

uPA60.

tPA and plasminogen can bind to lysine and arginine residues on partially degraded

fibrin61,62. Binding of tPA and plasminogen to the fibrin clot markedly enhances the

plasminogen activating activity of tPA. Moreover, these interactions serve to localize

plasmin to the fibrin clot. In solution, plasmin is rapidly inhibited by the plasma

protein a2-antiplasmin. Bound to fibrin, plasmin is relatively resistant to inhibition by

a2-antiplasmin. uPA does not bind specifically to fibrin.

Fibrin clots are made more resistant to fibrinolysis by two mechanisms involving

thrombin. Firstly, thrombin activates factor XIII, which stabilizes the fibrin clot by

crosslinking gamma or alpha chains in adjacent fibrin molecules by introducing e(c-

glutamyl)lysyl isopeptide bonds40. Activated factor XIII also crosslinks a2-antiplasmin

to the fibrin clot, thereby contributing to the inhibition of fibrinolysis. Secondly,

thrombin (or thrombomodulin-bound thrombin) can activate thrombin activatable

fibrinolysis inhibitor (TAFI)63. Activated TAFI cleaves C-terminal lysine and arginine

Figure 4. Schematic representation of the fibrinolytic system, and its link with the coagulation

system. Activation pathways leading to the generation of plasmin, and subsequent breakdown of

the clot are represented by uninterrupted lines. Inhibitory pathways are represented by interrupted

lines. PAI-1: plasminogen activator inhibitor-1, tPA: tissue-type plasminogen activator, uPA:

urokinase, TAFI: thrombin activatable fibrinolysis inhibitor, HRG: histidine-rich glycoprotein,

a2-AP: a2-antiplasmine.
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residues from partially degraded fibrin, thereby preventing tPA and plasminogen

binding64. Relatively high concentrations of thrombin are required for TAFI activation.

It is believed that these high amounts of thrombin are generated after clot formation via

thrombin-mediated factor XI activation (see figure 5)65. TAFI can also be activated by

thrombomodulin-bound thrombin. TAFI activation by thrombomodulin-bound

thrombin is approximately 1200 more efficient than TAFI activation by thrombin66. It

is possible that both activation pathways contribute to TAFI activation in vivo,

depending on the amount of thrombomodulin expressed near the site of injury. It has

to be noted that thrombomodulin-bound thrombin can also express profibrinolytic

properties mediated by protein C activation. Activated protein C stimulates

fibrinolysis by inhibiting thrombin generation, and thus TAFI activation. It has been

shown that the concentration of thrombomodulin determines its preference for TAFI

or protein C activation67.

Platelet activation also contributes to down-regulation of fibrinolysis by excretion of

PAI-168 and a2-antiplasmin from its a-granules69. Moreover, platelets contain the a-

subunit of factor XIII70, and platelets are able to bind (and thereby localize) factor

Figure 5. The role of factor XI in the thrombomodulin-independent activation of TAFI. Tissue

factor-initiated coagulation results in the generation of a small amount of thrombin required for

clot formation (dark arrows). After formation of the clot, thrombin generation continues via a

factor XI-dependent pathway (grey arrows). The generation of this secondary thrombin burst

results in the activation of TAFI. (Redrawn from Bouma et al.194)
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XIII through aIIbb3, thereby contributing to the stability of the haemostatic plug and its

resistance to fibrinolysis71.

Repair

Ultimately, the haemostatic plug needs to be replaced by a novel layer of endothelial cells

and underlying extracellular matrix. The fibrin clot not only serves to close a damaged

vessel wall, but also acts as a scaffold for invading inflammatory, endothelial, and other

tissue cells during tissue repair72. The formation of a new endothelium proceeds through

a process referred to as angiogenesis. A highly similar process referred to as

vasculogenesis, is essential during fetal development. Furthermore, angiogenesis plays

an important role in pathological conditions such as cancer (the formation of new

bloodvessels is essential to supply a tumor with oxygen and nutrients)73.

Angiogenesis is facilitated by the (cross linked) fibrin clot, which in conjunction with

fibronectin forms a provisional matrix for the influx of endothelial and other tissue

cells, and inflammatory cells, which are also involved in angiogenesis. These cells use

integrin receptors to interact with this matrix. Endothelial cells detach from their

established matrix, devide, and subsequently migrate over the fibrin-fibronectin matrix

towards the site of injury74. The signal for angiogenesis comes from angiogenic growth

factors (such as VEGF-A, bFGF, aFGF, or HGF), often in conjunction with cytokines

(such as TNF-a). The migration of cells is also facilitated by enzymes of the matrix

metalloprotease (MMP) family, and by uPA-mediated plasmin generation, which are

able to proteolyse different matrix components, thus making a path for the migrating

cells75,76. Once the new cells have found their way, the provisional matrix needs to be

removed by the fibrinolytic system. A proper balance between the formation of the

provisional matrix and its removal is essential for the wound healing process. When

the formation of the matrix is disturbed, wound healing is delayed, and defective

matrix breakdown may lead to fibrosis.

2) Congenital bleeding disorders

This section will describe congenital defects in the haemostatic system in humans leading

to a bleeding diathesis. The classic modalities available to treat these patients during

bleeding episodes, or prophylactically during surgery will be discussed.
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Platelets

Numerous congenital defects in platelet function, which result in a bleeding diathesis,

have been described. Platelet abnormalities found include deficiencies in adhesive

receptors, deficiencies in signal transduction pathways or signalling receptors,

deficiencies in intracellular granules, and deficiencies in the development of platelet

procoagulant potential. Furthermore, a defect in vWF, resulting in defective platelet-

vessel wall interaction also results in a bleeding tendency.

A congenital deficiency of the glycoprotein Ib/V/IX complex leads to a severe bleeding

disorder referred to as Bernard-Soulier syndrome (BSS)77. Its prevalence is extremely

rare; a prevalence of less than 1 in 1.000.000 has been estimated from literature. BSS is

usually inherited as an autosomal recessive trait. Next to the defective primary platelet-

vessel wall interaction, patients with BSS suffer from thrombocytopenia, and their

platelets show morphological abnormalities. Specifically, extremely large platelets with

enhanced expression of PS on the outer leaflet are found in BSS patients.

A congentital qualitative or quantitative deficiency of the integrin aIIbb3 is known as

Glanzmann’s thrombasthenia (GT)78. GT is inherited in a recessive manner. Patients

with GT have a severe bleeding tendency as a consequence of defective platelet-vessel

wall interaction, and more importantly, the complete absence of platelet-platelet

interaction.

Bleeding problems in both BSS and GT consist of epistaxis, petechiae, ecchymoses,

menorrhagia, gingival bleeding, gastrointestinal bleeding, and bleeding associated with

trauma or surgery.

A deficiency in the collagen receptor a2b1 has been described in only two (female)

patients79,80. This deficiency is associated with a mild bleeding tendency and partial

resolution of the bleeding disorder was seen in both patients. Also, a deficiency in the

other known collagen receptor, glycoprotein VI, is associated with a mild bleeding

tendency81.

Defects in platelet membrane receptors involved in signalling pathways have been

described. These deficiencies, however, are extremely rare, and usually lead to a mild

haemorrhagic disorder. Two groups have reported patients with a hereditary defect in

one of the platelet ADP receptors P2Y12, resulting in a moderate bleeding tendency82.

Two Japanese families with a defective thromboxane A2 receptor have been described83.
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Likewise, defects in platelet signal transduction mechanisms are known, but they are also

extremely rare. These deficiencies include defects in arachidonic acid metabolism and

thromboxane A2 production, defects in Gaq, defects in calcium response, and reduced

protein phosphorylation84.

Patients with various abnormalities in platelet granules have been described85. A

deficiency of dense granules is referred to as d-storage pool deficiency (SPD). d-SPD is

a heterogenous, mostly mild bleeding disorder, which can occur both as a primary,

autosomal dominant inherited disorder, or as a component of a multisystem disorder

such as the Hermansky-Pudlak syndrome, the Chediak Higashi syndrome, and the

Wiskott-Aldrich syndrome. As dense granules contain ATP and ADP, a defect in these

granules leads to defective propagation of platelet activation.

A deficiency in platelet a-granules (which contain proteins involved in coagulation and

fibrinolysis) is referred to as gray platelet syndrome. This mild bleeding disorder is

usually accompanied by moderate thrombocytopenia, and enlarged platelets. It is

usually inherited in an autosomal recessive manner. A variant a-granule disorder is

called Quebec platelet disorder. This bleeding disorder is characterized by excessive

proteolysis of a-granule proteins, presumably due to the presence of large amounts of

uPA in the a-granules86.

A combined a,d-SPD is a rare disorder characterized by moderate to severe defects in

both d and a-granules.

An extremely rare defect in the platelet’s potential to develop procoagulant activity is

referred to as Scott syndrome87. Scott syndrome is a relatively severe bleeding

tendency, which is inherited in an autosomal recessive manner. Platelets from patients

with Scott syndrome lack the ability to translocate phosphatidylserine from the inner

to the outer leaflet, presumably due to a defect in the activation of the phospholipid

scamblase. Defective PS expression on activation is also observed in erythrocytes and

lymphocytes from these patients. The defective PS expression is accompanied by a

reduced ability to shed microvesicles on activation.

The most common inherited platelet-related bleeding disorder is von Willebrand’s

disease (vWD)88. Patients with a qualitative or quantitative defect in vWF have a

bleeding diathesis due to defective platelet-vessel wall interaction, and to defective

platelet-platelet interaction. The prevalence of vWD is estimated at 1% of the general

population. The prevalence of clinically relevant vWD is presumably around 10-fold
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lower (i.e., 1:1000). Seventy percent of the clinically relevant vWD is caused by a type 1

vWD, in which decreased levels of vWF (20-50% of normal) are present in plasma. Type

1 vWD is inherited in an autosomal dominant manner, and is associated with a mild

bleeding tendency. In type 3 vWD, a complete deficiency of vWF (<1% of normal) is

present, accompanied by severely reduced levels of coagulation factor VIII (3-10% of

normal). Type 3 vWD is characterized by severe bleeding and appears to be inherited

as an autosomal recessive trait. Several subtypes of type 2 vWD are distinguished, all

of them are characterized by an abnormal structure or function (i.e., a discordance

between antigen and activity). Type 2A is the most common type 2 vWD. It is

characterized by an absence of larger (more reactive) multimers. In type 2B vWD, a

mutation causes vWF to bind spontaneously to GPIb. The platelet-vWF complexes

are rapidly cleared from the circulation. As a consequence, a loss of larger multimers

and thrombocytopenia occurs. In type 2N vWD, factor VIII binding to vWF is

defective, with a haemophilia A-like phenotype (see below) as a result. Finally, type

2M vWD refers to a defective interaction with GPIb, with normal or nearly normal

multimeric pattern.

Standard treatment for all platelet-related bleeding disorders (except for vWD) in case of

uncontrolled haemostasis or prophylactically during surgery consists of platelet

transfusion. However, platelet transfusion in these patients may lead to

alloimmunisation. Antibodies to both HLA determinants and to the deficient protein

(e.g., GP Ib in case of BSS) may be formed. The development of these antibodies

makes further platelet transfusion ineffective.

1-desamino-8-d-arginine vasopressin (DDAVP) is frequently administered to patients

with SPD, BSS, and GT, although efficacy in BSS and GT has not been thoroughly

established yet. Antifibrinolytic agents may be useful in oral cavity bleedings. In

women with menorrhagia, the use of oral contraceptives may be beneficial.

Treatment of bleeding complications in vWD depends on the type of the disease.

Patients with type 1 vWD may be given DDAVP, which increases vWF levels in

plasma by inducing vWF release from endothelial cells. Many type 2 and nearly all

type 3 vWD patients do not respond to DDAVP. In these patients infusion of vWF-

concentrates is indicated. As DDAVP also releases tPA from endothelial cells,

adjunctive therapy with antifibrinolytics may be beneficial. Menorrhagia may be

treated with oral contraceptives or estrogens, as these compounds tend to increase

plasma vWF levels.
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Coagulation

Inherited deficiencies in all procoagulant proteins associated with a bleeding diathesis

have been described in humans, with the exception of tissue factor. Experiments with

TF knockout mice suggest that TF is not only involved in initiating coagulation, but

also in the formation of the vascular system89. Therefore, it has been suggested that TF

deficiency in humans is not compatible with life.

The most common deficiencies in procoagulant proteins are factor VIII and factor IX

deficiency (haemophilia A and B, respectively)90. Haemophilia A is an X-linked

disorder with an estimated prevalence of 1:10.000 males. Its severity depends on the

residual FVIII activity. Severe haemophilia (FVIII levels <1%) is a serious bleeding

disorder, characterized by spontaneous bleeding primarily in joints and muscles from

early infancy. In moderate haemophilia (FVIII levels 1-5% of normal) spontaneous

bleeding is uncommon, but patients do bleed after surgery or following trauma. In

mild haemophilia (FVIII levels 6-30% of normal) spontaneous bleeding is rare, but

bleeding after trauma or surgery does occur.

Haemophilia B is clinically indistinguishable from haemophilia A. This X-linked

disorder occurs in 1 out of every 25.000-30.000 male births.

Factor XI deficiency (haemophilia C) has a much milder phenotype than haemophilia A

or B91. It is inherited in an autosomal recessive manner. Factor XI deficiency is relatively

rare, except in Ashkenazi Jews, in which the prevalence of homozygous factor XI

deficient individuals is estimated at 0.1-0.3%. Factor XI deficient patients particularly

bleed after surgery that involves tissues with high fibrinolytic activity such as the oral

cavity, the urinary tract, tonsils and nose. This phenotype might be explained by the

role of factor XI in the activation of TAFI65. In contrast to haemophilia A and B, the

severity of the bleeding diathesis in factor XI deficient patients does not correlate with

the residual factor XI activity levels.

The therapy of choice for patients with haemophilia A and B consists of factor

replacement therapy. Both prophylactic administration of factor concentrates, as well

as an on-demand approach are currently used. With the introduction of recombinant

factor VIII and IX, viral safety is warranted. In mild haemophilia, factor VIII levels

can be temporarily increased by administration of DDAVP. Antifibrinolytic agents

are frequently used as adjunctive therapy, particularly in case of mucous membrane

bleeding and dental procedures. Factor replacement therapy may be complicated by

the development of inhibitory antibodies against the infused protein. Inhibitory
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antibodies develop in 25-30% of patients with haemophilia A92 and in 1-3% of patients

with haemophilia B93 at some point during their life. Approaches for eradication of

inhibitors include immunoabsorption94, and immune tolerance therapy (infusion of

high doses of factor VIII concentrates)95. Treatment of bleedings in a patient with

inhibitors consists of the infusion of porcine factor VIII96 (which also carries a risk

for inhibitor development), and (activated) prothrombin concentrates97.

In patients with factor XI deficiency, plasma transfusion is given when major surgical

procedures are performed. Factor XI concentrates are available, but administration of

these products is associated with development of laboratory signs of DIC98.

Antifibrinolytic agents may be administered as well.

Relatively rare are deficiencies in coagulation factors VII, X, II, and V99. Factor VII

deficiency is an autosomal recessive disorder with unknown prevalence. Factor VII

deficient patients with low levels of factor VII frequently present with a severe

haemorrhagic disorder. Patients with a factor VII level of 5% or more, usually have a

mild bleeding tendency. Factor X deficiency, also inherited in an autosomal recessive

trait, results in a moderate to severe bleeding tendency, primarily from soft tissues and

mucous membranes. Menorrhagia may occur in women with factor X deficiency. Factor

II deficiency is a rare disorder, with about 50 patients described worldwide. Factor II

deficiency is characterized by mild to moderate mucocutaneous and soft-tissue

bleeding. Factor V deficiency (initially called parahaemophilia) is also a rare

autosomal recessive disorder, with a prevalence of 1:10.000.000. Factor V deficiency

manifests itself as a moderate bleeding tendency, the bleeding complications

particularly include ecchymoses, epistaxis, and gingival bleeding.

Bleedings in factor VII, X, II and V deficiency can be controlled by plasma infusion. In

factor VII, X, and II deficiency prothrombin concentrates may also be given.

A hereditary deficiency of fibrinogen occurs as an autosomal recessive disorder100.

Afibrinogenemia is a rare disorder, with a prevalence of 0.5 in a million. Bleeding

problems in afibrinogenemia include umbilical cord bleeding, gum bleeding, epistaxis,

gastrointestinal bleeding, menorrhagia, and intracranial bleeding. The bleeding

diathesis varies from minimal to severe, and especially intracranial haemorrhage may

be fatal. Paradoxically, thrombotic complications have also been reported in young

patients with afibrinogenemia101.

Replacement therapy with fibrinogen concentrates or plasma may be required, but has

been reported to be associated with thromboembolic complications.
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A deficiency of factor XIII occurs with a prevalence of 0.5 in a million102. This disease,

which is inherited in an autosomal recessive manner, results in a moderate to severe

bleeding disorder. Manifestations of factor XIII deficiency include umbilical cord

bleeding, ecchymosis, hematomas, prolongued bleeding following trauma (which may

occur 12 to 36 hours after the event), and intracranial bleeding. Also, a higher rate of

spontaneous abortion, and problems with wound healing may occur.

Replacement therapy with factor XIII concentrates is convenient, because of the long

half-life of factor XIII, and the small quantities of factor XIII required for effective

haemostasis.

Fibrinolysis

Hereditary deficiencies of the fibrinolytic inhibitors a2-antiplasmin and PAI-1 have been

described in only a small number of patients103,104. Both deficiencies result in a life long

bleeding disorder, with manifests itself as delayed bleeding after surgery or trauma, or

spontaneous bleeding such as ecchymosis and epistaxis. Bleedings in these patients are

mainly controlled by antifibrinolytic agents. A hereditary deficiency of the recently

discovered fibrinolytic inhibitor TAFI has not yet been reported. A complete lack of

phenotype in the TAFI knockout mouse may suggest that an isolated TAFI deficiency

in humans is not associated with a serious bleeding tendency105.

Isolated reports as well as a family with a bleeding tendency due to excessive plasma tPA

activity have been reported106,107. In these cases, treatment with antifibrinolytic drugs

proved effective.

3) Acquired or drug-induced bleeding disorders

Defects in platelet number or function, coagulation, fibrinolysis, or a combination may

be a consequence of disease states of which the underlying cause is not primarily related

to haemostasis. This chapter will discuss some common disease states, which are

frequently associated with a bleeding tendency.

A common complication of treatment with drugs used in treatment or prevention of

thromboembolic events is the occurrence of bleeding complications. The bleeding

complications associated with antiplatelet, anticoagulant, and profibrinolytic drugs

will be briefly described.
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Liver disease

Both chronic and acute hepatic failure induce severe changes in the haemostatic system.

Platelets, coagulation, and fibrinolysis all become affected. In chapter 3 of this thesis, an

extensive overview of the haemostatic abnormalities found in liver disease will be given.

Renal failure

Renal disease is associatedwith ableeding tendency,which is ascribed to a combinationof

abnormalities in platelet function, abnormal platelet-vessel wall interaction, anemia, and

abnormalities in the endothelium108-111.After the introduction of dialysis to treat patients

with renal failure, the extent and severity of bleeding complications in these patients

decreased tremendously. However, excessive bleeding after trauma, during surgery, or

following smaller invasive procedures such as renal biopsy is still frequently seen. Also

gastrointestinal bleeding is common in these patients. Next to bleeding complications,

patients with chronic renal failure also experience thrombotic complications, such as

vascular access thrombosis, cardiovascular disease, and renal vein thrombosis111. The

thrombotic tendency in uremic patients presumably is caused by a combination of

general risk factors such as hyperlipidemia, hypertension, and glucose intolerance, and

the presence of a hypercoaguable state caused by decreased levels of AT, protein C, and

protein S, and the presence of hypofibrinolysis.

Platelet abnormalities found in patients with uremia include reduced in vitro aggregation

and secretion in response to a variety of agonists, decreased development of platelet

procoagulant activity on stimulation, and impaired clot retraction. Toxins that

accumulate in plasma from patients with renal failure are implicated in the

development of these platelet defects. Guanidinosuccinic acid, a product of an

alternative pathway of ammonia detoxification has been suggested to play a role in the

in vitro platelet defects. Moreover, it has been demonstrated in animal and in human

studies that this compound may be involved in elevated production of nitric oxide by

endothelial cells, thereby contributing to an in vivo platelet defect.

Abnormal platelet-vessel wall interaction in uremia has been observed using in vitro

perfusion systems, possibly also related to the presence of uremic toxins in plasma.

Part of this defect is caused by the low haematocrit in uremic blood. Also, part of the

adhesion defect is compensated for by the presence of elevated concentrations of vWF

in uremic plasma112.

Endothelial abnormalities that might contribute to the bleeding tendency in uremia
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include enhanced production of prostacyclin (presumably also triggered by uremic

toxins), and nitric oxide.

Management of bleeding in uremia consists of the correction of the anemia, either by the

administration of erythropoietin, or by red cell transfusion. Furthermore, DDAVP and

vWF concentrate appear to be effective in improving haemostasis even though vWF

levels are normal in uremia.

Acquired thrombocytopenia

Thrombocytopenia is defined as a peripheral platelet count of less than 150.000/ll. Three

distinct mechanisms can cause acquired thrombocytopenia: decreased platelet

production, decreased platelet survival, and increased pooling of platelets in the

spleen. Furthermore, hereditary forms of thrombocytopenia have been described

(either as isolated disorder, or associated with other defects), but these forms will not

be discussed here.

Thrombocytopenia as a consequence of decreased platelet production is usually caused

by damage to megakaryocytes in the bone marrow by e.g., malignancies, chemicals,

drugs, or viral infections.

Thrombocytopenia caused by decreased platelet survival is due to either increased

platelet destruction, or increased platelet consumption. Increased platelet destruction

can be drug induced, and usually immune mechanisms are involved. A classical

example is heparin-induced thrombocytopenia113. In this syndrome, antibodies against

the heparin-platelet factor 4 complex mediate platelet activation and subsequent

aggregation via binding to platelet Fc receptors. Increased platelet consumption may

be a consequence of disseminated intravasular coagulation (see below) or by

thrombotic thrombocytopenic purpura (TTP) or the hemolytic uremic syndome

(HUS). TTP and HUS are poorly characterized systemic disorders of the

microcirculation, in which an unusally high amount of high molecular weight

multimers of vWF is responsible for spontaneous platelet aggregation in the arterial

microvasulature. Autoantibodies against or mutations in the vWF-cleaving protease

(ADAMTS-13) are presumably responsible for accumulation of high molecular weight

multimers114,115.

Thrombocytopenia as a consequence of increased platelet pooling in the spleen is the

consequence of enlargement of the spleen most often occuring as a complication of

liver disease (see chapter 3).
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As acquired thrombocytopenia usually is associated with an underlying disease,

treatment of the primary condition is the treatment of choice. Platelet transfusions

may be required in case of bleeding complications, but may be ineffective if antibodies

against platelets are present. For TTP and HUS, plasma exchange results in

normalisation of vWF protease levels, and consequently in normalisation of vWF

multimeric pattern.

Disseminated intravascular coagulation

Severe infection, sepsis, trauma, malignancies, and various other disease states may be

accompanied by disseminated intravascular coagulation (DIC)116. In DIC, the

underlying condition results in systemic activation of coagulation, with important

roles for tissue factor and inflammatory cytokines117,118. Clotting activation results in

micothrombosis in a diversity of organs, leading to multiple organ failure. As a

consequence of systemic activation of coagulation, consumption of platelets and

clotting factors leads to a hypocoagulant state, with bleeding complications as a

consequence.

Treatment of coagulation abnormalities in DIC is difficult, as both a procoagulant and

hypocoagulant state are present. Inhibition of the procoagulant state in DIC may be

accomplished by anticoagulants such as heparin, antithrombin concentrates, protein C

concentrates, TFPI concentrates, and active site inactivated factor VIIa119. Bleeding

episodes may be controlled by infusion of platelet concentrates and plasma.

Antiplatelet drugs

Treatment of thrombotic manifestations, particularly in atherosclerothic cardiovascular

disease, may be assisted by use of drugs inhibiting platelet function. The oldest anti

platelet drug is aspirin (acetylsalicylic acid), which inhibits platelet function by

blocking the enzyme cyclooxygenase involved in the conversion of arachidonic acid to

thromboxane A2. Novel platelet inhibitors include inhibitors of aIIbb3, such as

abciximab (Fab fragments of a humanized antibody), Eptifibatide (a cyclic peptide

containing a KGD sequence), and tirofiban (a peptidomimetic molecule mimicking an

RGD sequence). Finally, inhibitors of P2Y12, such as ticlopidine and clopidogrel, are

currently in use in different clinical settings120.

Aspirin and P2Y12 inhibitors are used in secondary prevention of thrombosis in patients
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with established vascular disease. Aspirin also has been shown to be effective in primary

prevention of myocardial infarction. Inhibitors of aIIbb3 are only used in acute situations

(e.g., myocardial infarction) or during interventional procedures (e.g., stenting,

percutaneous coronary revascularisation).

An important complication of the use of antiplatelet drugs is an increased bleeding risk,

especially after surgery or trauma121.

Aspirin use is associated with spontaneous gastrointestinal bleeding, presumably as a

consequence of both inhibition of platelet function and ulceration and mucosal

damage by the drug. The effect of aspirin in the surgical setting is less clear. The

bleeding risk may be reversed simply by withdrawing the drug, but as aspirin

irreversably inhibits platelet function, it takes several days for the aspirin effect to be

completely reversed.

Spontaneous bleeding associated with the use of aIIbb3-inhibitors is uncommon, unless

the patient is also receiving heparin (see below)122,123. Also, surgical bleeding has been

reported to be elevated with the use of aIIbb3 drugs. An important complication

associated with the prolonged use of aIIbb3-inhibitors (especially abciximab) is the

development of thrombocytopenia, presumably initiated by immune mechanisms.

Bleeding complications in patients receiving anti-aIIbb3 drugs may be controlled simply

by withdrawing infusion of the drug. Due to the relatively short half-life of these

compounds, the induced platelet defect is rapidly reversed. When urgent bleeding

problems occur, platelet transfusion has been shown to reverse abciximab’s inhibitory

effect. However, in case of eptifibatide and tirofiban, which are dosed so that the peak

concentration is very high relative to the amount of aIIbb3 molecules present in

circulation, transfused platelets are most likely inhibited rapidly after infusion by free

circulating drug124.

Spontanous bleeding associated with the use of ADP receptor blockers has been reported

to be less frequent compared to patients treated with aspirin. Surgical bleeding has been

shown to be increased. Specific therapy to reverse bleeding has not been established in

humans, but animal experiments suggest that the use of aprotinin might be beneficial.

Drugs targeting the coagulation system

Inhibition of thrombin generation is considered an important aspect of antithrombotic

treatment. Traditionally, heparin or low molecular weight heparins have been used to

downregulate the coagulation system. These agents function by enhancing the activity

of antithrombin towards both factor Xa and thrombin. If prolongued anticoagulation
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is required, treatment with heparin is replaced by administration of oral anticoagulants

(OAC’s) such as warfarin125. OAC’s interfere with c-carboxylation of vitamin K

dependent coagulation factors (FVII, IX, X, II, protein C, S, and Z), thereby reducing

plasma levels of functional vitamin K-dependent proteins.

Recently, a synthetic pentasaccharide (Org31540/SR90107A, fondaparinux sodium,

Arixtra, PENTA), which selectively inhibits factor Xa in an antithrombin dependent

manner, has been introduced as an alternative to traditional low molecular weight

heparins (LMWH’s)126. Alternative strategies aiming at down-regulation of

coagulation include direct inhibition of thrombin, by low molecular weight inhibitors

such as D-phenylalanyl-L-prolyl-L-arginyl chloromethyl ketone (PPACK)127 or

hirudin128, direct inhibition of factor X129, or inhibition of the tissue factor pathway by

active site inactivated factor VIIa (ASIS, FFRck-VIIa)130 or recombinant full length

tissue factor pathway inhibitor (rFL-TFPI)131.

The major complication of anticoagulant therapy using any of the mentioned

anticoagulant drugs is bleeding. In case of heparin use, bleeding may be treated with

protamine, which instantly neutralizes the anticoagulant function of heparin. LMWH

is not effectively neutralized by protamine. Reversal of oral anticoagulants may be

accomplished by administration of vitamin K. However, it takes time for the body to

synthesize new, functional coagulation factors. Administration of prothrombin

complex concentrates can be used if immediate reversal of OAC’s is required132.

However, the use of PCC’s is associated with a thrombotic risk133. For the new

generation anticoagulant drugs no consensus over reversal strategies exist. Most

probably, the use of PCC’s is also in these settings the treatment of choice.

Thrombolytic drugs

Treatment of arterial thrombosis, particularly myocardial infarction, but also of venous

thrombosis may be facilitated by the use of thrombolytic therapy134. Thrombolytic drugs

activate plasminogen into plasmin, thereby facilitating breakdown of a thrombus.

Recombinant tPA and uPA, and variants such as reteplase are human-derived

thrombolytic agents. Also, bacterial products such as streptokinase and staphylokinase

are currently in clinical use. A major complication of the use of thrombolytic agents is the

development of systemic haemorrhagic effects. Intracranial haemorrhage is an

important side effect of thrombolytic therapy, affecting 5 to 10 of 1000 patients

treated135. Bleeding episodes induced by thrombolytic drugs may be treated with

plasma infusion. Withdrawal of the infusion of the thrombolytic agent may be
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sufficient to neutralize the fibrinolytic state due to the short half-life of these drugs, and

immediate reversal of the effect of the fibrinolytic agent may be accomplished by

antifibrinolytic drugs such as tranexamic acid or e-aminocaproic acid.

4) Recombinant factor VIIa (rFVIIa) – a universal haemostatic agent?

The development of recombinant factor VIIa to treat inhibitor-complicated haemophilia

In the 1970’s, factor VIII and IX concentrates became available to provide replacement

therapy for patients with haemophilia. This was a major step forward in the treatment of

these patients, reducing morbidity and mortality. An important complication of

replacement therapy, however, is the development of inhibitory antibodies against

factor VIII or IX, as a result of which continuation of replacement therapy will be

ineffective92,93.

Initially, PCC’s and activated PCC’s were used to bypass the lack of intrinsic tenase

activity in inhibitor patients. However, these agents have a rather low efficacy rate (50-

60%)136,137 and are associated with thromboembolic complications133.

It was hypothesized that factor VIIa might be a useful alternative to treat inhibitor-

complicated haemophilia, as factor VIIa is virtually proteolytic inactive by itself, and

would thus not induce systemic coagulation, whereas coagulation would be enhanced

at sites of vascular injury where tissue factor is expressed. In 1983, the first publication

appeared in which factor VIIa purified from human plasma was succesfully used to treat

two patients with haemophilia A and high titre inhibitors138. The use of plasma-derived

factor VIIa for treating a large population of haemophilia patients would, however, not

be a realistic option, due to the low plasma concentration of factor VII and the low yield

of purification.

In 1986, factor VII was cloned139, and cDNAwas transfected into baby hamster kidney

cells140. The factor VII produced by this expression system is currently purified using

four chromatograpic steps (Q-sepharose, Immunoaffinity, and two anion-exchange

steps)140. Also a virus inactivation step using triton X-100 is included. During

purification, activation of factor VII, i.e., hydrolysis of a single peptide bond (Arg152-

Ile153) in the single chain protein to yield two-chain VIIa, is accomplished by an

incompletely understood mechanism141. Most probably, trace amounts of VIIa are

generated by cellular proteases during fermentation. These trace amounts of VIIa

could initiate VII autoactivation142. The obtained product is a highly purified protein

preparation with an extremely high degree of virus safety143.
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The amino acid sequence of rFVIIa was found to be identical to that of plasma derived

VIIa140. The posttranslational modifications of rFVIIa and plasma derived VIIa (such as

glycosylation and c-carboxylation) were highly comparable, and the enzymatic

properties of the two products were indistinguishable144.

In 1988, the first publication of the successful use of rFVIIa in a patient with inhibitor-

complicated haemophilia A undergoing surgery appeared145. In 1989, a compassionate

use program was initiated (patients with life or limb threatening bleedings in whom all

conventional therapy had failed and patients undergoing elective surgery were included)

and at the same time regular clinical studies were initiated. All studies showed that

rFVIIa was a safe and highly effective treatment both during bleeding episodes, and

prophylactically during surgery146-150. rFVIIa (NovoSeven�) was approved in Europe

in 1996, in the United States in 1999, and in Japan in 2000.

The advised dosing schedule currently consists of bolus injections of 90-120 lg/kg

bodyweight every two hours. However, recent reports suggest higher dosages (up to

300 lg/kg) to be more effective151. Alternatively, continuous infusion may be

administered after a single bolus dose, but the efficacy of that approach seems less

effective, at least in some cases152. Adjunctive therapy with antifibrinolytic agents such

as tranexamic acid is frequently used. Recovery and clearance rate of rFVIIa may vary

substantially between patients. Especially in paediatric patients, clearance of rFVIIa

seems significantly higher than in controls153. Few options for laboratory monitoring

of rFVIIa treatment are currently available. A standard one-stage clotting assay, or an

assay employing a TF mutant incapable of supporting FVII autoactivation can be used

to determine rFVIIa activity in plasma154. Treatment should be aimed at achieving peak

levels of 60-90 U/ml (corresponding to 1.2-1.8 lg/ml or 24-36 nM)155.

Since approval, around 200.000 standard doses of rFVIIa have been administered, and

the number of reported serious side effects is extremely low. Only two haemophilia

patients with thromboembolic complications and three with acute myocardial

infarction have been reported in association with the use of rFVIIa. In all of them,

predisposing factors such as previous cardiovascular disease and advanced age were

present155.

Novel indications for rFVIIa

After the encouraging results of the use of rFVIIa in patients with haemophilia A and B,

case reports and small studies were published describing succesful use of rFVIIa in a

diversity of congenital and aqcuired bleeding disorders. Moreover, rFVIIa has been
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used in patients without any coagulopathy either to arrest bleeding, or to reduce blood

loss during surgery. It has been suggested that rFVIIa might become a universal

haemostatic agent. This section will discuss the current experience with rFVIIa in

clinical settings other than haemophilia.

Deficiencies of other coagulation factors

A number of patients with factor VII deficiency have been succesfully treated with

rFVIIa156. Only one patient, who was treated with an accidental overdose of 800 lg/kg

developed antibodies against VIIa157. Also, patients with factor XI deficiency158,159, and

a single patient with amyloid-induced factor X deficiency160 have been reported to

benefit from rFVIIa infusion.

Platelet-related bleeding disorders

Patients with various platelet-related bleeding disorders have been treated with rFVIIa.

Several patients with severe thrombocytopenia have been succesfully treated with

rFVIIa161. Moreover, dozens of patients with Glanzmann’s thrombasthenia have been

succesfully treated with rFVIIa during bleeding episodes and surgery162. It must be

noted, however, that these patients often receive adjunctive therapy such as

antifibrinolytic drugs and local measures such as topical thrombin and fibrin glue.

Treatment of a single patient with Bernard Soulier syndrome with rFVIIa for recurring

nosebleeds has been reported163. Finally, several case reports of patients with von

Willebrand’s disease treated with rFVIIa have been published164,165.

Hepatic failure and liver transplantation

The use of rFVIIa in patients with liver disease and during liver transplantation has

gained a lot of interest. Patients with liver failure may suffer from esophageal bleedings

and may be at increased risk of bleeding from small invasive procedures such as liver

biopsy. A blind randomised study dealing with safety and efficacy of the use of rFVIIa

during liver biopsy166, and several case reports describing efficacy of rFVIIa in patients

with liver failure during bleeding episodes have been published167,168.

Liver transplantation is despite major improvements in surgical techniques still

associated with substantial blood loss. A pilot study has shown that a single bolus dose

of rFVIIa significantly reduced transfusion requirements during liver transplantation169.

A drawback of this study, however, was the comparison with historic controls. More

extensive double blind, randomised clinical trials are currently ongoing.
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Renal failure

Two case reports describing the succesful use of rFVIIa to arrest bleeding in patients with

uremia have been published170,171.

Antiplatelet and anticoagulant drugs

rFVIIa has been implicated in treatment of bleedings induced by antithrombotic drugs.

Also, reversal of the anticoagulated state of these patients may be required for urgent

surgery. The actual experience with rFVIIa in these patients is, however, scarce. A

single case in which a patient who had received an antiplatelet drug (tirofiban) was

treated with rFVIIa has recently been reported18. rFVIIa has been administered to

healthy volunteers who were anticoagulated with acenocoumarol and reversal of

laboratory values such as the international normalized ratio (INR) was observed172. A

single case report of succesful use of a bleeding episode in a patient receiving oral

anticoagulation has been reported173. rFVIIa has been implicated in reversal of

anticoagulation by pentasaccharide, and reversal of laboratory values have been

shown in a phase I trial (Dr. M. Levi, personal communication).

Trauma, uncontrollable bleeding, and surgery in absence of preexisting coagulopathy

The possible use of rFVIIa in patients with uncontrollable bleeding due to severe trauma

has gained interest since the first report in 1999 on a patient with extensive bleeding due

to an intra-abdominal gun-shot wound who stopped bleeding on rFVIIa infusion after

all other possible treatment options were unsuccesful174. After this first case report seven

other critically ill, multitransfused trauma patients (gunshot wounds, stab wounds, and

trauma induced by car accidents) were succesfully treated with rFVIIa175.

A limited number of case reports described the use of rFVIIa in uncontrollable post-

surgical bleeding, such as gastrointestinal bleeding, in patients without preexisting

coagulopathy176-178. One centre reported the use of rFVIIa in 5 patients undergoing

heart valve replacement therapy179. rFVIIa was administered during or after surgery

while the patients experienced excessive and uncontrollable bleeding. In all cases

rFVIIa substantially reduced subsequent blood loss, and haemostasis was achieved in

all cases.

Finally, preliminary results from one randomised, double blind, placebo controlled, dose

escalating, single centre study has been reported in which rFVIIa was used during

prostatectomy180,181. This study showed a significant reduction in blood loss and

transfusion requirements.
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5) Mechanism of action of recombinant factor VIIa

The molecular mechanisms responsible for the haemostatic efficacy of rFVIIa in its

various clinical applications are poorly understood. It is also still unclear why

relatively high plasma concentrations of rFVIIa are required to induce effective

haemostasis in patients with haemophilia, and whether these concentrations are also

required to induce haemostasis in different patient populations. In this section the

current hypotheses on the mechanism of action of rFVIIa will be discussed.

Tissue factor-dependent enhancement of coagulation

Initial concepts on the mechanism of action of rFVIIa in haemophilia were based on

tissue factor-dependent enhancement of thrombin generation. The extremely low

incidence of thromboembolic complications on rFVIIa administration was explained

by the requirement for tissue factor for VIIa to be enzymatically active. It was

subsequently shown that rFVIIa infusion in non-bleeding chimpansees resulted in

significant increases in plasma levels of prothrombin fragment 1+2, and the activation

peptides of factor IX and X182. The effects for rFVIIa infusion could be abolished by

preinfusing an inhibitory antibody against tissue factor. These results pointed to a TF-

dependent mechanism, although it was still not clear why relatively high rFVIIa

concentrations are required for haemostatic efficacy. Moreover, experiments in

actively bleeding animals or in haemophilia A or B animals adressing the question of

TF-dependency have to our knowledge not been performed.

In vitro experiments provided an explanation for the requirement of relatively high

rFVIIa concentrations. Van ’t Veer et al. showed that endogenous zymogen factor VII

inhibits tissue factor-induced coagulation at low concentrations of TF183. In the

absence of factor VIII, the presence of zymogen factor VII significantly inhibited

thrombin generation, and addition of rFVIIa in pharmacologically relevant

concentrations restored thrombin generation to levels found in the presence of factor

VIII. A subsequent publication from the same group, however, showed that rFVIIa is

not able to restore thrombin generation in a haemophilia model but only restores

clotting time in a whole blood model184. In the same paper it was concluded that the

efficacy of rFVIIa in haemophilia blood is dependent of TF as in the absence of TF the

concentration of rFVIIa to reach similar thrombin generation than in its presence was

around 104 times higher.
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Tissue factor-independent enhancement of coagulation

In the early phase of development of rFVIIa it was observed that rFVIIa not only has an

effect on the prothrombin time, but that the activated partial thromboplastin time

(APTT) was also shortened by rFVIIa. This phenomenon could be explained by a

tissue factor-independent activation of factor X by rFVIIa185. Indeed, also in purified

systems it had already been shown that FVIIa was able to activate factor X in the

presence of calcium and phospholipids, albeit at a much slower rate than in the

presence of TF186. It was hypothesized that a TF-independent mechanism of action of

rFVIIa could be physiologically relevant, as a TF-dependent mechanism could not

explain relatively high plasma concentrations of rFVIIa required for haemostatic

efficacy. As the Kd for VIIa binding to TF is around 0.5 nM187, and the

concentrations of rFVIIa required for effective haemostasis are at least an order of

magnitude higher, it seemed unlikely that TF-rFVIIa interaction plays an important

role in inducing haemostasis.

The TF-independent mechanism of rFVIIa was further formulated using a cell-based in

vitro model. It was shown that rFVIIa could activate FX on the surface of freshly

isolated monocytes independently of tissue factor188. An endothelial cell line was not

able to support TF-independent FX activation and this finding provided an

explanation why rFVIIa treatment is not complicated by systemic induction of

coagulation. Thus, rFVIIa is able to activate FX independently of TF, provided that a

suitable cellular surface is provided. Whether the surface requirements only depend on

phospholipid composition, of if cellular receptors for rFVIIa are also involved remains

unclear.

When it was shown that rFVIIa is also able to bind directly to the surface of activated

platelets (with a Kd of around 90 nM) and activate FX independently of TF189, a refined

model for the TF-independent mechanism of action of rFVIIa was formulated. In the

cell-based model of coagulation as proposed by Hoffman, Monroe, and Roberts49,

coagulation is initiated on a tissue factor-bearing cell (e.g., a fibroblast or smooth

muscle cell). Binding of FVIIa to TF results in the generation of a small amount of

FXa and subsequently a small amount of thrombin is generated. This small amount of

thrombin activates platelets, and cofactors Va and VIIIa, but is not sufficient to generate

fibrin. The FXa generated on the TF bearing cell is rapidly inhibited by TFPI or

antithrombin if it leaves the surface. On the other hand, the factor IXa generated by

the TF bearing cell is relatively protected from inhibitors when it leaves the surface.

This factor IXa can bind to the activated platelets, and activate factor X, which
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subsequently combines with factor Va, leading to large-scale thrombin generation.

According to this model, haemophilia is a defect in platelet-mediated thrombin

generation. The efficacy of rFVIIa can according to the cell-based model be explained

by TF-independent activation of FX on the platelet surface facilitated by direct

binding of rFVIIa to activated platelets. The same concept is postulated for the

efficacy of rFVIIa in the various other indications190. Theoretically, for all indications,

TF-independent enhancement of thrombin generation on activated platelets by rFVIIa

could compensate for the haemostatic defect.

Enhancement of clot stability

Novel hypotheses on the mechanism of action of rFVIIa are not focussed on

enhancement of thrombin generation, but on the consequences of the enhancement of

thrombin generation. As obviously a damaged vessel wall is not closed by thrombin,

but by a haemostatic plug consisting of platelets and fibrin, it makes sense to

investigate the composition, structure, and stability of haemostatic plugs formed in

absence or presence of rFVIIa.

It has been demonstrated that the rate of thrombin generation determines fibrin structure

and stability191. In the presence of little thrombin the fibrin consists of thick fibres which

are easily dissolved by the fibrinolytic system, whereas thin, stable fibres are formed in the

presence of a higher concentration of thrombin192. Recently, He et al. demonstrated that

rFVIIa could normalize fibrin permeability in haemophilia plasma, directly indicating

that rFVIIa affects fibrin structure in this system193. The decrease in fibrin porosity on

rFVIIa addition might indicate enhancement of clot stability.

The enhancement of thrombin generation might enhance the stability of the haemostatic

plug by enhancing platelet activation and aggregation, factor XIII activation and TAFI

activation. Enhancement of platelet activation and aggregation might improve the

mechanical stability of the clot. Also, enhanced platelet activation might lead to an

increase in exposure of procoagulant surface, which might lead to a further

enhancement of thrombin generation. Enhanced fibrin crosslinking and enhanced

TAFI activity could result in a further protection of the haemostatic plug against

breakdown by the fibrinolytic system. Furthermore, enhanced platelet activation might

lead to enhanced secretion of PAI-1 and a2-antiplasmin from platelet a-granules, which

also contributes to down-regulation of fibrinolysis.

Whether the above mentioned processes are indeed involved in rFVIIa-mediated

enhancement of clot stability in vivo remains to be investigated.
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6. Aim of this thesis

In this thesis, novel hypotheses on the mechanism of action of rFVIIa in different

haemostatic disorders will be described. In the major part of this thesis, the focus will

be on the involvement of TAFI-mediated down-regulation of fibrinolysis in in vitro

systems representing various haemostatic disorders, and the effect of rFVIIa. In

chapter 2, the effect of rFVIIa on coagulation and fibrinolysis in plasma from patients

with severe haemophilia A has been investigated. In an appendix to chapter 2, similar

experiments were performed using mutants of rFVIIa with enhanced intrinsic (i.e., TF-

independent) activity. In chapters 3,4, and 5 the haemostatic disorders induced by liver

failure, the involvement of TAFI in the coagulopathy of liver failure, and the effects of

rFVIIa on TAFI-mediated down-regulation of fibrinolysis in patients with cirrhosis

and during liver transplantation are described. Chapter 6 deals with the effects of

antithrombotic drugs targeting different steps in the coagulation cascade on TAFI-

mediated down-regulation of fibrinolysis, and in chapter 7 the reversal of anticoagulant

and profibrinolytic effects of the novel heparin-derivative fondaparinux by rFVIIa is

described. In chapter 8, the focus is on the effects of rFVIIa on platelet adhesion under

flow conditions. More specifically, a model for the mechanism of action of rFVIIa in

patients with Glanzmann’s thrombasthenia, and patients treated with anti-aIIbb3 drugs

is proposed based on results of in vitro perfusion studies. In chapter 9, the results

presented in the previous chapters are discussed in a broader context. The advances in

the understanding of the mechanism of action of rFVIIa in its different applications are

discussed.
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Abstract

Recombinant factor VIIa (rFVIIa) is a novel prohaemostatic drug for patients with

haemophilia who have developed inhibitory antibodies. The postulation has been

made that haemophilia is not only a disorder of coagulation, but that hyperfibrinolysis

due to a defective activation of thrombin activatable fibrinolysis inhibitor (TAFI) might

also play a role. In this in vitro study, the potential of rFVIIa to downregulate fibrinolysis

via activation of TAFI was investigated. rFVIIa was able to prolong clot lysis time in

plasmas from 17 patients with severe haemophilia A. The prolongation of clot lysis

time by rFVIIa was completely abolished by addition of an inhibitor of activated

TAFI. The concentration of rFVIIa required for half maximal prolongation of clot

lysis time (Clys½-VIIa) varied widely between patients (median 73.0 U/ml; range 10.8-

250). The concentration of rFVIIa required for half maximal reduction of clotting time

(Cclot½-VIIa) was approximately 10-fold lower than the Clys½-VIIa value (median 8.4 U/

ml; range 1.7-22.5). Inhibition of TFPI with a polyclonal antibody significantly

decreased Clys½-VIIa values (median 2.6 U/ml; range 0-86.9), whereas Cclot½-VIIa

values did not change (median 7.2 U/ml; range 2.2-22.5). On addition of 100 ng/ml

recombinant full length TFPI, a nonsignificant increase of Clys½-VIIa values was

observed (median 119.2 U/ml; range 12.3-375.0), whereas Cclot½-VIIa values did not

change (median 8.8 U/ml; range 2.6-34.6). In conclusion, this study shows that rFVIIa

both accelerates clot formation and inhibits fibrinolysis by activation of TAFI in factor

VIII-deficient plasma. However, a large variability in antifibrinolytic potential of rFVIIa

exists between patients.

Introduction

Treatment of patients suffering from haemophilia is often complicated by the

development of inhibitory antibodies. In approximately 25-30% of patients with

haemophilia A92 and in approximately 1-3% of the patients with haemophilia B93,

inhibitors develop during their lifetime. A novel way to treat haemophilia patients with

inhibitors is the administration of recombinant factor VIIa (rFVIIa, NovoSeven�)
195

.

rFVIIa has been shown to be a safe and effective prohaemostatic drug during bleeding

episodes or surgery148,196. Advantages over traditional treatment (i.e., factor

concentrates) are the lack of antigenicity and viral safety of rFVIIa143,197.

rFVIIa exerts its prohaemostatic effect via enhancement of the extrinsic coagulation

pathway in a tissue factor-dependent manner182. On binding of factor VIIa to tissue
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factor, factor VIIa is able to activate both factors IX and X, thereby leading to a primary

generation of thrombin. At high concentrations of tissue factor, factor X is the preferred

substrate for the tissue factor-VIIa complex, whereas at low tissue factor concentrations

factor IX is preferably activated. (for a review see 21). The ability of high-dose rFVIIa to

overcome the inhibitory effect of plasma factor VII on coagulation might play a role in

the enhancement of thrombin generation by rFVIIa183. After formation of the fibrin clot,

thrombin generation proceeds via the intrinsic pathway through activation of factor XI

by thrombin198. The secondary burst of thrombin, which is formed via this factor XI

feedback loop, results in the activation of TAFI (thrombin activatable fibrinolysis

inhibitor)65. Activated TAFI down-regulates fibrinolysis by cleaving C-terminal lysine

and arginine residues from partially degraded fibrin, thereby attenuating t-PA

mediated fibrinolysis199. Activation of TAFI is stimulated approximately 1200-fold on

thrombin binding to the cell surface receptor thrombomodulin66.

The discovery of TAFI as an important link between coagulation and fibrinolysis

stimulated the development of new concepts on the regulation of the haemostatic

system. A clotting factor deficiency such as haemophilia A might not only result in

defective clot formation, but also in accelerated clot degradation due to diminished

TAFI activation. Indeed, it has been shown that factor VIII-deficient plasma shows

premature lysis of tissue factor-induced clots due to a lack of TAFI activation, which

could be restored by addition of factor VIII200,201. Clinical evidence that supports the

hypothesis of haemophilia A being a defect in both coagulation and fibrinolysis has

been obtained from skin biopsy studies in patients with severe haemophilia A in which

abnormalities in a skin wound could not be observed until 2 hours after the wound was

made202. Although these abnormalities were initially explained by the decreased fibrin

forming capacity of these patients, an increased fibrinolytic potential could also

explain these observations. Another indication of disturbed down-regulation of

fibrinolysis in haemophilia is the efficacy of antifibrinolytic drugs like tranexamic acid

and e-aminocaproic acid in controlling bleedings in regions of the body with high

fibrinolytic activity, such as the oral cavity203,204.

Alternative mechanisms for the therapeutic effects of rFVIIa have been proposed. A

potential mechanism, hypothesized in the literature205, involves enhancement of

activation of TAFI. Another possible alternative mechanism involves thrombin

formation on activated platelets or monocytes independently of tissue factor188,189.

In this study, the antifibrinolytic potential of rFVIIa in plasma from different patients

with severe haemophilia A was explored. Also, the involvement of tissue factor

pathway inhibitor on rFVIIa mediated clot protection was investigated.
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Materials and Methods

Patients

Plasma samples from 17 patients with severe haemophilia Awere used. Of these 17, eight

patients had an inhibitor titre above 1 BU/ml. Patients had not received treatment with

factor VIII containing products for at least 72 hours before blood sampling. Pooled

normal plasma was obtained by combining plasma from 40 healthy volunteers. Blood

samples were obtained by venipuncture from the antecubital vein into 3.2% sodium

citrate (9:1, v/v). To obtain platelet poor plasma, the samples were centrifuged twice at

2000g for 15 minutes. Plasma samples were stored at –708C until use.

Materials

Recombinant human tissue factor (Innovin) was from Dade Behring GmbH (Marburg,

Germany). Carboxypeptidase inhibitor from potato (CPI) was purchased from

Calbiochem (La Jolla, CA). Tissue type plasminogen activator (t-PA) was from

Chromogenix (Mölndal, Sweden). Recombinant factor VIIa, recombinant full length

tissue factor pathway inhibitor (rFL-TFPI), a polyclonal inhibitory antibody against

tissue factor, and a polyclonal inhibitory antibody against human factor VIII were

generous gifts from Drs U. Hedner and M. Kjalke (tissue factor/factor VII research,

Novo Nordisk, Denmark). A polyclonal inhibitory antibody against TFPI (13 mg/ml)

was a generous gift from Dr Walter Kisiel (University of New Mexico, Albuquerque,

NM, USA) and was used in a dilution of 1:100. Purified human factor VIII

(Monoclate-P) was from Armour Pharmaceuticals (Collegeville, PA, USA).

TAFI antigen levels were determined by a sandwich-type ELISA, using a monoclonal

capturing antibody and a polyclonal detection antibody as described206. TAFI levels

were expressed as percentage of pooled normal plasma. TFPI activity levels were

determined according to Sandset207. Factor II, VII, and X activity levels were

determined by a one stage clotting assay using factor II and factor X deficient plasma

from Boeringer Mannheim GmbH (Mannheim, Germany), and factor VII deficient

plasma from Helena Laboratories (Beaument, TX). Thromborel S from Dade Behring

(Mannheim, Germany) was used as thromboplastin reagent. Fibrinogen levels were

determined according to Clauss208, using thrombin obtained from Sigma (St. Louis,

MO). Levels of plasminogen were determined using the Coamatic plasminogen kit

from Chromogenix (Mölndal, Sweden). Soluble thrombomodulin levels were

determined using the asserachrom Thrombomodulin ELISA kit from Diagnostica

Stago (Asnières, France).
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Phospholipid vesicles consisting of 40% L-a-dioleoylphosphatidylcholine, 20% L-a-

dioleoylphosphatidylserine and 40% L-a-dioleoylphosphatidylethanolamine (all from

Sigma, St. Louis, MO) were prepared according to Brunner209 with minor

modifications as described by van Wijnen210. Total phospholipid content of the vesicles

was determined by phosphate analysis according to Rouser211.

Clot lysis assay

Lysisofa tissue factor inducedclotbyexogenous t-PAwasstudiedbymonitoringchanges in

turbidity during clot formation and subsequent lysis essentially as described previously212.

A mixture of tissue factor (diluted Innovin, final dilution 105 times), CaCl2 (final

concentration 17 mM), t-PA (final concentration 30 U/ml; 56 ng/ml) and phospholipid

vesicles (final concentration 10 lM) was added to 75 ll of citrated plasma. The volume

was adjusted to 150 ll with Hepes buffer (25 mM Hepes, 137 mM NaCl, 3.5 mM KCl, 3

mM CaCl2, 0.1% BSA, pH 7.4), resulting in a final plasma concentration of 50%. After

mixing thoroughly, 100 ll of this mixture was transferred to a microtiter plate and

turbidity at 405 nm was measured in time at 37ºC in a Spectramax 340 kinetic microplate

reader (Molecular Devices Corporation, Menlo Park, CA, USA). Clot lysis time was

defined as the time from the midpoint of the clear-to-maximum-turbid transition, which is

defined as clotting time, to the midpoint of the maximum-turbid-to-clear transition. To

block possible residual factor VIII activity in haemophilic plasma which did not contain

an inhibitor, 10 BU/ml of a polyclonal antibody against human factor VIII was added

and preincubated at room temperature for 45 minutes. To assess the contribution of

TAFI activation to clot lysis time, experiments were performed in which CPI (25 lg/ml), a

specific inhibitor of activated TAFI199, was added to the plasma. The effect of rFVIIa on

fibrinolysis in haemophilic plasma was determined by performing clot lysis assays with

factor VIII deficient plasma to which different concentrations of rFVIIa was added.

Statistical analysis

Statistical analysis was performed using the GraphPad InStat (San Diego, USA)

software package. Statistical significance of the increase in mean clot lysis time on

addition of rFVIIa was determined by a repeated measures ANOVA followed by

Dunnett’s post test. Statistical differences between clotting times in the presence or

absence or an inhibitory antibody against tissue factor was determined by standard

t-test. Correlations were calculated using the Pearson correlation coefficient. Statistical

significance between differences in Clys½-VIIa or Cclot½-VIIa on manipulation of TFPI

was calculated by a repeated measures ANOVA followed by the Tukey post test. P values

<0.05 were considered statistically significant.
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Results

rFVIIa mediates down-regulation of fibrinolysis and acceleration of clot formation in factor

VIII-deficient plasma

To investigate whether rFVIIa restores down-regulation of fibrinolysis in factor VIII-

Figure 1. Effect of rFVIIa on clot formation and clot lysis time in plasma from a patient with severe

haemophilia A. Panel A shows the increase in clot lysis time upon addition of increasing

concentrations of rFVIIa (closed symbols). The increase in clot lysis time upon addition of 500

U/ml of rFVIIa could be completely abolised by addition of CPI (open symbol). Panel B shows

mean clot lysis times of 17 patients with severe haemophilia A upon addition of increasing

concentrations of rFVIIa. At concentrations of rFVIIa of 31.3 U/ml and higher, the increase in

clot lysis time was statistically significant. Error bars indicate standard error of mean. * p<0.01

vs clot lysis time in the absence of rFVIIa. Panel C shows the data from panel A fitted by an

exponential function. From this curve the concentration of rFVIIa required for half maximal

prolongation of clot lysis time (Clys½-VIIa) was calculated. Panel D shows the decrease in

clotting time upon addition of rFVIIa. These data were fitted by an exponential function and

from this curve the concentration of rFVIIa required for half maximal reduction of clotting time

(Cclot½-VIIa) was calculated.
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deficient plasma, clot lysis assays were performed using plasma from 17 patients with

severe haemophilia A in the presence of different concentrations of rFVIIa. A

polyclonal inhibitory antibody to human factor VIII was added to the plasma samples

in which no inhibitor was present, because a previous study showed that as little as

0.01% of factor VIII present in pooled normal plasma is sufficient to completely restore

down-regulation of fibrinolysis in factor VIII-deficient plasma201. A typical example of

the effect of rFVIIa on clot lysis time in haemophilic plasma is shown in figure 1A.

rFVIIa was able to prolong clot lysis time in all patient samples. The rFVIIa-mediated

prolongation of clot lysis time could be completely abolished by the addition of a

specific inhibitor of activated TAFI (CPI). Figure 1B shows mean clot lysis times for the

17 patient samples at increasing concentrations of rFVIIa. At rFVIIa concentrations of

31.3 U/ml and higher the increase in clot lysis time was statistically significant (p<0.01).

From the rFVIIa titration curves the concentrations of rFVIIa required for half maximal

prolongation of clot lysis time (Clys½-VIIa) were determined as shown in figure 1C.

Awide variation of Clys½-VIIa values was observed as shown in figure 2A (median 73.0

U/ml; range 10.7-250.0). Clys½-VIIa values were similar in plasma samples from

patients without (median 73.0 U/ml; range 17.4-185.9) and with (median 81.8 U/ml;

range 10.7-250.0) inhibitory antibodies. To examine whether the antifibrinolytic

potential of rFVIIa remained constant over time in a single patient, Clys½-VIIa

values of two unrelated patients were determined in 4 plasma samples collected at

Figure 2. Variability in antifibrinolytic and procoagulant effect of rFVIIa in 17 plasma samples

from patients with severe haemophilia A. Panel A: Clys½-VIIa values were determined in plasma

samples from 17 patients with severe haemophilia A following the example in figure 1B. Panel B:

Cclot½-VIIa values were determined in plasma samples from 17 patients with severe haemophilia A

following the example in figure 1C. The horizontal line indicates medians.
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intervals of approximately 3 months. These experiments showed that Clys½-VIIa values

remained constant in a period of 1 year (patient 1: range 238-267 U/ml, patient 2:

range 91-150 U/ml).

To investigate the effect of tissue factor concentration on Clys½-VIIa values, clot lysis

assays were performed using plasma of a single patient in which coagulation was

initiated by increasing amounts of tissue factor. Clys½-VIIa was 85 U/ml at the

tissue factor dilution used throughout this study. When the tissue factor

concentration was doubled or quintupled, Clys½-VIIa values decreased to 26 and 11

U/ml, respectively.

Correlation of Clys½-VIIa values with levels of several plasma proteins

To study possible parameters that influence Clys½-VIIa values, levels of several plasma

proteins were measured and the correlation with Clys½-VIIa values was determined.

Clys½-VIIa values were not correlated with TFPI activity (r=0.190, p=0.468), TAFI

antigen (r=0.089, p=0.729), soluble thrombomodulin antigen (r=0.032, p=0.895),

fibrinogen (r=0.054, p=0.861), factor II activity (r=0.071, p=0.785), factor VII activity

(r=0.286, p=0.265), factor X activity (r=0.302, p=0.238), and plasminogen activity

(r=0.032, p=0.902) levels.

To exclude the possibility that differences in trace amounts of factor VIII activity left in

the plasma samples account for the large variation in Clys½-VIIa values, an experiment

was performed using a plasma sample from a patient with severe haemophilia A due to

an intron 22 gene inversion, who did not receive any treatment for over a year. The

plasma in this patient was considered to completely lack factor VIII activity. Clys½-

VIIa values were determined in this plasma sample in the presence of the polyclonal

inhibitory antibody in the absence or presence of 1 mU/ml factor VIII, which

represents 0.1% of the factor VIII found in pooled normal plasma. Clys½-VIIa did not

change upon addition of factor VIII, indicating sufficient inhibition of 0.1% factor

VIII by the antibody (data not shown).

Improvement of clot formation requires around 10-fold less rFVIIa than improvement of

fibrinolysis

In all patients, a significant reduction in clotting time on addition of rFVIIa was

observed. A typical example of the effect of rFVIIa on clotting time is shown in figure

1D. Cclot½-VIIa values were defined as the concentration of rFVIIa required to half-

maximally reduce clotting time. Cclot½-VIIa values were approximately 10-fold lower

than Clys½-VIIa values as shown in figure 2B (median 8.4 U/ml; range 1.7-22.5). Cclot½-

48

rFVIIa inhibits fibrinolysis in haemophilic plasma



VIIa values were not correlated with Clys½-VIIa values (r=0.187, p=0.470). Cclot½-VIIa

for pooled normal plasma was 9.9 U/ml.

Cclot½-VIIa values correlate with endogenous factor VII levels

Cclot½-VIIa values were positively correlated with endogenous factor VII levels as shown

in figure 3 (r=0.653, p<0.005). Cclot½-VIIa values were not correlated with plasma levels

of factor X (r=0.311, p=0.223), factor II (r=0.164, p=0.530), and fibrinogen (r=0.206,

p=0.499).

Tissue factor dependency of clot formation in haemophilic plasma

To investigate whether clot formation in factor VIII-deficient plasma was completely

dependent on tissue factor, clot lysis assays were performed using plasma samples

from 4 patients (all with inhibitory antibodies against factor VIII) in the presence of

increasing concentrations of rFVIIa and in the presence or absence of an inhibitory

antibody against tissue factor (500 lg/ml). As shown in figure 4, clot formation was

significantly inhibited (clotting time >30 min) on inhibition of tissue factor. When

rFVIIa was added to the plasma, clotting did occur during the time span of our

experiment when tissue factor was inhibited. Inhibition of tissue factor attenuated clot

formation at all rFVIIa concentrations tested. However, at 125 and 250 U/ml rFVIIa the

increase in clotting time upon inhibition of tissue factor was no longer statistically

significant.

Figure 3. Correlation between Cclot½-VIIa levels and endogenous factor VII levels.
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Effects of modulation of TFPI on Clys½-VIIa and Cclot½-VIIa values

The effect of TFPI on Clys½-VIIa and Cclot½-VIIa values was investigated in all patient

samples. As shown in figure 5A, addition of rFL-TFPI resulted in an increase in Clys½-

VIIa values (median 119.2 U/ml; range 12.3-375 U/ml), but this did not reach statistical

significance. Inhibition of TFPI by an inhibitory antibody resulted in a significant

decrease of Clys½-VIIa values (median 2.6 U/ml; range 0-86.9, p<0.05).

As shown in figure 5B, addition of rFL-TFPI did not change Cclot½-VIIa values (median

7.2 U/ml; range 2.2-20.5). Also addition of a blocking antibody against TFPI did not

change Cclot½-VIIa values (median 8.8 U/ml; range 2.6-34.6). However, clotting times

in the absence of rFVIIa were decreased by addition of a blocking antibody against

TFPI, whereas clotting times in the absence of rFVIIa increased by addition of rFL-

TFPI (data not shown).

Figure 4. Effect of the inhibition of tissue factor on the clotting time in plasma from four patients

with severe haemophilia A at different rFVIIa concentrations. Clotting times were determined

using the same conditions as used for the clot lysis assay in the absence (open circles) or presence

(closed circles) of a polyclonal inhibitory antibody against tissue factor. Error bars indicate

standard deviation. * indicates p<0.05.
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Discussion

This in vitro study shows that rFVIIa both accelerates clot formation and inhibits

fibrinolysis by activation of TAFI in factor VIII-deficient plasma. In agreement with

previous studies we have shown a lack of TAFI activation in plasma from patients

with severe haemophilia A at low tissue factor concentrations, implicating that

haemophilia is a disorder of both clot formation and down-regulation of clot

Figure 5. Effect of TFPI on antifibrinolytic and procoagulant potential of rFVIIa. Panel A shows

Clys½-VIIa values of the 17 plasma samples as shown in figure 2A (No additions), and Clys½-VIIa

values of the same samples in the presence of 100 ng/ml rFL-TFPI (+ TFPI), or an inhibitory

antibody against TFPI (+ a-TFPI). Panel B shows Cclot½-VIIa values of the 17 plasma samples

as shown in figure 2B (No additions), and Cclot½-VIIa values of the same samples in the presence

of 100 ng/ml rFL-TFPI (+ TFPI), or an inhibitory antibody against TFPI (+ a-TFPI).
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breakdown. In a previous study we have shown that as little as 0.01% of the amount of

factor VIII present in pooled normal plasma completely restores TAFI-mediated down-

regulation of fibrinolysis in factor VIII-deficient plasma201. Here, we showed that high

rFVIIa levels are required for inhibition of fibrinolysis. Values required for half maximal

effect range from therapeutical (10.7 U/ml) to supratherapeutical (250 U/ml) levels.

We have not been able to determine specific factors, which determine Clys½-VIIa values.

We speculate that the antifibrinolytic potential of rFVIIa is determined by a combination

of both thrombin-generating capacity and plasma fibrinolytic potential.

We have shown that the amount of rFVIIa required to restore fibrinolysis is dependent

on the concentration of tissue factor. The efficacy of a certain dose of rFVIIa in a patient

is probably highly dependent on the site of injury and the extent of vascular damage. It is

likely that also in vivo rFVIIa is more effective in downregulation of the fibrinolytic

system at wounds where large amounts of tissue factor are exposed. Another

important factor in the efficacy of rFVIIa is the amount of thrombomodulin present.

Thrombomodulin is capable of enhancing TAFI activation by approximately 3 orders

of magnitude66. However, a high concentration of thrombomodulin down-regulates

TAFI activation by protein C activation67. Thus, it is likely that both tissue factor and

thrombomodulin present at the site of injury determine the antifibrinolytic potential of

rFVIIa in a patient with haemophilia A.

The regulatory effect of TFPI in rFVIIa-mediated inhibition of fibrinolysis becomes

evident on evaluation of Clys½-VIIa values, which are determined in the presence of a

blocking antibody against TFPI. In the absence of the inhibitory activity of TFPI,

little rFVIIa is needed to restore fibrinolysis, and in some patients fibrinolysis was

already maximally inhibited in the absence of rFVIIa. The addition of rFL-TFPI did

not lead to a significant inhibition of the antifibrinolytic effect of rFVIIa, probably

because TFPI concentrations present in plasma were nearly saturating at the low tissue

factor concentrations used in our assay.

The effect of rFVIIa on clot formation was more pronounced than the effect on TAFI

activation; the levels of rFVIIa required to half maximally reduce clot formation were

approximately 10-fold lower than those required to half maximally inhibit fibrinolysis.

Moreover Clys½-VIIa values were not correlated with Cclot½-VIIa values. This indicates

that primary and secondary thrombin formation in factor VIII-deficient plasma are

differently regulated processes. This phenomenon is supported by the observation that

modulation of TFPI activity clearly effects Clys½-VIIa values, whereas Cclot½-VIIa values

are unchanged. The inhibitory activity of TFPI on clot formation is overruled by rFVIIa.

This might be due to kinetic limitations combined with the rate-limiting concentration of
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factor Xa. The thrombin generation that occurs after formation of the fibrin clot is

efficiently inhibited by TFPI even in the presence of rFVIIa, as inhibition of TFPI

markedly reduces Clys½-VIIa values.

The hypothesis that primary and secondary thrombin formation in our system are

differently regulated processes is further supported by the observation that

endogenous factor VII levels positively correlate with Cclot½-VIIa but not with Clys½-

VIIa values. The correlation of endogenous factor VII levels with Cclot½-VIIa

corresponds to the inhibitory activity of zymogen factor VII on tissue factor-induced

coagulation as described by van ’t Veer et al.183 Apparently this inhibitory activity is

not important for secondary thrombin generation.

In conclusion, the efficacy of rFVIIa infusion in patients with haemophilia who

developed inhibitory antibodies may be explained by a combination of the following

factors: 1) enhancement of clot formation via the tissue factor pathway, possibly by

overruling the inhibitory activity of zymogen factor VII, and 2) down-regulation of

fibrinolysis by TAFI activation, which contributes to the stability of the clot. However,

until now we have no evidence that the antifibrinolytic effect of rFVIIa also occurs in the

in vivo situation. More sophisticated techniques for TAFI activation in vivo will be

required to adress this question. Whether the in vitro variations in antifibrinolytic

potential of rFVIIa may have clinical relevance (e.g., in predicting clinical efficacy of

rFVIIa in patients with severe haemophilia) will be investigated in future studies.
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Recombinant factor VIIa (rFVIIa, NovoSeven�, Novo Nordisk, Bagsværd, Denmark)

has recently become available for the treatment of patients with inhibitor-complicated

haemophilia
195

. rFVIIa has been shown to be safe and effective in the treatment of

bleeding episodes, and prophylactically during surgery148,196.

The mechanism of action of rFVIIa in patients with haemophilia is still a matter of

debate. It has been proposed that tissue factor (TF)-dependent enhancement of

coagulation is responsible for the therapeutic effect of rFVIIa in haemophilia182. This

was supported by the in vitro observation that endogenous zymogen factor VII is a

physiological inhibitor of coagulation, and that rFVIIa overcomes the inhibitory effect

of zymogen VII by competing for TF binding183. Alternatively, it has been proposed that

the therapeutic efficacy of rFVIIa could be explained by a mechanism involving tissue

factor-independent thrombin generation triggered by rFVIIa directly bound to

activated platelets or monocytes188,189.

If this latter mechanism of action would have physiological relevance, genetically

modified analogues of rFVIIa with enhanced intrinsic (i.e., TF independent) activity,

might be beneficial in treating haemophilia patients. Recently, several mutant rFVIIa

molecules with substantially enhanced intrinsic activity have been described213,214. In

the presence of TF, these mutants displayed similar proteolytic activity compared to

wild type rFVIIa.

It has been hypothesized that haemophilia is not only a disorder of coagulation, but that

accelerated fibrinolysis due to a lack of activation of thrombin activatable fibrinolysis

inhibitor (TAFI) also contributes to the bleeding diathesis of these patients200,201. In a

previous publication, we have shown that rFVIIa does not only have procoagulant but

also antifibrinolytic properties in plasma from patients with severe haemophilia A215.

These antifibrinolytic properties were attributable to enhancement of activation of

thrombin activatable fibrinolysis inhibitor (TAFI) as a consequence of enhanced

thrombin generation. However, in our assay system, the procoagulant potential of

rFVIIa was much more pronounced than its antifibrinolytic activity.

We have compared the procoagulant and antifibrinolytic potential of two analogues of

rFVIIa with substantially increased TF-independent activity with those of wild-type

rFVIIa in plasma from patients with severe haemophilia A using a plasma-based clot

lysis assay as described previously215. We investigated M298Q-rFVIIa, which had a 7-

fold increased intrinsic proteolytic activity compared to wild type, and K337A/V158D/

E296V/M298Q-rFVIIa (K337A-rFVIIaIIa), which had a 56-fold increased proteolytic

activity compared to wild type213. In short, in a 96-well microtitre plate, plasma was

allowed to clot by the addition of tissue factor (Innovin, Dade Behring GmbH,

56

Haemostatic effects of rFVIIa analogues



Marburg, Germany, 1:100.000 times diluted), calcium chloride (17 mM), and

phospholipid vesicles (10 lM), fibrinolysis was induced by addition of tPA

(Chromogenix, Mölndal, Sweden, 30 U/ml). Coagulation and clot lysis were

monitored by continuous turbidity measurements at 405 nm, and clotting times and

clot lysis times were determined as described215. Titration curves of wild type and

mutant rFVIIa were made in plasma from 6 different patients with severe haemophilia

A, who had an inhibitor titre >1 BU/ml at the time of sampling. From these titration

curves, rFVIIa concentrations required for half maximal reduction of coagulation time

(Cclot½-VIIa) and rFVIIa concentrations required for half maximal increase in clot lysis

time (Clys½-VIIa) were calculated.

As shown in figure 1, the rFVIIa analogues had a significantly larger procoagulant

potential compared to wild-type rFVIIa (Cclot½-VIIa: median [range], wt-rFVIIa: 363

[130-604] ng/ml, M298Q-rFVIIa: 70 [34-190] ng/ml, K337A-rFVIIaIIa: 17 [10-31] ng/

ml, p<0.01 wt vs mutants, paired ANOVA with Dunnett’s post test). Also, the amount

of rFVIIa analogues required for downregulation of fibrinolysis was substantially

decreased compared to wild type (Clys½-VIIa: median [range], wt-rFVIIa: 5288 [1000-

10120] ng/ml, M298Q-rFVIIa: 641 [220-1367] ng/ml, K337A-rFVIIaIIa: 101 [49-379]

ng/ml, p<0.01 wt vs mutants, paired ANOVA with Dunnett’s post test).

Figure 1. Enhanced procoagulant and antifibrinolytic potential of rFVIIa analogues compared to

wild-type in factor VIII deficient plasma. In plasma from 6 patients with severe haemophilia A, the

rFVIIa concentrations required for half maximal reduction of clotting time (Cclot½-VIIa) and the

rFVIIa concentrations required for half maximal prolongation of clot lysis time (Clys½-VIIa) were

determined. Horizontal bars indicate medians.
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Next, the TF dependency of clot formation was investigated in plasma from a single

patient with severe haemophilia A (George King Bio-Medical, Inc., Overland Park,

KS). Titration curves of wild type and mutant rFVIIa were made in absence or

presence of an inhibitory antibody against TF as described previously (figure 2)215. In

the absence of TF activity, no clot formation was observed during the time-course of

the experiment. Clotting did occur in the absence of TF, when as little as 20 ng/ml wild

type or mutant rFVIIa was added to the plasma. At lower concentrations of rFVIIa,

clotting was significantly slower when TF activity was blocked. However, at increasing

concentrations of rFVIIa clotting times were no longer significantly affected by

inhibition of TF. On inhibition of TF, the rFVIIa analogues displayed a similar

increase in procoagulant potential compared to the situation in which TF activity was

present.

With these experiments we show that the superactive rFVIIa variants do not only display

a substantially enhanced procoagulant potential compared to wild type, but that the

antifibrinolytic potential of the mutants is also significantly enhanced. This confirms

our earlier observations that rFVIIa-mediated thrombin generation in our assay

system is at least partially tissue factor-independent215. However, when lower

concentrations of either wild type or mutant rFVIIa is used, the presence of TF is

required for expression of full procoagulant potential.

In conclusion, should a TF-independent mechanism be involved in the efficacy of rFVIIa

in patients with haemophilia, the herein described superactive VIIa analogues might

offer improved clinical benefit as both procoagulant and antifibrinolytic potential are

significantly enhanced compared to wild type.
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Figure 2. Procoagulant effect of wt-rFVIIa (panel A), M298Q-rFVIIa (panel B), and K337A-

rFVIIaIIa (panel C) in presence (closed symbols) or absence (open symbols) of an inhibitory

antibody against tissue factor. Wild type or mutant VIIa was added in different concentrations to

plasma from a single patient with severe haemophilia A, and clotting times were determined. TF

activity was inhibited by a polyclonal antibody (500 lg/ml, 45 minutes preincubation at room

temperature). Shown are mean values of 3 independent experiments. Error bars indicate

standard error of mean.
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1) Introduction

Haemostasis consists of a complicated sequence of events designed to prevent excessive

blood loss in case of vessel wall injury. The haemostatic system is in a delicate balance

between pro- and antihaemostatic processes. Alterations in the system may lead to either

a bleeding diathesis or thrombotic disorder.

Liver failure is accompanied by multiple changes in the haemostatic system. As many

proteins involved in haemostasis are synthesized by the liver, reduced plasma levels are

found when the synthesis function of the liver becomes compromised. The diseased liver

also has a reduced capacity to clear activated haemostatic proteins or protein-inhibitor

complexes from the circulation. Finally, the number and function of platelets can be

affected in patients with liver disease. In this review the haemostatic changes occurring

in patients with chronic or acute hepatic failure will be discussed. Furthermore, the

occurrence and treatment of bleeding complications in these patients will be reviewed.

2) Normal haemostasis – current insights

Primary haemostasis

Blood platelets are of crucial importance in preventing blood loss upon vessel wall

damage. Platelets are produced from megakaryocytes in the bone marrow. Platelet

production is regulated by thrombopoietin, a hormone synthesized by the liver. When

subendothelial components are exposed to the bloodstream, platelets rapidly adhere

and aggregate to form a primary haemostatic plug. The formation of a platelet plug

starts when platelets from the circulation are slowed down by transient binding of

platelet glycoprotein Ib to von Willebrand factor (vWF) bound to subendothelial

collagen (figure 1A). Subsequently, a stationary contact between platelet and

subendothelium is accomplished by binding of one or more platelet receptors to their

ligands in the subendothelium (figure 1B). After adhesion, platelets become activated

by a number of agonists including collagen and thrombin. Platelet activation is

propagated by excretion of thromboxane A2, which is synthesized and excreted by the

platelet upon stimulation, and by ADP excreted from platelet a-granules (figure 1C).

Platelet activation results in activation and clustering of the integrin aIIbb3, which

subsequently can bind fibrinogen and vWF. Bridging of fibrinogen and vWF between

two platelets results in aggregation, which leads to the formation of a stable platelet

plug (figure 1D).
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Secondary Haemostasis

Blood coagulation, or the process of fibrin formation, consists of a sequence of enzymatic

reactions, eventually leading to thegenerationof thrombin.Thrombin isnotonly involved

in platelet activation, but can also cleave fibrinogen into fibrin. Fibrin spontaneously

polymerizes and forms an insoluble mesh, which stabilizes the platelet plug.

Currently, it is believed that fibrin formation is initiated by the exposure of tissue factor

to the bloodstream. Factor VII binds to tissue factor and is rapidly activated by plasma

proteases. The physiological relevant activator of factor VII presumably is coagulation

factor Xa. The tissue factor-VIIa complex activates factors IX and X, which then

assemble with their cofactors VIIIa and Va onto an anionic phospholipid surface. The

resulting tenase and prothrombinase complexes activate factor X and II

(prothrombin), respectively. Prothrombin amplifies its own generation by activating

Figure 1. Schematic representation of platelet adhesion to subendothelium under flow conditions

(see text for details). A) Rolling of platelets over collagen-bound vWF mediated by GPIb. B) Firm

attachment mediated by a2b1 and glycoprotein VI (GP VI) binding to collagen, and by aIIbb3

binding to collagen-bound vWF. C) Platelet activation, secretion, and spreading. D) Aggregate

formation.
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cofactors V and VIII, and also by activating factor XI, which once activated can also

activate factor IX (figure 2).

The regulation of thrombin formation proceeds through a number of plasma inhibitors

of coagulation. The tissue factor pathway is regulated by the kunitz type inhibitor TFPI

(tissue factor pathway inhibitor). TFPI binds activated factor X, and the TFPI-Xa

complex subsequently binds to the TF-VIIa complex resulting in a fully inhibited

quaternary TFPI-Xa-TF-VIIa complex. Antithrombin (AT) is a serine protease

inhibitor present in plasma, which inactivates thrombin and factors IXa, Xa, and XIa.

Its inhibitory action is potentiated by heparin or glycosaminoglycans present on the

vessel wall. Other plasma thrombin inhibitors are heparin cofactor II (HCII) and a2-

macroglobulin (a2-M). The inhibitory activity of HCII is also enhanced by heparin.

HCII exclusively inhibits thrombin. a2-M is a more general serine protease inhibitor,

also able (among other proteins) to inhibit factor Xa and plasmin. Activated protein

C, which is activated by thrombomodulin-bound thrombin, together with its cofactor

protein S inhibits thrombin generation by inactivating coagulation cofactors Va and

VIIIa. Protein C circulates in plasma in zymogen form, and is activated by

thrombomodulin-bound thrombin. Finally, the protein Z-dependent protease inhibitor

(ZPI) inactivates factor Xa with protein Z as mandatory cofactor.

Figure 2. Schematic overview of tissue factor induced coagulation. (See text for details).

Uninterrupted lines indicate activation, interrupted lines indicate inhibition.
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Fibrinolysis

The dissolution of a fibrin clot is facilitated by plasmin, an enzyme formed from the

plasma protein plasminogen. The physiological activator of plasminogen is

presumably tissue type plasminogen activator (tPA). tPA circulates in plasma in low

levels in complex with its plasma inhibitor plasminogen activator inhibitor-1 (PAI-1).

tPA is synthesized and both constitutively excreted and stored by endothelial cells, and

the tPA released locally from endothelial cells is thought to be responsible for plasmin

activation in vivo. Both tPA and plasminogen need to bind to fibrin, in order to

accelerate plasminogen activation.

Fibrinolysis is regulated by a number of plasma inhibitors. Firstly, plasminogen

activation is regulated by PAI-1, a stoichiometric inhibitor of tPA, which is

synthesized and constitutively extreted by endothelial cells. PAI-1 is also present in

substantial amounts in platelet a-granules. Histidine rich glycoprotein (HRG) has also

been implicated in regulation of plasmin activation, by its ability to bind to lysine

residues on plasminogen, thereby preventing binding to fibrin and hence delaying its

activation. The physiological relevance of HRG is unclear at present. The proteolytic

activity of plasmin is regulated by the circulating inhibitor a2-antiplasmin.

Fibrin clots are made more resistant to fibrinolysis by two mechanisms involving

thrombin. Firstly, thrombin activates factor XIII, which stabilizes the fibrin clot by

crosslinking gamma or alpha chains in adjacent fibrin molecules by introducing e(c-

glutamyl)lysyl isopeptide bonds. Activated factor XIII also crosslinks a2-antiplasmin

to the fibrin clot, thereby contributing to the inhibition of fibrinolysis. Secondly,

thrombin (or thrombomodulin bound thrombin) can activate thrombin activatable

fibrinolysis inhibitor (TAFI). Activated TAFI cleaves C-terminal lysine and arginine

residues from partially degraded fibrin, thereby preventing tPA and plasminogen

binding (figure 3).

3) Defects in primary haemostasis in liver disease

Thrombocytopenia and platelet function defects

Mild tomoderate thrombocytopenia (i.e., platelet counts between 50.000 and 150.000 per

ml) can be seen in both chronic and acute liver failure216,217. In patients with cirrhosis, the

major cause for thrombocytopenia is thought to be increased platelet sequestration in the

spleen due to congestive splenomegaly218.Decreased production of thrombopoietin (tpo)
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by the diseased liver has been suggested to contribute to the low platelet count in patients

with chronic or acute liver failure. However, both decreased219,220, increased221 and

normal222,223 plasma tpo levels in patients with chronic liver failure have been reported.

A recent publication showed that the return to normal platelet count after liver

transplantation was accompanied by an increase in plasma tpo levels, and that the

peripheral platelet count increased irrespective of spleen size, indeed suggesting that

decreased platelet production as a consequence of low levels of tpo might be an

important cause of the low platelet count in end stage liver disease224. A reduced

platelet half life has been shown in some patients225, and autoimmune mechanisms may

be involved226. In patients with alcohol-induced cirrhosis, the reduced platelet count may

also be a consequence of folic acid deficiency227 or decreased platelet production due to

direct toxic effects of ethanol on megakaryocytopoiesis228. Another suggested cause of

thrombocytopenia in liver disease is the presence of chronic (low-grade) disseminated

intravascular coagulation (DIC)229. However, the presence of DIC in patients with

hepatic failure is still a matter of controversy230.

Platelet function defects are often encountered in patients with chronic or acute liver

disease. In vitro platelet aggregation in response to ADP, arachidonic acid, collagen,

and thrombin has been shown to be defective231,232. Also, platelet-vessel wall

interaction studied under flow conditions has been shown to be impaired233. Impaired

Figure 3. Schematic representation of the fibrinolytic system and its link with the coagulation

system (see text for details). Uninterrupted lines indicate activation, interrupted lines indicate

inhibition
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aggregation might be caused by defective platelet signal transduction mechanisms234, an

acquired storage pool deficiency235, and decreased levels of arachidonic acid (required

for thromboxane A2 production) in the platelet membrane236. Furthermore, increased

production of prostacyclin and nitric oxide (both powerful platelet inhibitors) by

endothelial cells may contribute to impaired platelet function in vivo237,238. Finally,

platelet-vessel wall interaction may be defective in patients with liver disease due to

proteolysis of platelet receptors by plasmin239,240, or due to the presence of a reduced

haematocrit241.

Von Willebrand factor

Plasma levels of vWF are substantially increased in patients with liver failure,

presumably due to endothelial dysfunction, which may be triggered by

endotoxemia242. Although reduced levels of the vWF cleaving protease, which cleaves

high molecular weight multimers of vWF in less reactive smaller multimers, have been

found in cirrhotic patients243, the multimeric structure of vWF is found to be either

normal242, or defective in high molecular weight multimers244. Other proteases (such as

plasmin and elastase, see section on fibrinolysis) have been implicated in increased

proteolytic degradation of vWF244. Studies on vWF function in patients with cirrhosis

are conflicting. Both normal242 and reduced231 platelet agglutination to ristocetin have

been found, and in one study hyperagglutination of platelets towards botrocetin was

observed245.

4) Defects in secondary haemostasis in liver disease

Defects in procoagulant pathways

As the liver is assumed to be the site of synthesis for all proteins involved in thrombin

generation, decreased plasma concentrations for all proteins except for factor VIII are

observed in patients with hepatic failure. Although the liver is probably the principle

site of synthesis for factor VIII, as haemophilia can be resolved by liver

transplantation246, other tissues have also been shown to produce factor VIII mRNA,

and protein synthesis in these tissues may be stimulated by liver disease247. Another

possibility is that, as factor VIII is not only produced by hepatocytes, but also by

sinusoidal endothelial cells, the latter cell type sustains its capacity for factor VIII
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synthesis even when liver function becomes impaired247. Alternatively, reduced

clearance might lead to elevated factor VIII levels.

Besides low levels of clotting factors due to impaired synthesis capacity, also

dysfunctional proteins are found in patients with liver failure. Factors II, VII, IX, and

X as well as the anticoagulant factors protein C, protein S, and protein Z (see below)

contain c-carboxyglutamic acid (gla) residues which facilitate binding to anionic

phospholipids. Gla residues are introduced into the protein by a vitamin K dependent

carboxylase present in the hepatocyte248, which catalyses the attachment of a second

carboxyl group to specific N-terminal glutamic acid residues. It has been shown that in

liver disease part of the circulating prothrombin249 and protein C250 lack their gla

residues, and this is presumably also true for the other gla containing proteins.

Abnormal c-carboxylation might be the consequence of an intrinsic enzymatic defect,

or to a vitamin K deficiency.

Factor V, a vitamin K independent coagulation factor is also reduced in both chronic

and acute hepatic failure. Factor V levels in acute liver failure has been shown to

correlate with survival251.

Fibrinogen is believed to be synthesized exclusively in the liver. Fibrinogen levels are

within the normal range in patients with stable chronic liver disease, but decreased

levels are found in patients with advanced cirrhosis or acute hepatic failure252.

Accelerated clearance and consumption due to intravascular coagulation may also

contribute to the hypofibrinogenemia seen in these patients. Both in chronic and acute

liver failure, abnormal fibrinogen molecules are commonly found253. These

dysfibrinogens are characterised by an excessive content of sialic acid residues, which

lead to impaired fibrin polymerisation254. The exact cause of fibrinogen

hyperglycosilation is not clear, but it might be a consequence of elevated tissue levels

of glycosyltransferases255.

Defects in anticoagulant pathways

Plasma levels of TFPI in patients with liver disease are found to be normal256, although

also significantly decreased levels have been reported257. As endothelial cells (and not

hepatocytes) are considered the primary site of synthesis of TFPI258, normal levels

would be expected.

AT levels are decreased in liver failure252, as are HCII and a2-M levels259, thus resulting

in reduced thrombin inhibition.

Decreased levels of both protein C and S are found in patients with liver disease as a
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consequence of reduced synthesis. Moreover, protein C and S molecules lacking c-

carboxylation may be produced.

Reduced levels of protein Z have been reported in patients with liver failure260, but to our

knowledge ZPI levels have not been measured in this patient population.

Low levels of anticoagulant proteins might not only compensate for the defective

thrombin generating capacity due to low levels of procoagulant proteins in patients

with liver failure, reduced thrombin inhibition might also facilitate thrombosis. The

clinical consequence of the concomitant reduction in both pro- and anticoagulant

proteins is unknown. Although patients with hepatic failure in general are thought to

have a bleeding tendency, there are also thrombotic complications, such as portal vein

thrombosis known to occur in this patient population261. Although these thrombotic

complications are rare, they are considered serious events.

5) Disorders of the fibrinolytic system

All proteins involved in fibrinolysis, except for tPA and PAI-1 are synthesized in the

liver, and indeed reduced plasma levels of plasminogen225, a2-antiplasmin212, HRG262,

factor XIII263 and TAFI212 have been found in patients with liver disease. Plasma tPA264

levels are often elevated in patients with liver failure, which may be a result of either

enhanced secretion from endothelial cells or diminished clearance by the diseased liver.

PAI-1 levels are slightly elevated in plasma from patients with liver disease and do not

seem to balance the elevated plasma tPA levels265,266, except in acute hepatic failure, in

which plasma PAI-1 levels are dramatically increased267.

The net effect of the changes in the fibrinolytic system in patients with chronic liver failure

is thought to be a hyperfibrinolytic state (reviewed in 268). In contrast, in patients with

acute hepatic failure, a shift towards hypofibrinolysis is observed, presumably as a

consequence of substantially elevated plasma PAI-1 levels212,267. Already in 1914 it was

reported that clotted whole blood of patients with liver disease showed premature

fibrinolysis in vitro269. Hyperfibrinolysis was subsequently shown to be present in at

least part of the patients with liver failure by many studies, in which different clot lysis

assays were used. These assays include thromboelastography using whole blood230,

diluted whole blood clot lysis assays265,270, and assays in which the euglobulin fraction

of plasma is used (euglobulin clot lysis time and fibrin plate method)271. However, these

commonly used in vitro fibrinolysis assays have major drawbacks, and caution should be

taken in interpreting shortened clot lysis times. For example, classical

thromboelastography assays whole, nonanticoagulated blood, and caution must be
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taken in interpreting this assay as clot formation is initiated by (non physiological)

contact activation. More recent variations on this technique make use of tissue factor-

induced coagulation of citrated whole blood, but to our knowledge tissue factor-

induced thromboelastrography has not yet been used for determination of fibrinolytic

potential in patients with liver failure. The dilute whole blood clot lysis time is

performed in the absence of calcium, and a clot is formed by addition of thrombin. Clot

lysis time is therefore independent of coagulation and, as a consequence, independent of

TAFI. Finally, accelerated clot lysis times in clot lysis assays using the euglobulin fraction

from plasma (such as the euglobulin clot lysis time and fibrin plate method) must be

interpreted with caution. As the euglobulin fraction does not contain inhibitors of

fibrinolysis, enhanced clot lysis times presumably only reflect elevated tPA levels.

Recently, our group has used a plasma-based clot lysis assay in which coagulation was

initiated by tissue factor, and exogenously added tPA was used to induce clot lysis to

investigate fibrinolytic potential in patients with liver disease. In a large group of

patients with cirrhosis of different severity and etiology, we could not demonstrate

accelerated fibrinolysis compared to lysis in plasma clots from healthy volunteers212.

However, the absence of platelets in our assay makes it difficult to refute a

hyperfibrinolytic state in vivo based on our experiments, as the reduced platelet count

in patients with cirrhosis might affect fibrinolysis by a reduced availability of platelet

derived PAI-1272.

A different line of evidence supporting the concept of a hyperfibrinolytic state in patients

with liver failure is the appearance of elevated levels of indicators of fibrinolysis such as

plasmin-a2-antiplasmin complexes273, fibrin(ogen) degradation products274, and D-

Dimers275 in plasma from patients with cirrhosis. However, accumulation of these

molecules may also be a reflection of a reduced capacity of the diseased liver to clear

these substances.

The presence of hyperfibrinolysis in cirrhosis has been suggested to be coupled to

activation of the coagulation system, presumably triggered by endotoxemia276,277. The

presence of low-grade disseminated intravascular coagulation (DIC) in liver disease

has been proposed to be responsible for ongoing fibrinolysis, but the presence of DIC

in liver disease is highly controversial230. Although DIC-like laboratory features

(elevated markers of coagulation and fibrinolysis, such as thrombin-antithrombin

complexes, plasmin-a2-antiplasmin complexes and D-Dimers273) are observed, this

might be due to a reduced clearance capacity of the diseased liver. Furthermore,

autopsy studies have shown little evidence for fibrin deposition in organs, which is the

hallmark of ‘classical’ DIC278.

70

Haemostasis in liver disease



The in vivo significance of hyperfibrinolysis in cirrhosis have been shown by Francis and

Feinstein270, and by Violi and coworkers279, who reported an increased occurrence of

bleeding in patients in whom hyperfibrinolysis was detected in vitro. However, it could

be that the presence of in vitro hyperfibrinolysis is merely a reflection of a greater severity

of the disease. Another argument against the presence of hyperfibrinolysis in liver

disease, is that these patients do not show a typical hyperfibrinolytic bleeding

tendency, i.e., delayed bleeding after trauma or surgery, as observed in a2-

antiplasmin280 or PAI-1281 deficiency. Bleeding problems in patients with cirrhosis,

e.g., after liver biopsy, is usually immediate282.

6) Bleeding complications associated with defective haemostasis in liver disease

Table 1 summarizes the pro and anti haemostatic changes observed in patients with liver

disease. The net outcome of these alterations in the haemostatic system is a bleeding

diathesis, although thrombosis of the portal vein is also frequently seen in patients

with cirrhosis261. However, the development of thrombosis might also be a

consequence of local disturbances, such as a reduced blood flow in the portal vein.

As liver disease has multiple effects on the haemostatic system, it is difficult to determine

which factors contribute most to the bleeding diathesis. Bleeding problems in patients

Haemostatic changes impairing haemostasis Haemostatic changes promoting haemostasis

. Low platelet count

. Impaired platelet function and platelet vessel

wall interaction

. Enhanced platelet inhibition by nitric oxide

and prostacyclin

. Low levels of coagulation factors II, V, VII,

IX, X, XI

. Quantitative and qualitative abnormalities in

fibrinogen

. Low levels of a2-antiplasmin, TAFI, HRG

. Elevated levels of plasma tPA, which are not

balanced by PAI-1 levels

. Elevated levels of factor VIII and vWF

. Decreased levels of protein C, protein S,

protein Z, antithrombin, a2-macroglobulin,

and heparin cofactor II

. Low levels of plasminogen

Table 1.

Changes in the haemostatic system promoting bleeding (left) and counteracting bleeding (right)
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with liver failure may be a consequence of the disbalanced haemostatic system. However,

also bleeding due to mechanical reasons, such as bleeding from esophageal varices,

occurs frequently in patients with cirrhosis283. The contribution of the haemostatic

defects to variceal bleeding is unclear, but it has been suggested that laboratory signs

of hyperfibrinolysis are associated with an increased risk to variceal bleeding284.

The relative contribution of the changes in platelet number and function, coagulation,

and fibrinolysis to the bleeding tendency in these patients is unclear. The mild to

moderate thrombocytopenia is of little clinical relevance, but the low platelet count is

often accompanied by poorly defined platelet function defects, and this combination

might contribute to some extent to the bleeding diathesis in liver failure. The

substantially reduced levels of procoagulant proteins in these patients is probably a

major contributor to the bleeding tendency, even though the defects in procoagulant

potential is partly compensated for by decreased levels of anticoagulant proteins. The

contribution of alterations in the fibrinolytic system to the bleeding problems in liver

disease is uncertain. Although associations between in vitro hyperfibrinolysis and

bleeding in patients with cirrhosis have been demonstrated, this association might not

be causal, as described in the previous section.

The bleeding diathesis in patients with acute hepatic failure or advanced cirrhosis

manifests itself by epistaxis, gingival bleeding, ecchymoses, and gastrointestinal

bleeding. Patients undergoing small invasive procedures, such as liver biopsy have a

small but significant bleeding risk282, and it is recommended that if a serious

coagulopathy is detected, it is corrected by transfusion of platelets or plasma before

the procedure. A larger bleeding risk is encountered in patients undergoing major

abdominal surgery, including liver transplantation. During liver transplantation major

changes in the already disturbed haemostatic system occur, and despite major

improvements in the surgical techniques and available pro-haemostatic agents, liver

transplantation may be accompanied by substantial intraoperative bleeding285.

7) Treatment of bleeding complications in liver disease

Patients in whom platelet count is above 50.000/ll are usually not at risk for acute

bleeding or bleeding during small invasive procedures286. Whenever platelet counts are

below 50.000/ll, platelet transfusion is indicated during bleeding episodes or prior to

invasive procedures (e.g., liver biopsy)287. The increase in platelet count upon platelet

transfusion may be markedly less in a patient with liver failure compared to patients

with intact liver function as a consequence of sequestration of the transfused platelets
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in the enlarged spleen, and platelet count should always be measured before a procedure

is initiated. Splenectomy has been shown to improve platelet count, but this procedure is

contraindicated in patients with portal hypertension and hypersplenism, due to high

surgery-related morbidity and mortality288. The prolonged bleeding time in patients

with liver failure may be corrected by infusion of 1-deamino-8-D-arginine vasopressin

(DDAVP), but the exact mechanism as well as the clinical relevance of this finding is

unclear289. DDAVP has failed to prove efficacy in acute variceal bleeding in cirrhotic

patients290, and the clinical usefulness of DDAVP in other procedures has not been

demonstrated yet.

The deficiencies in coagulation factors may be corrected by administration of fresh

frozen plasma (FFP) or prothrombin complex concentrates (PCC). Disadvantages of

FFP are the large volumes required for correction of a severe coagulopathy and the

brief duration of action because of the short biological half life of some clotting

factors, in particular factor VII. Fluid overload may be a complication upon FFP

administration. Disadvantages of PCC’s, which contain only the vitamin K dependent

coagulation factors, are the fact that the coagulopathy is only partially corrected and the

risk of thromboembolic complications, including DIC291. In patients with acute liver

failure and haemostatic complications, plasmapheresis has been used as adjunctive

therapy to correct haemostasis and to prevent fluid overload, but this procedure is not

routinely used292.

A novel approach to treat the coagulopathy in patients with liver disease is the

administration of recombinant factor VIIa (rFVIIa). rFVIIa has been shown to correct

a prolonged prothrombin time in patients with stable cirrhosis293, or patients who are

actively bleeding from esophageal varices294. It must be stressed, however, that

prolongation of the prothrombin time by rFVIIa does not necessarily reflect

haemostatic efficacy. Anecdotal reports do support the haemostatic potential of

rFVIIa in patients with liver disease295,296. Moreover, rFVIIa has been shown to

significantly reduce transfusion requirements during liver transplantation297. A

limitation of this study, however, was the comparison of the rFVIIa treated patients

with a historic control group.

Antifibrinolytic agents such as e-aminocaproic acid (eACA), tranexamic acid, and

aprotinin may be administered if a hyperfibrinolytic state is shown. However, since a

hyperfibrinolytic state in patients with chronic liver failure is still somewhat

controversial, and because of the risk for thromboembolic complications, the general

therapeutic value of antifibrinolytics in these patients remains uncertain. On the other

hand, both aprotinin298 and tranexamic acid299 have been shown effective in reducing
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transfusion requirements during liver transplantation. However, whether the efficacy of

these agents is exclusive due to their antifibrinolytic capacity, or that other mechanisms

(such as modulation of vascular tone) are involved is unclear300.
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Abstract

Background & aims

Thebleeding tendencyofpatients suffering fromcirrhosis is inpart ascribed toaccelerated

fibrinolysis. In this study, the role of the recently discovered inhibitor of fibrinolysis,

thrombin activatable fibrinolysis inhibitor (TAFI) in cirrhosis was examined.

Methods

In 64 patients with cirrhosis of varying severity, TAFI antigen levels were measured by

ELISA, and compared with TAFI levels in control subjects. Furthermore, a plasma-

based fibrinolysis assay was performed in the presence and absence of a specific

inhibitor of activated TAFI.

Results

TAFI levels were decreased in cirrhosis. Mean TAFI levels were 66% in Child’s A, 55% in

Child’s B, 47% in Child’s C cirrhosis, and 26% in acute liver failure. Decreased TAFI

antigen levels were highly correlated with antithrombin and a2-antiplasmin activity

levels. Clot lysis times and clot lysis ratio (defined as ratio between clot lysis time in the

absence and presence of a specific inhibitor of activated TAFI) of cirrhotics were not

significantly different from healthy controls.

Conclusions

Despite decreased levels of TAFI and other components of the fibrinolytic system, no

evidence of increased plasma fibrinolytic potential in cirrhosis is observed using the

plasma-based assay of this study. The reduction of antifibrinolytic factors in cirrhosis

is compensated by the concomitant reduction in profibrinolytics.

Introduction

Bleeding problems are frequently encountered in cirrhotic patients and can be ascribed

to a defective haemostasis, or to complications of portal hypertension such as esophageal

varices301. Spontaneous bleeding associated with haemostatic abnormalities is not

common, but patients may bleed severely during invasive procedures like liver biopsy,

dental extraction or venipuncture. An even greater challenge to haemostasis is

encountered during liver transplantation, which can be accompanied by severe blood

loss302.

76

TAFI and cirrhosis



Frequently encountered haemostatic abnormalities present in cirrhosis include

thrombocytopenia and platelet function defects, deficiencies in clotting factors,

deficiencies of inhibitors of coagulation, dysfibrinogenemia, and abnormalities in the

fibrinolytic system216,303,304. Moreover, clearance of activated coagulation factors and

enzyme-inhibitor complexes may be reduced. An imbalance of the fibrinolytic system

has been observed using in vitro clot lysis assays, which show accelerated fibrinolysis in

part of the patient population230,270,271. In vivo indications for hyperfibrinolysis

includes increased plasmin-a2-antiplasmin (PAP) complexes, increased D-Dimer levels

and fibrin(ogen) degradation products in plasma from cirrhotics (for a review see

Leebeek268). However, increased levels of PAP, D-Dimer, and fibrin(ogen) degradation

products may also be a consequence of impaired clearance. The nature of enhanced

fibrinolysis in cirrhosis is not completely clear. An imbalance between t-PA and PAI-1

activity in favor of t-PA, accompanied by reduced levels of a2-antiplasmin leading to

decreased binding of a2-antiplasmin to fibrin might explain the apparent

hyperfibrinolytic state of these patients266. Hyperfibrinolysis in cirrhosis might be a

primary phenomenon, but could be secondary to disseminated intravascular

coagulation (DIC), which might be triggered by endotoxemia277. However, controversy

on the presence of (low-grade) DIC in cirrhosis exists230.

In this study, the role of the recently discovered inhibitor of fibrinolysis, thrombin

activatable fibrinolysis inhibitor (TAFI)305, which is also known as plasma

procarboxypeptidase B306, procarboxypeptidase U307 or procarboxypeptidase R,308

was examined. Activated TAFI inhibits fibrinolysis by cleaving C-terminal arginine

and lysine residues from partially degraded fibrin, thereby inhibiting t-PA-mediated

plasminogen activation64. TAFI is synthesized as zymogen in the liver306 and can be

activated by relatively high levels of thrombin305. TAFI can also be activated by the

thrombin-thrombomodulin complex. This reaction is approximately 1200 times more

efficient than the activation of TAFI by thrombin alone66. Both in vitro and in vivo

experiments indicate that the thrombin required for TAFI activation is formed via

thrombin-mediated activation of factor XI65,309. This factor XI feedback loop

generates additional thrombin after formation of the fibrin clot resulting in down-

regulation of fibrinolysis by activation of TAFI. Tissue factor-induced clots formed

from plasma with deficiencies in factor VIII, IX, X or XI, have been shown to lyse

prematurely because of a lack of TAFI activation, indicating the necessity for an intact

coagulation pathway for down-regulation of fibrinolysis200. The clinical importance of

TAFI is not established so far. However, it has been shown that increased levels of TAFI

are a mild risk factor for venous thrombosis310. Also, inhibition of TAFI has been shown
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to improve thrombolytic therapy in animal thrombosis models, indicating in vivo

importance of down-regulation of the fibrinolytic system by TAFI311,312.

Because TAFI is synthesized in the liver, we hypothesized that TAFI levels are decreased

in patients with cirrhosis. Premature fibrinolysis in cirrhosis might be explained in part

by a defective down-regulation of fibrinolysis by activated TAFI as a consequence of

both reduced levels of TAFI and reduced thrombin generation caused by deficiencies

in the thrombin-generating system. In this study, we examined TAFI antigen levels of

patients with cirrhosis of varying severity. Moreover, plasma clot lysis assays were

performed in the presence of exogenous t-PA to examine the contribution of TAFI to

the inhibition of fibrinolysis in cirrhosis.

Materials and methods

Patients

Sixty-four patients in stable condition with biopsy-proven cirrhosis of various etiology –

alcohol abuse (18), viral hepatites (26), autoimmune hepatites (2), primary biliary

cirrhosis (4), cryptogenic cirrhosis (10), and others (4) – were included in this study.

The patients were classified according to Pugh’s modification of the Child’s

classification313. Nineteen patients with Child’s A cirrhosis, 20 patients with Child’s B

cirrhosis, and 25 patients with Child’s C cirrhosis were studied. In addition, 4 patients

with acute liver failure were included in this study. Twenty healthy volunteers from our

laboratory served as a control group. Pooled normal plasma was obtained by combining

plasma from 40 healthy volunteers. Plasma from a patient with a congenital homozygous

functional a2-antiplasmin deficiency (a2-antiplasmin Enschede) was also used in the

study280. This patient has normal antigen levels of a2-antiplasmin, but a2-antiplasmin

activity is < 4%.

Blood samples were obtained by venipuncture from the antecubital vein into 3.2%

sodium citrate (9:1, v/v). To obtain platelet poor plasma, the samples were centrifuged

twice at 2000g for 15 minutes. Plasma samples were stored at –708C until use.

Materials

Fresh frozen plasma was obtained from the local blood bank. Tissue type plasminogen

activator (t-PA) was from Chromogenix (Mölndal, Sweden). Recombinant human tissue

factor (Innovin) was from Dade Behring GmbH (Marburg, Germany), and

carboxypeptidase inhibitor from potato (CPI) was purchased from Calbiochem (La

Jolla, CA). Recombinant active plasminogen activator inhibitor 1 (PAI-1) was a
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generous gift from Dr. Thomas M. Reilly (DuPont Pharmaceuticals Company,

Wilmington, DE). Antithrombin deficient plasma, and purified plasminogen were

obtained from American Diagnostica Inc. (Greenwich, CT).

Phospholipid vesicles consisting of 40% L-a-dioleoylphosphatidylcholine, 20% L-a-

dioleoylphosphatidylserine and 40% L-a-dioleoylphosphatidylethanolamine (all from

Sigma, St. Louis, MO) were prepared according to Brunner209 with minor

modifications as described by van Wijnen210. Total phospholipid content of the vesicles

was determined by phosphate analysis according to Rouser211.

TAFI was purified from fresh frozen plasma by immunoaffinity chromatography

followed by further purification on protein G-Sepharose and Q-Sepharose as

described314. TAFI antigen levels were determined by a sandwich-type ELISA, using a

monoclonal capturing antibody and a polyclonal detection antibody as described206.

TAFI levels were expressed as percentage of pooled normal plasma. TAFI deficient

plasma was prepared by passing plasma over a Sepharose column to which

monoclonal antibody NIK 9H10 was coupled. Undiluted flow-through fractions were

shown to be deficient in TAFI by ELISA.

Plasminogen deficient plasma was prepared by passing plasma over a lysine-Sepharose

column. Since this procedure also resulted in a partial depletion of TAFI from the

plasma, purified TAFI was added to the plasma to reach a final concentration of

100%. The concentration of a2-antiplasmin in the plasminogen-depleted plasma was

104%.

Antithrombin was purified from human plasma using DEAE-Sepharose

chromatography followed by heparin-Sepharose chromatography according to de

Swart315. Levels of a2-antiplasmin were determined using the Coamatic plasmin

inhibitor kit from Chromogenix (Mölndal, Sweden). Antithrombin levels were

measured with the Coamatic thrombin inhibitor kit from Chromogenix (Mölndal,

Sweden). PAI-1 antigen levels were determined using the PAI-1 ELISA kit from

Technoclone GmbH (Vienna, Austria). D-Dimer levels were determined using the

Asserachrom D-dimer ELISA kit from Boehringer Mannheim GmbH (Mannheim,

Germany).

Clot lysis assay

Lysis of a tissue factor-induced clot by exogenous t-PA was studied by monitoring

changes in turbidity during clot formation and subsequent lysis essentially as described

previously198. A mixture of tissue factor (diluted Innovin, final dilution 105 times), CaCl2

(final concentration 17 mM), t-PA (final concentration 30 U/ml; 56 ng/ml) and
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phospholipid vesicles (final concentration 10 lM) was added to 75 ll of citrated plasma.

The volume was adjusted to 150 ll with Hepes buffer (25 mM Hepes, 137 mM NaCl, 3.5

mM KCl, 3 mM CaCl2, 0.1% BSA, pH 7.4), resulting in a final plasma concentration of

50%. After thorough mixing, 100 ll of this mixture was transferred to a microtiter plate

and turbidity at 405 nm was measured in time at 37ºC in a Spectramax 340 kinetic

microplate reader (Molecular Devices Corporation, Menlo Park, CA, USA). Clot lysis

time was defined as the time from the midpoint of the clear to maximum turbid

transition, which characterizes clot formation, to the midpoint of the maximum turbid

to clear transition, which represents clot lysis. To assess the contribution of TAFI

activation to clot lysis time, experiments were performed in which CPI (25 lg/ml), a

specific inhibitor of activated TAFI199, was added to the plasma. The contribution of

TAFI to the clot lysis assay was quantified by calculating the clot lysis ratio, which is

defined as the ratio between clot lysis time in absence and presence of CPI. To assess

the influence of PAI-1 on clot lysis times, clot lysis experiments were performed with

pooled normal plasma to which different amounts of active PAI-1 were added. To

examine the influence of a2-antiplasmin on clot lysis times, clot lysis experiments were

performed with plasma from a patient with severe a2-antiplasmin deficiency, which

was mixed with different amounts of pooled normal plasma. Clot lysis times with

varying plasminogen concentrations were determined by mixing plasminogen-deficient

plasma with different amounts of purified plasminogen. The contribution of

antithrombin to clot lysis times was assayed using antithrombin-deficient plasma to

which different amounts of purified antithrombin was added. The effect of a 50%

reduction of both TAFI and antithrombin on clot lysis time was assayed by mixing

equal amounts of TAFI and antithrombin-deficient plasma.

Statistical analysis.

Statistical analysis was performed using the GraphPad InStat (San Diego, USA)

software package. Differences in TAFI antigen levels were assayed by standard one-

way analysis of variance (ANOVA) using the Tukey-Kramer test. As clot lysis times

and clot lysis ratio showed Gaussian distribution with significant differences between

standard deviations between groups, statistical analysis on clot lysis times and clot

lysis ratios was performed using Kruskal-Wallis ANOVA test, with Dunn’s post test. P

values <0.05 were considered statistically significant. Correlations between TAFI

antigen levels and antithrombin or a2-antiplasmin levels were determined by Pearson’s

correlation coefficient.
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Results

TAFI antigen levels are decreased in cirrhosis

TAFI antigen levels were determined in plasma samples from 64 patients with cirrhosis

of varying severity. Also, TAFI antigen levels in 4 patients with acute liver failure were

determined. TAFI levels were significantly reduced in plasma from patients with Child’s

A (66+13%; mean+sd), Child’s B (55+22%), as well as Child’s C (47+18%) cirrhosis

compared with TAFI levels in the control group, in which mean TAFI level was

103+20% (p<0.001, for mild, moderate, and severe cirrhosis compared with control).

As shown in figure 1, TAFI levels decreased significantly with increasing severity of the

disease (mild vs. severe cirrhosis p<0.05). In 4 patients studied who suffered from acute

liver failure, mean TAFI levels were 26+11% (p<0.001 compared to control).

Correlation of TAFI antigen levels with antithrombin and a2-antiplasmin activity levels

TAFI antigen levels correlated with antithrombin (r=0.701, p<0.0001) and a2-

antiplasmin (r=0.730, p<0.0001) activity levels as shown in figure 2.

Figure 1. TAFI antigen levels of patients with Child’s A (A), Child’s B (B) or Child’s C (C) cirrhosis

and of patients suffering from acute liver failure (Acute) compared with TAFI antigen levels in

healthy controls (Control). TAFI levels were determined by ELISA and are expressed as a

percentage of pooled normal plasma. The horizontal line represents the mean of each group.
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Clot lysis assay

Clot lysis times were determined by measuring the turbidity profile in time of a tissue

factor-induced clot, which was lysed by exogenous t-PA. Clot lysis times were

determined for all patients and controls both in the presence and absence of the TAFI

inhibitor CPI. Figure 3 shows typical examples of clot lysis curves in plasma of healthy

subjects (panel A) and in plasma of cirrhotic patients (panel B). Despite decreased TAFI

levels and decreased thrombin formation, down-regulation of fibrinolysis by TAFI is

seen in cirrhotic plasma because clot lysis times can be significantly reduced by the

Figure 2. Correlation of TAFI antigen levels with antithrombin (A) and a2-antiplasmin (B) activity

levels.

Figure 3. Typical example of a clot lysis curve in normal (panel A) and cirrhotic (panel B) plasma in

the absence (uninterrupted line) or presence (interrupted line) of CPI. Coagulation was initiated by

tissue factor (105 diluted Innovin), phospholipid vesicles (10 lM), and calcium chloride (17 mM).

Fibrinolysis was initiated by the addition of tPA (30 U/ml). Fibrin formation and subsequent lysis

were measured in time as the change in turbidity at 405 nm.
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addition of CPI. As shown in figure 4A, clot lysis times do not differ between cirrhotic

patients and controls. A few patients showed almost no lysis during the time span of our

experiment. These plasma samples contain high PAI-1 levels (data not shown), which

can cause complete inhibition of clot lysis in our assay (see below). When clot lysis

results are expressed as clot lysis ratio, i.e., the ratio of clot lysis time in absence and

presence of CPI, a specific inhibitor of activated TAFI, no differences between the

patient groups and the control group are seen (figure 4B). Because all clot lysis ratios

are significantly higher than 1, TAFI activation occurs in all plasma samples obtained

from cirrhotic patients. In 3 of 4 plasma samples from patients with acute liver failure,

no lysis could be detected during the time course of our experiment, both in presence and

absence of CPI. This can most likely be attributed to very high PAI-1 levels in these

plasma samples (data not shown).

Elevated D-Dimer levels in cirrhosis

To investigate if the patient population used in this study was comparable to patient

populations used in previous studies in which patients with cirrhosis are found to be

hyperfibrinolytic, D-Dimer levels were measured in patients and controls. As shown in

figure 5, D-Dimer levels increase with increasing severity of the disease. A

hyperfibrinolytic state (i.e., D-Dimer levels above 500 ng/ml) was detected in 47% of

the patient with Child’s A, 75% of the patients with Child’s B, and 100% of the

patients with Child’s C cirrhosis.

Figure 4. A. Clot lysis times of patients with Child’s A (A), Child’s B (B) or Child’s C (C) cirrhosis

and in patients suffering from acute liver failure (Acute) compared with clot lysis times in healthy

controls (Control). B. Clot lysis ratio of patient samples as shown in panel A. Clot lysis ratio is

defined as clot lysis time divided by clot lysis time in the presence of CPI. Because 3 of 4 plasma

samples from patients with acute liver failure did not lyse at all during the time course of the

experiment both in presence and absence of CPI, no clot lysis ratios are given for this group.

Horizontal lines represent medians of each group.
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PAI-1, a2-antiplasmin, plasminogen and antithrombin levels influence both clot lysis time

and clot lysis ratio

As TAFI levels decrease with increasing severity of the disease, clot lysis times and ratios

were also expected todecrease.However, as clot lysis times and ratios in different stages of

cirrhosis did not differ from those inhealthy controls,we examined the effect of PAI-1,a2-

antiplasmin, plasminogen and antithrombin on clot lysis time and ratio.

To determine the effect of PAI-1 on clot lysis time, increasing concentrations of active

PAI-1 were added to pooled normal plasma, and clot lysis times were determined in

presence and absence of CPI. As shown in figure 6A, PAI-1 dose dependently prolongs

clot lysis time. PAI-1 levels of 500 ng/ml or higher completely inhibit clot lysis during the

time span of the experiment (4 hours). On inhibition of activated TAFI, a decrease in

fibrinolysis time is seen at PAI-1 concentrations up to 500 ng/ml. Clot lysis ratio

increases at PAI-1 levels up to 500 ng/ml. At higher PAI-1 levels no lysis is seen even in

the presence of CPI.

To assay the effect of a2-antiplasmin on clot lysis times, plasma from a patient with a

severe a2-antiplasmin deficiency (TAFI antigen level of 82%) was mixed with pooled

normal plasma, and the clot lysis assay was performed in the presence and absence of

CPI. As shown in figure 6B, the clot lysis time increases with increasing amounts of

Figure 5. D-Dimer levels in patients with Child’s A (A), Child’s B (B) or Child’s C cirrhosis and of

patients suffering from acute liver failure (Acute) compared to D-Dimer levels in healthy controls.

D-Dimer levels >500 ng/ml were considered to represent hyperfibrinolysis. The horizontal line

represents the mean of each group.
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functional a2-antiplasmin. Moreover, clot lysis ratio increases with increasing

concentrations of functional a2-antiplasmin.

The effect of plasminogen on clot lysis time was determined by addition of purified

plasminogen to plasminogen deficient plasma. As shown in figure 6C, when plasminogen

concentration is reduced to 60% of normal, no effect on clot lysis time is observed.

Figure 6. A. The effect of PAI-1 on clot lysis time in the absence (open circles) or presence (closed

circles) ofCPI. Different amounts of active PAI-1 were added to pooled normal plasma and the clot

lysis times were determined. Lysis times >200 min mean no detectable lysis in the time span of the

experiment. B. The effect of a2-antiplasmin on clot lysis time in the absence (open circles) or

presence (closed circles) of CPI. Plasma from a patient with a dysfunctional a2-antiplasmin

molecule was mixed with pooled normal plasma and clot lysis times were determined. C. The

effect of plasminogen on clot lysis time in absence (open circles) or presence (closed circles) of

CPI. Purified plasminogen was added to plasminogen depleted plasma, and clot lysis times were

determined. Lysis time >200 min means no detectable lysis in the time span of the experiment. D.

Antithrombin moderately accelerates clot lysis in normal plasma. Clot lysis assays were performed

in antithrombin depleted plasma, which was reconstituted with different amounts of purified

antithrombin. Clot lysis times were determined in the absence (open circles) and presence (closed

circles) of CPI.
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However, when plasminogen concentration is reduced to 40% or less, a dramatic increase

in clot lysis time is seen, and on complete depletion of plasminogen no lysis is seen at all.

The influence of thrombin inhibition by antithrombin on clot lysis time was assayed in

antithrombin-deficient plasma (TAFI antigen level of 83%) to which different amounts

of purified antithrombin were added. As shown in figure 6D, increasing amounts of

antithrombin moderately decrease clot lysis time, as well as clot lysis ratio.

A reduction of both TAFI and antithrombin does not affect clot lysis time

Because TAFI levels are decreased in cirrhosis, a decrease in clot lysis times in cirrhotics

compared to controls would have been expected. However, clot lysis time is influenced by

both the level of antithrombin and the levels of fibrinolytic proteins. It was hypothesized

that clot lysis times of cirrhotics are not decreased compared to controls because of

compensatory mechanisms for the decrease in antifibrinolytics. For example,

decreased TAFI levels might be counterbalanced by decreased levels of antithrombin.

To assay the effect of a 50% reduction of both TAFI and antithrombin in normal

plasma, mixing experiments were performed with TAFI-deficient, antithrombin-

deficient, and pooled normal plasma. As shown in figure 7, the decrease in clot lysis

time due to a decrease in TAFI levels to 50% can be balanced by a simultaneous

decrease of antithrombin levels to 50%.

Figure 7. A simultaneous reduction of TAFI and antithrombin to 50% of pooled normal plasma

levels does not affect clot lysis time, whereas reduction of either TAFI or antithrombin to 50%

results in a reduction or an increase in clot lysis time, respectively. Values shown represent

means+standard deviation (n=3).
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Down-regulation of fibrinolysis in cirrhotic plasma is TAFI mediated

To show that activation of TAFI indeed results in a down-regulation of fibrinolysis in

cirrhotic plasma, different concentrations of TAFI were added to TAFI-depleted

plasma from a single cirrhotic patient who suffered from Child’s C cirrhosis. As shown

in figure 8, increasing amounts of TAFI prolong clot lysis times in both normal (panel A)

and cirrhotic (panel B) plasma. However, in plasma from the patient with cirrhosis no

clear prolongation of clot lysis time is seen at TAFI concentrations above 100% of

pooled normal plasma, whereas in normal plasma prolongation of clot lysis time is

seen with TAFI concentrations up to 200% of pooled normal plasma.

Discussion

This study shows reduced plasma levels of TAFI antigen in a large group of patients

suffering from cirrhosis, which is related to the severity of the disease. We hypothesized

that reduced TAFI levels might contribute to the bleeding diathesis seen in cirrhotic

patients, which is partly ascribed to accelerated fibrinolysis268,270. However, despite

reduced TAFI levels and a reduced ability to generate thrombin, as characterized by a

prolonged prothrombin and activated partial thromboplastin time, we still observed

down-regulation of fibrinolysis by activated TAFI in our fibrinolysis assay because

clot lysis times could be significantly reduced by addition of a specific inhibitor of

activated TAFI. Apparently, sufficient ‘free’ thrombin is generated to activate TAFI,

Figure 8. Effect of TAFI concentration on clot lysis time in normal (panel A) or cirrhotic (panel B)

plasma. Different concentrations of purified TAFI were added to TAFI depleted plasma from a

healthy volunteer or TAFI depleted plasma from a patient suffering from Child C cirrhosis after

which clot lysis times were determined. TAFI concentrations are expressed as percentage of pooled

normal plasma.
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most probably caused by reduced antithrombin levels in these patients. This hypothesis

is supported by the observation that depletion of antithrombin from normal plasma

moderately prolongs clot lysis time. In summary, we find no indication of accelerated

plasma fibrinolysis in patients suffering from cirrhosis because clot lysis times do not

differ from healthy controls.

Although the concept of a hyperfibrinolytic state in cirrhosis is widely accepted, the

evidence from the literature is not convincing. In vitro indications for hyperfibrinolysis

in cirrhosis are based on decreased clot lysis times in fibrinolysis assays, such as dilute

whole blood clot lysis time265, euglobulin clot lysis time271 and thromboelastography230.

It has been proposed that increased t-PA activity relative to PAI-1 activity, accompanied

by decreased a2-antiplasmin levels cause accelerated fibrinolysis in cirrhosis266.

Commonly used fibrinolysis assays have major drawbacks, and caution should be taken

in interpreting shortened clot lysis times. For example, the dilute whole blood clot lysis

time is performed in the absence of calcium, and a clot is formed by addition of

thrombin. Clot lysis time is therefore independent of coagulation and, as a consequence,

independent of TAFI. Because the euglobulin fraction used in fibrinolysis assays, such as

euglobulin clot lysis timeandfibrin platemethod, donot contain inhibitors offibrinolysis,

these tests only assay increased plasma t-PA levels. Although thromboelastography

assays whole, nonanticoagulated blood, caution must be taken in this assay as the clot

formed is initiated by (nonphysiological) contact activation.

The appearance of indicators of fibrinolysis in plasma like D-Dimers275 fibrin(ogen)

degradation products274, and PAP complexes273 has been used as in vivo evidence for a

hyperfibrinolytic state in patients with cirrhosis. This study confirms the presence of

elevated levels of D-Dimers in plasma of patients with cirrhosis. The appearance of D-

Dimers in our patient population is consistent with the concept of accelerated fibrinolysis

preceded by clotting activation276. The appearance of elevated plasma levels of

prothrombin fragment 1+2277 and thrombin-antithrombin complexes273 has been used

as evidence for in vivo clotting activation in cirrhosis. However, accumulation of

indicators of both clotting activation and fibrinolysis could also be the consequence of

a reduced clearance of these molecules by the diseased liver.

Clinically, the bleeding manifestations in cirrhotic patients do not resemble bleeding

problems seen in a clear hyperfibrinolytic state like a2-antiplasmin280 or PAI-1281

deficiency, in which, among other bleeding manifestations, delayed bleeding after

trauma or surgery is observed. In cirrhotic patients, bleeding complications after

invasive procedures like biopsy are immediate, whereas delayed bleeding is uncommon.

Using a plasma-based clot lysis assay, in which coagulation is initiated by the
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physiological initiator of coagulation (i.e., tissue factor), we have found no evidence of

accelerated plasma fibrinolysis in cirrhosis. Because our assay uses exogenous t-PA to

initiate fibrinolysis, slightly enhanced endogenous t-PA levels are not detected. Because

vessel wall injury immediately leads to massive release of t-PA from the endothelium, this

assay set up more accurately reflects the physiological condition than do fibrinolysis

assays in which endogenous t-PA is responsible for clot lysis.

The lack of hyperfibrinolysis in cirrhotic plasma is most likely explained by a balance of

profibrinolytic and antifibrinolytic factors. Defective inhibition of fibrinolysis by

reduced levels of TAFI and a2-antiplasmin is balanced by a defective fibrinolytic

activation caused by reduced plasminogen levels and increased PAI-1 levels.

Moreover, we have shown that antithrombin also functions as profibrinolytic agent

because of its ability to inhibit thrombin activity and thus TAFI activation and that

decreased antithrombin levels are able to counterbalance decreased TAFI levels with

respect to clot lysis time. This balance is also observed on evaluation of clot lysis ratio

of cirrhotic plasma. Because PAI-1, a2-antiplasmin, plasminogen and antithrombin

levels all have an effect on clot lysis ratio, no decrease in clot lysis ratio is seen with

increasing severity of the liver damage. This decrease would be expected if clot lysis

ratio was solely dependent on TAFI levels.

Whether the absence of plasma hyperfibrinolysis can be translated to the in vivo

situation remains uncertain. Platelets have also been shown to contribute to inhibition

of fibrinolysis by PAI-1 release and by PAI-1-independent mechanisms68,272. Because

patients with cirrhosis also suffer from thrombocytopenia and platelet function

defects, it is possible that impaired platelet-mediated inhibition of fibrinolysis

contributes to the development of a hyperfibrinolytic state in vivo.

In conclusion, in this study we do not observe plasma hyperfibrinolysis in patients with

cirrhosis. Our data implicate that despite decreased levels of TAFI, accompanied by

deficiencies in the thrombin-generating system, down-regulation of fibrinolysis by

TAFI can take place in patients with cirrhosis. Abnormalities in coagulation, platelet

number, and platelet function may be more important in the bleeding diathesis of

cirrhotics, although the contribution of platelet defects to a hyperfibrinolytic state

cannot be ruled out.
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Abstract

Cirrhosis is associated with a bleeding tendency, which is particularly pronounced

during orthotopic liver transplantation (OLT). A novel approach to treat the bleeding

diathesis of patients with cirrhosis is administration of recombinant factor VIIa

(rFVIIa). This study examined whether the efficacy of rFVIIa in cirrhosis might be

explained in part by enhanced down-regulation of fibrinolysis by thrombin activatable

fibrinolysis inhibitor (TAFI). Addition of therapeutic or supratherapeutic doses of

rFVIIa to plasma of 12 patients with stable cirrhosis did not result in a prolongation of

clot lysis time, though clotting times were significantly reduced. Also, clot lysis assays of

plasma samples taken during and after OLT, which was performed with or without a

single bolus dose of rFVIIa, did not show any effect of rFVIIa on plasma fibrinolytic

potential. In conclusion, this study shows no evidence for an antifibrinolytic effect of

rFVIIa in cirrhotic patients or in patients undergoing OLT.

Introduction

Cirrhosis results in severe changes in the haemostatic system. The haemostatic defects in

cirrhosis include thrombocytopenia and platelet function defects, deficiencies of clotting

factors and inhibitors, dysfibrinogenemia, and deficiencies of fibrinolytic

proteins216,266,303. Bleeding complications in cirrhosis may be a consequence of a

defective haemostatic system, but patients may also bleed due to complications of

portal hypertension such as esophageal varices301. The bleeding diathesis of cirrhotic

patients becomes strikingly apparent during orthotopic liver transplantation (OLT),

which is frequently accompanied by excessive blood loss302.

Management of bleeding in patients with cirrhosis includes the administration of vitamin

K, fresh frozen plasma, fibrinogen concentrate and platelet concentrates. Whenever a

hyperfibrinolytic state is shown, treatment with antifibrinolytic drugs such as e-

aminocaproic acid, tranexamic acid or aprotinin is an option. Both tranexamic acid

and aprotinin have been shown to reduce blood loss during liver transplantation298,299.

A novel approach to treat the haemostatic defects in cirrhosis is administration of

recombinant factor VIIa (rFVIIa; NovoSeven�). rFVIIa was shown to normalise a

prolonged PT in stable cirrhotic patients
293

, and in patients with alcoholic cirrhosis who

are bleeding from esophageal varices294. Also, rFVIIa was shown to be effective in

inducing haemostasis during small invasive procedures295. A recent report showed that

rFVIIa reduced the need for transfusion of red blood cells and plasma during OLT169.
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rFVIIa was originally developed for the treatment of haemophiliacs with inhibitors

during bleeding episodes or surgery, in whom it was shown to be safe and

effective145,146,195. rFVIIa exerts its pro-haemostatic effect via enhancement of the

extrinsic coagulation pathway in a tissue factor-dependent manner182. The ability of

high-dose rFVIIa to overcome the inhibitory effect of plasma factor VII on

coagulation might play a role in the enhancement of thrombin generation by rFVIIa183.

Alternative mechanisms for the therapeutic effects have been proposed. A possible

alternative mechanism involves thrombin formation on activated platelets or

monocytes independently of tissue factor188,189. Another mechanism for the efficacy of

rFVIIa might be down-regulation of the fibrinolytic system via (enhanced) activation of

thrombin activatable fibrinolysis inhibitor (TAFI). We have previously shown that

rFVIIa serves as an antifibrinolytic agent in factor VIII deficient plasma by enhancing

secondary thrombin generation required for TAFI activation215. Whether this

mechanism also applies to cirrhotic plasma remains speculative304.

TAFI is activated by high concentrations of thrombin305 or by the thrombin-

thrombomodulin complex66. Activated TAFI down-regulates fibrinolysis by cleaving C-

terminal lysine and arginine residues from partially degraded fibrin64. These lysine and

arginine residues are essential cofactors in tissue-type plasminogen activator (t-PA)

mediated fibrinolysis. We previously observed significantly reduced levels of TAFI

antigen in patients with cirrhosis212. However, despite reduced levels of TAFI antigen

accompanied by a reduced ability to generate thrombin, optimal TAFI activation could

be demonstrated in a plasma-based fibrinolysis assay. Even more, plasma clot lysis times

were not significantly shorter in cirrhotic plasma compared to plasma of control subjects.

In this report, we investigated a possible (further) TAFI-mediated down-regulation of

fibrinolysis by rFVIIa in non-bleeding cirrhotic patients and in patients undergoingOLT.

Materials and methods

Patients

Twelve patients in stable condition with biopsy-proven cirrhosis of different etiologies -

viral hepatitis (6), alcohol abuse (4), auto-immune hepatitis (1), and cryptogenic cirrhosis

(1)- were included in this study. The patients were classified according to Pugh’s

modification of the Child classification313. Four patients with Child A, 4 patients with

Child B, and 4 patients with Child C cirrhosis were studied. Twelve healthy volunteers

from our laboratory served as a control group. Pooled normal plasma was obtained by

combining plasma from 40 healthy laboratory volunteers.
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Twelve patients with Child B and C cirrhosis who underwent OLT were also included in

this study. Six of them underwent a transplantation after receiving a single bolus dose of

rFVIIa (80 lg/kg; 4000 U/kg), whereas 6 others served as a control group. The clinical

evaluation of these patients has been described by Hendriks et al.169. Patients and

controls were matched according to expected blood loss and transfusion

requirements. Baseline characteristics of patients and controls were similar.

Transfusion of red blood cells, platelets, plasma and fibrinogen concentrate was

performed according to predefined criteria, and treatment with rFVIIa significantly

reduced transfusion requirements as described previously169. No antifibrinolytic drugs

such as aprotinin were administered. Plasma samples from 6 time points during and

after surgery were studied; 30 minutes after induction of anaesthesia (A), 30 minutes

after the start of the anhepatic phase (B), 30 minutes after reperfusion (C), at the end

of surgery (D), 24 hours after the end of surgery (E) and at day 5 after surgery (F).

rFVIIa was given 10 minutes before to start of the surgery (i.e., between time-points

A and B). In the rFVIIa-treated group time-point B corresponds to 4.5 hours

(median; range 4-5.75), time point C to 7 hours (range 5.5-8.5), and time point D to 9

hours (range 7.75-11.75) after rFVIIa infusion. The duration of the different phases in

the control group was similar.

Blood was collected in 3.8% sodium citrate (9:1, v/v) as the anticoagulant. To obtain

platelet poor plasma, samples were centrifuged twice at 2000 g for 10 minutes. Plasma

samples were stored at -808C until use.

Materials

Tissue type plasminogen activator (t-PA) was from Chromogenix (Mölndal, Sweden).

Recombinant human tissue factor (Innovin) and the prothrombin fragment 1+2 kit

(Enzygnost) were from Dade Behring GmbH (Marburg, Germany). Carboxypeptidase

inhibitor from potato (CPI) was purchased from Calbiochem (La Jolla, CA, USA).

Trypsin inhibitor from corn (CTI; >30.000 trypsin inhibitory units/ml) was purchased

from Fluka Chemie GmbH (Buchs, Switzerland). Recombinant factor VIIa was a

generous gift of Novo Nordisk (Bagsvaerd, Denmark). Recombinant hirudin was a

generous gift from R. Wallis (Ciba Geigy, Horsham, UK).

Phospholipid vesicles consisting of 40% L-a-dioleoylphosphatidylcholine, 20% L-a-

dioleoylphosphatidylserine and 40% L-a-dioleoylphosphatidylethanolamine (all from

Sigma, St. Louis, MO, USA) were prepared according to Brunner209 with minor

modifications as described by van Wijnen210. Total phospholipid content of the vesicles

was determined by phosphate analysis according to Rouser211.
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Plasminogen activator inhibitor-1 (PAI-1) antigen levels were determined using the PAI-

1 ELISA kit from Technoclone GmbH (Wien, Austria). TAFI antigen levels were

determined by a sandwich type ELISA, using a monoclonal capturing antibody and a

polyclonal detection antibody as described206. TAFI levels were expressed as

percentage of pooled normal plasma. Antithrombin levels were measured using the

Coamatic thrombin inhibitor kit from Chromogenix (Mölndal, Sweden).

Clot lysis assay

Lysis of a tissue factor-induced clot by exogenous t-PA was studied by monitoring

changes in turbidity during clot formation and subsequent lysis essentially as

described198. Fifty microliters of plasma was pipetted into Immulon-2 flatbottom

microtiter plates (Dynatech Laboratories Inc, Chantilly, VA). These plates do not

support contact activation316. To further suppress contact activation CTI, a potent

inhibitor of coagulation factor XIIa317 was added to the plasma throughout this study.

Fifty microliters of a mixture containing tissue factor (diluted Innovin, final dilution 105

times), CaCl2 (final concentration 17 mM), t-PA (final concentration 30 U/ml; 56 ng/ml),

phospholipid vesicles (final concentration 10 lM), and CTI (final dilution 1:25) diluted

in Hepes buffer (25 mM Hepes, 137 mM NaCl, 3.5 mM KCl, 3 mM CaCl2, 0.1% BSA,

pH 7.4) was added. After thorough mixing, turbidity at 405 nm was measured in time at

378C in a Spectramax 340 kinetic microplate reader (Molecular Devices Corporation,

Menlo Park, CA, USA). Coagulation time was defined as the time to reach the

midpoint of clear to maximal turbid transition. Clot lysis time was defined as the time

from the midpoint of the clear to maximum turbid transition, which characterises clot

formation, to the midpoint of the maximum turbid to clear transition, which

represents clot lysis. To assess the contribution of activated TAFI to clot lysis time,

experiments were performed in which CPI (25 lg/ml), a specific inhibitor of activated

TAFI199, was added to the plasma. To assay the influence of rFVIIa on clot lysis in

cirrhotic plasma, 60 U/ml of rFVIIa, which represents the double amount of peak

values of rFVIIa observed in cirrhotic patients who received a bolus dose of 80 lg/kg

(4000 U/kg) rFVIIa293, was added to the plasma.

Prothrombin fragment 1+2 measurement during clot lysis assay

Prothrombin activation during the clot lysis assay was monitored by performing a clot

lysis assay not in 96-well microtitre plates, but in eppendorf tubes. Coagulation was

induced in cirrhotic plasma or pooled normal plasma in the presence or absence of

rFVIIa (60 U/ml). At different time intervals, thrombin formation was terminated by
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the addition of 100 ll of HEPES buffer containing 20 mM EDTA and 50 U/ml hirudin.

After thorough mixing for 1 minute, the clot was spun down (2 minutes, 15.000 g).

Prothrombin activation was quantified by assaying the concentration of prothrombin

fragment 1+2 in the supernatant by ELISA.

Statistical analysis

Statistical analysis was performed using the GraphPad InStat (San Diego, USA)

software package. The statistical significance of differences in coagulation or clot lysis

time upon addition of rFVIIa was evaluated using a paired Student’s t-test. A P value

of <0.05 was considered statistically significant.

Results

Effect of rFVIIa on coagulation during the clot lysis assay in cirrhotic and control plasma.

In 12 patients with cirrhosis of varying severity and in 12 controls, a clot lysis assay was

performed in presence and absence of rFVIIa (60 U/ml). As shown in figure 1,

coagulation times in cirrhotics, which were derived from the turbidity profiles of the

clot lysis assay, were similar to those in healthy controls. Upon addition of rFVIIa, a

significant decrease in clotting time was seen in both cirrhotic and control plasma

(p<0.0001 for controls; p<0.0001 for cirrhotics, paired t-test).

Figure 1. Coagulation times in cirrhotic and control plasma derived from clot lysis turbidity profiles

in absence or presence of recombinant factor VIIa (rFVIIa; 60 U/ml). Coagulation was initiated by

addition of calcium (17 mM), phospholipids (10 lM) and tissue factor (Innovin; 105 times diluted).

Corn trypsin inhibitor was added to the reaction mixture to suppress contact activation.

Horizontal bars represent means.
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Effect of rFVIIa on clot lysis time in cirrhotic and control plasma.

As shown in figure 2, addition of 60 U/ml rFVIIa had no effects on clot lysis time in both

cirrhotic and control plasma. Addition of supratherapeutic doses of rFVIIa (up to 400

U/ml) to cirrhotic plasma also did not result in a prolongation of clot lysis time (data not

shown). Also, clot lysis times did not differ between cirrhotics and controls, despite a

pronounced difference in TAFI antigen levels (controls 102+22% (mean+SD);

cirrhotic patients 62+23%). In both groups a down-regulation of fibrinolysis by

activated TAFI was present, since clot lysis times could be significantly reduced by an

inhibitor of activated TAFI (CPI).

Prothrombin fragment 1+2 formation during the clot lysis assay

Prothrombin activation during the clot lysis assay was quantified by measurement of

prothrombin fragment 1+2 (F1+2) at different time points after initiation of the clot

lysis assay. As shown in figure 3, only a very small amount of prothrombin was

activated when the plasma started to clot (which is at approximately 5 minutes) for

both cirrhotic and pooled normal plasma. The bulk of the thrombin was formed after

clot formation. On addition of rFVIIa to both cirrhotic and pooled normal plasma,

Figure 2. Clot lysis times of cirrhotic and control plasma. Coagulation was initiated by addition of

calcium (17 mM), phospholipids (10 lM) and tissue factor (Innovin; 105 times diluted), fibrinolysis

was induced by the addition of tissue-type plasminogen activator (t-PA; 30 U/ml). Clot lysis times

were determined in plasma spiked with buffer, recombinant factor VIIa (rFVIIa; 60 U/ml), or

carboxypeptidase inhibitor (CPI; 25 lg/ml). Corn trypsin inhibitor (CTI) was added to the

reaction mixture to suppress contact activation. Horizontal bars represent means.
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prothrombin activation increased in the first 15 minutes, but was not increased at later

time-points, when all available prothrombin had been converted. The amount of F1+2

formed in cirrhotic plasma was much smaller than that in pooled normal plasma, due

to the low prothrombin level in the cirrhotic plasma.

TAFI antigen levels during and after OLT

Figure 4A shows TAFI antigen levels at 6 selected time-points during and after OLT of

six patients who did not receive rFVIIa. TAFI levels decreased during the anhepatic and

post-reperfusion phases, and rapidly normalized after surgery. Figure 4B shows TAFI

antigen levels in 6 patients undergoing OLT after a single bolus dose of rFVIIa.

Although basal levels of TAFI were lower in this group, a similar pattern of the course

of TAFI antigen levels during and after the transplantation was observed in both groups.

The course of TAFI antigen levels was comparable to levels of other proteins involved in

coagulation and fibrinolysis such as antithrombin (figures 4C and D) plasminogen and

a2-antiplasmin (data not shown), and represent the improvement of the synthesis

function of the liver.

Figure 3. Prothrombin fragment 1+2 formation during clot lysis assay in pooled normal plasma

(squares) or cirrhotic plasma (circles) in absence (open symbols) and presence of recombinant

factor VIIa (rFVIIa; 60 U/ml; closed symbols).
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Clot lysis times during and after OLT

Clot lysis times were determined in plasma samples taken at 6 time-points during and

after OLT in the presence or absence of a specific inhibitor of activated TAFI. Figure

5A shows clot lysis times of patients who did not receive rFVIIa. Clot lysis times

decreased during the anhepatic and post-reperfusion phase, indicating the

development of a hyperfibrinolytic state. At the end of surgery, clot lysis times

increased, and most samples showed no lysis at all during the time course of our

experiment. The inhibition of clot lysis during this phase was associated by a transient

Figure 4. TAFI antigen and antithrombin activity levels during and after OLT performed without

(panels A and C) or with (panels B and D) a single bolus dose of recombinant factor VIIa (rFVIIa;

80 lg/kg; 4000 U/kg). TAFI and antithrombin levels were measured in samples taken 30 minutes

after the induction of anesthesia (A), 30 minutes after the start of the anhepatic phase (B), 30

minutes after reperfusion (C), at the end of surgery (D), at day 1 (E), and day 5 after surgery (F).

rFVIIa was injected 10 minutes before the start of the surgery (between time points A and B). In the

rFVIIa-treated group time point B corresponds to 4.5 hours (median; range 4-5.75), time point C to

7 hours (range 5.5-8.5), and time point D to 9 hours (range 7.75-11.75) after rFVIIa infusion. The

duration of the different phases in the control group was similar. The horizontal bars represent

medians.
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Figure 5. Clot lysis times during and after OLT performed without (panel A) or with (panel B) a

single bolus dose of recombinant factor VIIa (rFVIIa; 80 lg/kg; 4000 U/kg) in the absence (open

symbols) or presence (closed symbols) of the specific TAFIa inhibitor CPI. Clot lysis times were

determined in samples taken 30 minutes after the induction of anesthesia (A), 30 minutes after the

start of the anhepatic phase (B), 30 minutes after reperfusion (C), at the end of surgery (D), at day 1

(E), and day 5 after surgery (F). The horizontal bars represent medians.
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increase in plasminogen activator inhibitor-1 (PAI-1) levels as shown in figure 6. In a

previous report we have shown that very high PAI-1 levels can completely inhibit clot

lysis212. At day 5 after surgery clot lysis times were still above basal levels. As shown in

figure 5B, the rFVIIa treated patients showed the same pattern of clot lysis time during

and after OLTas the control group, except for clot lysis times during the postreperfusion

phase, which were longer in the rFVIIa treated group (not significant). In all samples,

except for those who did not show any lysis during our experiment, clot lysis times

could be significantly shortened by addition of a specific inhibitor of activated TAFI

(CPI).

Discussion

The mechanism behind the efficacy of rFVIIa in patients suffering from cirrhosis295 as

well as patients undergoing OLT169 is still unclear. We have explored the potential of

rFVIIa to serve as an antifibrinolytic agent in plasma from non-bleeding cirrhotic

patients. Also, the fibrinolytic potential of plasma samples taken during and after

OLT, which was performed with or without the use of rFVIIa was assayed. This study

shows, by using a plasma-based clot lysis assay, no evidence for enhanced activation of

TAFI by therapeutic or even supratherapeutic doses of rFVIIa in these patient groups.

On the other hand, rFVIIa does result in enhancement of the rate of clot formation, as

reflected by a shortening of the clotting times.

Two separate stages of thrombin formation during tissue factor-induced coagulation can

Figure 6. Plasminogen activator inhibitor type 1 (PAI-1) antigen levels during and after OLT

performed without (panel A) or with (panel B) a single bolus dose of recombinant factor VIIa

(rFVIIa; 80 lg/kg; 4000 U/kg). PAI-1 levels were determined in samples taken 30 minutes after

the induction of anesthesia (A), 30 minutes after the start of the anhepatic phase (B), 30 minutes

after reperfusion (C), at the end of surgery (D), at day 1 (E), and day 5 after surgery (F). The

horizontal bars represent medians.
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be distinguished. The primary formation of thrombin results in cleavage of fibrinogen,

and activation of factor XIII, leading to the assembly of a stable fibrin clot. After the

fibrin clot is formed, thrombin formation continues via thrombin-mediated activation

of factor XI and subsequent thrombin generation via the intrinsic pathway198. This

secondary burst of thrombin results in the activation of TAFI65.

In both control and cirrhotic plasma, primary thrombin formation was accelerated by

the addition of rFVIIa. Acceleration of primary thrombin formation was observed

both as a shortening of coagulation time as well as an increase in prothrombin

fragment 1+2 release in the first 10 minutes of incubation. Basal coagulation times in

our experimental set-up were similar in patient and control plasma, though

prothrombin times of the patient plasma were significantly prolongued. The assay

performed in this study is a very dilute prothrombin time assay. On dilution of the

tissue factor source, clotting time is no longer dependent only on levels of the

procoagulant proteins, but also on the levels of anticoagulants like antithrombin. It is

likely that in our assay the decreases in procoagulant factors in cirrhotic plasma are

compensated by the decreases in anticoagulant factors, resulting in clotting times

comparable to control levels.

Our results show that secondary thrombin formation was already optimal for TAFI

activation in both control and cirrhotic plasma because addition of rFVIIa did not

result in an increase in clot lysis time. All available prothrombin is already converted

after 30 minutes of incubation in both control and cirrhotic plasma in the absence or

rFVIIa.

Although we have questioned the presence of a hyperfibrinolytic state in non-bleeding

cirrhotic patients212, we did observe development of a hyperfibrinolytic state in

patients undergoing OLT, consistent with previous studies285,318. In this study we

showed accelerated fibrinolysis during the anhepatic and postreperfusion phase of

OLT. During these critical phases of OLT, TAFI levels, which were already decreased

at baseline, decreased even more. However, TAFI was still contributing to down-

regulation of fibrinolysis during these phases, as clot lysis times significantly decreased

on addition of a specific TAFI inhibitor (CPI). At the end of surgery, a transient

strong increase in plasma PAI-1 levels was seen, which leads to a complete inhibition

of clot lysis. Clot lysis times in OLT patients who received a single bolus dose of

rFVIIa were similar to those in controls, except in the postreperfusion phase in which

a trend towards higher clot lysis times in the rFVIIa treated group was seen. Because

rFVIIa levels during this phase had almost returned to baseline169, this apparent

difference is unlikely to be a consequence of a direct rFVIIa effect.
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In this study we did not find any evidence for a rFVIIa-mediated downregulation of

fibrinolysis in cirrhosis, both in stable patients as well as in patients undergoing OLT.

The beneficial effect of rFVIIa during OLT can probably be mainly ascribed to its

potential to enhance fibrin formation. The reduced thrombin inhibition due to low

levels of antithrombin in cirrhotic patients facilitates enhancement of fibrin formation

by rFVIIa. As treatment with rFVIIa does not alter the development of a

hyperfibrinolytic state during anhepatic and post-reperfusion phase, a combination of

rFVIIa and antifibrinolytics during OLT might be an option. However, it should be

considered that this combination might increase the risk of thrombosis, particularly of

the donor liver vessels. The absence of hyperfibrinolysis in cirrhotics limits the rational

use of antifibrinolytics in stable cirrhosis.
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Abstract

Tissue factor-induced coagulation leads to the generation of a small amount of thrombin

via tenase and prothrombinase activity, resulting in the formation of a fibrin clot. After

the fibrin clot has formed, thrombin generation continues via a factor XI-dependent

pathway. The resulting secondary burst of thrombin activates TAFI (thrombin

activatable fibrinolysis inhibitor), leading to downregulation of fibrinolysis.

In this study the effect of anticoagulant drugs targeting different steps in the coagulation

cascade on clot formation and subsequent breakdown was investigated using a plasma-

based clot lysis assay. All drugs tested significantly delayed clot formation. However,

only those drugs targeting factor Xa (tissue factor pathway inhibitor, the

pentasaccharide compound fondaparinux sodium, and low molecular weight heparin)

accelerated fibrinolysis. Anticoagulant drugs targeting tissue factor (active site

inactivated factor VIIa) or thrombin (hirudin and the low molecular weight compound

PPACK) did not affect clot lysis time. In accordance with these findings, it was shown

that total thrombin generation, as quantified by the endogenous thrombin potential, was

only affected by anticoagulant drugs targeting factor Xa when all drugs were used in a

concentration with an equal potential to inhibit clot formation.

Induction of hyperfibrinolysis by anticoagulant drugs directed against factor Xa might

be beneficial as increased clot breakdown might facilitate thrombolysis or prevent

reocclusion. On the other hand, the induction of hyperfibrinolysis by these compounds

might increase the risk of bleeding complications.

Introduction

Numerous approaches for the treatment or prevention of venous and arterial

thromboembolism have become available in the last decades. Among those are

inhibitors of platelet function319, inhibitors of coagulation320, and a diversity of

thrombolytic agents321. Inhibition of thrombin generation is considered an important

aspect of antithrombotic treatment. Traditionally, heparin or low molecular weight

heparins have been used to downregulate the coagulation system. These agents function

by enhancing the activity of antithrombin towards both factor Xa and thrombin.

Recently, a synthetic pentasaccharide (Org31540/SR90107A, fondaparinux sodium,

Arixtra, PENTA), which selectively inhibits factor Xa in an antithrombin dependent

manner has been introduced as an alternative to traditional low molecular weight

heparins (LMWH’s)126. Alternative strategies aiming at downregulation of
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coagulation include direct inhibition of thrombin, by low molecular weight inhibitors

such as D-phenylalanyl-L-prolyl-L-arginyl chloromethyl ketone (PPACK)127 or

hirudin128, or inhibition of the tissue factor pathway by active site inactivated factor

VIIa (ASIS, FFRck-VIIa)130 or recombinant full length tissue factor pathway

inhibitor (rFL-TFPI)131.

The application of the different novel anticoagulants in the clinic has not been fully

established yet. An important complication of anticoagulant treatment is the

development of bleeding complications322. Phase II and III studies have indicated

differences between anticoagulant drugs with respect towards in vivo anticoagulant

potency and risk to benefit ratio323-325. Anticoagulant-related bleeding can occur

spontaneously, at sites of previous vascular damage (e.g., after surgery). Alternatively,

it may be associated with concomitant drug use or comorbid disease such as cancer.

Insight into the mechanism by which the different anticoagulants affect the

coagulation system may assist treatment in case of bleeding complications.

A thus far underestimated consequence of anticoagulant treatment is its effect on the

stability of the fibrin clot, and its resistance to breakdown by the fibrinolytic system.

A recently discovered important determinant in clot resistance to fibrinolysis in in

vitro sytems is the activation of thrombin activatable fibrinolysis inhibitor (TAFI)63.

TAFI is activated by high concentrations of thrombin, which is generated after clot

formation via thrombin-mediated activation of factor XI65. Alternatively, TAFI may

be activated by the thrombin-thrombomodulin complex. The latter reaction is

approximately 1200 times more efficient than the activation of TAFI by thrombin

alone66.

In vivo relevance of TAFI has been demonstrated in animal thrombosis models, in which

inhibition of TAFI by carboxypeptidase inhibitor from potatoe resulted in facilitation of

thrombolysis311,326. However, TAFI deficiency in mice failed to show an altered

phenotype compared to control mice when challenged in different thrombosis models105.

The effects of the different anticoagulants on the haemostatic system are usually

investigated in laboratory assays, which have clot formation as the primary endpoint.

However, at the time of clot formation, very little thrombin has been generated41. In

this study, the effects of different anticoagulants, inhibiting tissue factor (VIIai), the

TF-VIIa complex and Xa (TFPI), factor Xa (PENTA), factor Xa and thrombin

(LMWH), or thrombin (PPACK and Hirudin) on secondary thrombin generation (i.e.,

the thrombin generated after clot formation) and TAFI activation have been

investigated in an in vitro clot lysis assay. The outcome of these clot lysis experiments

were confirmed by investigating total thrombin generation as measured by the
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endogenous thrombin potential327 in the presence of the mentioned anticoagulants.

Materials and methods.

Plasma samples

Pooled normal plasma was obtained by combining plasma from 10 healthy volunteers.

Blood samples were obtained by venipuncture from the antecubital vein into 3.2%

sodium citrate (9:1, v/v). To obtain platelet poor plasma, the samples were centrifuged

twice at 2000g for 15 minutes. Plasma samples were stored at –708C until use.

Materials

Tissue type plasminogen activator (t-PA) was from Chromogenix (Mölndal, Sweden).

Recombinant human tissue factor (Innovin) was from Dade Behring GmbH

(Marburg, Germany). Trypsin inhibitor from corn (CTI; >30.000 trypsin inhibitory

units/ml) was purchased from Fluka Chemie GmbH (Buchs, Switzerland). The

fluorogenic substrate Z-GGR-AMC was from Bachem (Bubendorf, Switzerland).

Phospholipid vesicles consisting of 40% L-a-dioleoylphosphatidylcholine, 20% L-a-

dioleoylphosphatidylserine and 40% L-a-dioleoylphosphatidylethanolamine (all from

Sigma, St. Louis, MO, USA) were prepared according to Brunner209 with minor

modifications as described by van Wijnen210. Total phospholipid content of the vesicles

was determined by phosphate analysis according to Rouser211.

Anticoagulant drugs

Active site inactivated factor VIIa and recombinant full length TFPI (rFL-TFPI) were

generous gifts from Drs. M. Kjalke and U. Hedner, TF/VIIa research, Novo Nordisk

(Måløv, Denmark). Org31540/SR90107A was from NV Organon (Oss, The

Netherlands). LMWH (Fragmin) was from KabiVitrum AB (Stockholm, Sweden).

PPACK was obtained from Bachem (Bubendorf, Switzerland). Recombinant

desulphato hirudin was a generous gift from Dr. R. Wallis (Ciba Geigy, Horsham, UK).

Clot lysis assay

Lysis of a tissue factor-induced clot by exogenous t-PA was studied by monitoring

changes in turbidity during clot formation and subsequent lysis essentially as

described, except that a different tissue factor concentration was used198. Fifty

microliters of plasma was pipetted into Immulon-2 flatbottom microtiter plates

(Dynatech Laboratories Inc, Chantilly, VA). These plates do not support contact
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activation316. To further suppress contact activation CTI, a potent inhibitor of

coagulation factor XIIa317 was added to the plasma throughout this study. Fifty

microliters of a mixture containing tissue factor (diluted Innovin, final dilution 1000

times), CaCl2 (final concentration 17 mM), t-PA (final concentration 30 U/ml; 56 ng/

ml), phospholipid vesicles (final concentration 10 lM), and CTI (final dilution 1:25)

diluted in Hepes buffer (25 mM Hepes, 137 mM NaCl, 3.5 mM KCl, 3 mM CaCl2,

0.1% BSA, pH 7.4) was added. After thorough mixing, turbidity at 405 nm was

measured in time at 378C in a Spectramax 340 kinetic microplate reader (Molecular

Devices Corporation, Menlo Park, CA, USA). Coagulation time was defined as the

time to reach the midpoint of clear to maximal turbid transition. Clot lysis time was

defined as the time from the midpoint of the clear to maximum turbid transition,

which characterises clot formation, to the midpoint of the maximum turbid to clear

transition, which represents clot lysis.

Endogenous thrombin potential

The endogenous thrombin potential was determined essentially as described by Hemker

et al327. In a 96-wells microtitre plate, 80 ll plasma was pipetted. A mixture of tissue

factor (1/1000 dilution of innovin), phospholipids vesicles (final concentration 10 lM),

CTI (final dilution 1:25), and one of the anticoagulant drugs was added in a total volume

of 20 ll. The reaction was started by adding 20 ll of a solution containing 100 mM

CaCl2, and 5 mM of the fluorogenic substrate Z-GGR-AMC. Fluorescence was

monitored in time in a microtiter plate fluorometer Fluoroskan Ascent, type 374

(Labsystems, Helsinki, Finland) with the excitation filter at 390 nm and the emission

filter at 460 nm. The endogenous thrombin potential was determined as described328.

Statistical analysis

Statistical analyses were performed using the GraphPad InStat (San Diego, USA)

software package. Statistical significance of differences in clotting and clot lysis times

upon addition of increasing concentrations of anticoagulants was determined by

standard ANOVA with Dunnett’s post-test. P<0.05 was considered statistically

significant.
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Results

Effect of different anticoagulant drugs on clot formation and clot lysis

Clot lysis assays were performed with increasing concentrations of active site inactivated

factor VIIa. Clotting times and clot lysis times were derived from the obtained turbidity

profiles. Figure 1A shows a dose dependent increase in clotting time upon addition of

VIIai, which was statistically significant at VIIai concentrations of 5 ng/ml and higher

(p<0.01 vs no VIIai). Clot lysis times showed a small decrease at higher concentrations

of VIIai, but this was not statistically significant (p>0.05 for 5000 ng/ml VIIai vs no

VIIai).

Figure 1B shows clotting times and clot lysis times obtained in the presence of increasing

concentrations of recombinant full length tissue factor pathway inhibitor. Clotting times

dose dependently increased, and a statistically significant increase in clotting time was

observed at rFL-TFPI concentrations of 1 and 2 mg/ml (p<0.05 and p<0.01,

respectively). Clot lysis times dose dependently decreased, with a statistically

significant decrease at rFL-TFPI concentrations of 1 and 2 mg/ml (p<0.01).

In figure 1C, the effect of PENTA on clotting times and clot lysis times are shown.

Clotting times were dose dependently increased, with statistical significance at a

concentration of 1.6 anti Xa Units/ml (p<0.05) and higher (p<0.01). The clot lysis time

was dose dependently decreased, with statistical significance at 0.8 anti Xa Units/ml and

higher (p<0.01).

Effects of the low molecular weight heparin Fragmin on clotting and clot lysis times are

shown in figure 1D. Clotting times dose dependently increased upon addition of

LMWH. Statistical significance was reached at LMWH concentrations of 0.25 anti Xa

U/ml and higher (p<0.01). A dose dependent decrease in clot lysis time was observed,

which reached statistical significance at LMWH concentrations of 0.125 anti Xa U/ml

and higher (p<0.01).

The thrombin inhibiting chloromethlyl ketone peptide PPACK dose dependently

inhibited clotting time (figure 1E), with statistical significance reached at a

concentration of 0.25 lM or higher (p<0.01). PPACK had no effect on clot lysis time

in the range of concentrations tested.

Hirudin, the other thrombin inhibitor tested, showed similar results as PPACK. Clotting

times were significantly prolonged at hirudin levels of 6.125 U/ml or higher (p<0.01),

whereas no effect on clot lysis time was observed (figure 1F).
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Figure 1. Effects of VIIai (A), rFL-TFPI (B), PENTA (C), LMWH (D), PPACK, and hirudin (E)

on clot formation (closed symbols) and clot lysis time (open symbols). Coagulation was initiated in

pooled normal plasma by the addition of tissue factor (Innovin, 1:1000), calcium chloride (17 mM),

and phospholipid vesicles (10 lM), and fibrinolysis was induced by the addition of tPA (30 U/ml).

Clot lysis profiles were measured for increasing concentrations of the different anticoagulants.

Shown are the mean values obtained from three independent experiments. Error bars indicate

standard deviation.
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Endogenous thrombin potential in the presence of anticoagulant drugs

We next tested the 6 anticoagulants using a fixed concentration of each anticoagulant

which results in an approximate doubling of coagulation time as derived from clot lysis

curves (figure 2A). Under these conditions, clot lysis times are significantly decreased for

TFPI, PENTA, and LMWH, but not for VIIai, PPACK, and Hirudin (figure 2B).

Similarly, as shown in figure 2C, endogenous thrombin potential (ETP) is decreased by

TFPI (77+12% of ETP in absence of anticoagulant drug), PENTA (26+6%), and

LMWH (54+9%), whereas the ETP did not significantly change by VIIai (110+17%),

PPACK (90+30), and hirudin (98+14%). The thrombin generation curve did show a

shift to the right for all anticoagulants, confirming that clot formation was inhibited

for all compounds.

Discussion

This in vitro study shows that anticoagulant drugs targeting factor Xa induce

enhancement of plasma fibrinolytic potential due to attenuation of TAFI activation.

Anticoagulant drugs exclusively inhibiting tissue factor or thrombin do not show an

effect on fibrin clot lysis in the assay set-up employed in this study. All drugs tested

are potent inhibitors of clot formation, for which only a relatively small amount of

thrombin is required. The bulk of the thrombin is generated after formation of the

fibrin clot39,41. The generation of the thrombin burst after clot formation is required

for TAFI activation. Direct inhibition of tissue factor or thrombin apparently fails to

prevent or diminish this secondary thrombin generation, and thereby fails to induce

hyperfibrinolysis.

The effect of the different anticoagulants on secondary thrombin generation was

investigated by measurements of the (extrinsic) endogenous thrombin potential

(ETP)327. The ETP measures the total amount of ‘active’ thrombin formed in a plasma

sample upon activation. Indeed, as hypothesized from the clot lysis experiments, only the

drugs targeting factor Xa resulted in a significant decrease in ETP when concentrations

of the drugs were used which were equally potent in delaying clot formation. In these

experiments we found an excellent correlation between acceleration of TAFI-

dependent clot lysis and the ETP, but it is uncertain whether these two parameters are

exchangeable in all situations. It is not yet known how much active thrombin at what

stage during clot lysis is required for TAFI activation, and it is therefore conceivable

that in certain situations discrepancies between clot-lysis experiments and ETP values

may occur.
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Figure 2. A. From figures 1 A-F, a single concentration of each anticoagulant, which resulted in an

approximate equal prolongation of coagulation time, was selected. B. Clots lysis times under these

conditions were significantly shortened for TFPI, LMWH, and PENTA, but not for VIIai,

PPACK, and hirudin. C. The endogenous thrombin potential was determined for the different

anticoagulants at a single concentration. Shown are mean values of three independent

experiments. Error bars indicate standard deviation.
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Why does only inhibition of factor Xa affect secondary thrombin generation? Inhibition

of the TF pathway does not attenuate secondary thrombin generation as this process

depends on factor XIa mediated activation of the intrinsic pathway of coagulation198.

Once a small amount of thrombin is generated via the TF pathway, thrombin amplifies

its own generation in a TF-independent manner. The reason why direct thrombin

inhibitors fail to inhibit secondary thrombin generation is, at first sight, less obvious.

Most likely, the inhibitory activity of direct thrombin inhibitors towards in situ

generated thrombin is simply not fast enough to prevent explosive thrombin

generation as already suggested by Lindhout et al.329, who did observe a decrease in

thrombin potential upon addition of hirudin to normal plasma, but high

concentrations were required. In addition, Mohri and coworkers previously described

a complete lack of effect of hirudin on thrombin potential330.

Although the physiological relevance of TAFI activation and its inhibition by

anticoagulant drugs targeting factor Xa remains uncertain, our findings may have

clinical consequences. On one hand, induction of hyperfibrinolysis by anticoagulant

drugs may be beneficial in certain clinical conditions as prevention or treatment of

thrombus formation is accomplished by two mechanisms (i.e., prevention of clot

formation and facilitation of clot breakdown). On the other hand, the induction of

hyperfibrinolysis could lead to an increased risk of bleeding. This could imply that

bleeding episodes induced by factor Xa inhibitors could be managed by antifibrinolytic

agents like aprotinin or e-aminocaproic acid.

In conclusion, we have shown that anticoagulant drugs targeting factor Xa have both

anticoagulant and profibrinolytic properties. The clinical relevance of this finding

warrants further investigation.
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Abstract

Org31540/SR90107A (fondaparinux sodium, PENTA) is a synthetic pentasaccharide,

which selectively inhibits factor Xa. PENTA has recently been registered in Europe and

the United States for prevention of venous thromboembolism following hip fracture, hip

replacement, and knee replacement surgery. However, an antidote in case bleeding

complications occur has not yet been established. In this study, we have explored the

effects of recombinant factor VIIa on the defects in both clot formation and TAFI-

mediated downregulation of fibrinolysis induced by PENTA in vitro. In vitro clot lysis

assays were performed in plasma from healthy volunteers to which PENTA was added.

Addition of PENTA to pooled normal plasma significantly delayed clot formation

whereas clot lysis was significantly enhanced due to decreased activation of thrombin

activatable fibrinolysis inhibitor (TAFI). Addition of recombinant factor VIIa

corrected the defect in clot formation induced by PENTA, and the defective TAFI

activation was partially restored. On addition of PENTA to individual plasma samples

of 35 healthy volunteers, a heterogeneous response with respect to clot lysis time was

observed. The decrease in clot lysis time on addition of PENTA was correlated with

endogenous factor VII levels. In conclusion, recombinant factor VIIa might be a good

therapeutic option in patients treated with PENTA who develop bleeding

complications, since both clot formation as well as fibrinolytic resistance are improved.

Introduction

The synthetic pentasaccharide Org31540/SR90107A (Fondaparinux sodium, Arixtra,

PENTA; Sanofi-Synthelabo, Paris, and NV Organon, Oss, The Netherlands) is a

novel, chemically synthesized antithrombotic drug, which exerts its antithrombotic

effect by selective inhibition of coagulation factor Xa activity in an antithrombin

dependent manner331. Recent clinical studies suggested that PENTA has superior

qualities over other low-molecular-weight heparins with respect to risk-benefit ratio in

preventing venous thromboembolism after hip replacement surgery332,333, hip-fracture

surgery325, and elective major knee surgery334, for which PENTA has been recently

registered in Europe and the United States. Also, PENTA was shown to be effective

for treatment of proximal vein thrombosis335, as adjunctive therapy in acute

myocardial infarction336, and to prevent abrupt vessel closure during percutaneous

transluminal coronary angioplasty337.

A possible adverse event associated with the administration of heparin-like
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anticoagulants is the risk of bleeding322. Therapeutical options in patients treated with

PENTAwho develop bleeding complications are until now limited. We hypothesize that

the administration of recombinant factor VIIa (rFVIIa) could reverse the anticoagulant

effects of PENTA. rFVIIa has been originally developed for patients with haemophilia A

or B with inhibitory antibodies195. Recently, however, it has been suggested that rFVIIa

could become a general haemostatic agent as it has shown to be effective in arresting

bleedings or limit blood loss in various clinical settings162,169,174,180,338.

In a previous study we have shown that rFVIIa, in addition to its procoagulant

properties, can function as an antifibrinolytic agent when added to plasma from

patients with severe haemophilia A by means of enhancing the activation of thrombin

activatable fibrinolysis inhibitor (TAFI)215. As TAFI is activated by high

concentrations of thrombin65, we speculated that PENTA might not only function as

an anticoagulant but also as a profibrinolytic agent by attenuating TAFI activation.

In this study, we investigated the effect of rFVIIa on clot formation and on TAFI

mediated down-regulation of fibrinolysis in plasma from healthy individuals to which

PENTA was added.

Materials and methods

Plasma samples

Pooled normal plasma was obtained by combining plasma from 40 healthy volunteers.

Individual plasma samples from 35 healthy laboratory volunteers were also used in this

study.

Blood samples were obtained by venipuncture from the antecubital vein into 3.2%

sodium citrate (9:1, v/v). To obtain platelet poor plasma, the samples were centrifuged

twice at 2000g for 15 minutes. Plasma samples were stored at –808C until use.

Materials

Recombinant factor VIIa (NovoSeven�) was a generous gift from Novo Nordisk A/S

(Bagsvaerd, Denmark). Fondaparinux sodium was from NV Organon (Oss, The

Netherlands). Tissue type plasminogen activator (t-PA) was from Chromogenix

(Mölndal, Sweden). Recombinant human tissue factor (Innovin) was from Dade

Behring GmbH (Marburg, Germany), and carboxypeptidase inhibitor from potato

(CPI) was purchased from Calbiochem (La Jolla, CA). Phospholipid vesicles consisting

of 40% L-a-dioleoylphosphatidylcholine, 20% L-a-dioleoylphosphatidylserine and 40%

L-a-dioleoylphosphatidylethanolamine (all from Sigma, St. Louis, MO) were prepared
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according van Wijnen
210

. Total phospholipid content of the vesicles was determined by

phosphate analysis according to Rouser211. Factor VII, factor V, factor X, and factor II

activity levels were determined by a one-stage clotting assay using factor VII deficient

plasma from Helena Laboratories (Beaument, TX, USA), and factor V, X and II

deficient plasma from Boeringer Mannheim GmbH (Mannheim, Germany). In these

assays, thromborel S (Dade-Behring, Mannheim, Germany) was used as tissue factor

source. Antithrombin levels were determined using the Coamatic antithrombin kit from

Chromogenix (Mölndal, Sweden). TAFI antigen levels were determined by a sandwich-

type ELISA as described206.

Clot lysis assay

Lysis of a tissue factor-induced clot by exogenous t-PA was studied by monitoring

changes in turbidity during clot formation and subsequent lysis essentially as described

previously212, except for a change in tissue factor concentration. Fifty microliters of

plasma was pipetted into a microtiter plate. Fifty microliters of a mixture containing

tissue factor (diluted Innovin, final dilution 1000 times), CaCl2 (final concentration 17

mM), t-PA (final concentration 30 U/ml; 56 ng/ml), and phospholipid vesicles (final

concentration 10 lM), diluted in Hepes buffer (25 mM Hepes, 137 mM NaCl, 3.5 mM

KCl, 3 mM CaCl2, 0.1% BSA, pH 7.4) was added. After thorough mixing, turbidity at

405 nm was measured in time at 378C in a Spectramax 340 kinetic microplate reader

(Molecular Devices Corporation, Menlo Park, CA, USA). Coagulation time was

defined as the time to reach the midpoint of clear to maximal turbid transition. Clot

lysis time was defined as the time from the midpoint of the clear to maximum turbid

transition, which characterises clot formation, to the midpoint of the maximum turbid

to clear transition, which represents clot lysis. To assess the contribution of TAFI

activation to clot lysis time, experiments were performed in which CPI (25 lg/mL), a

specific inhibitor of activated TAFI199, was added to the plasma.

Statistical analysis

Statistical analysis was performed using the GraphPad InStat (San Diego, USA)

software package. Differences in clotting time and clot lysis time in pooled normal

plasma was determined by standard t-test. Differences in clotting time and clot lysis

time in the 35 individual samples were assayed by repeated measures one-way analysis

of variance (ANOVA) using the Tukey-Kramer post-test. Statistical significance of

linear correlations was determined by Pearson’s correlation coefficient. P values <0.05

were considered statistically significant.
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Results

PENTA delays clot formation and accelerates clot breakdown in pooled normal plasma

The effect of PENTA in a plasma system in which coagulation was initiated with a

diluted prothrombin reagent as tissue factor source was investigated. As shown in

figure 1A, PENTA dose-dependently inhibited clot formation in pooled normal

plasma (open circles). In the same assay, the effect of PENTA on clot lysis induced by

exogenous t-PA was investigated. Figure 1B shows that PENTA dose-dependently

decreased clot lysis time (open circles). Simultaneous experiments were performed in

which CPI, a specific inhibitor of activated TAFI, was added to the plasma (figure 1B,

squares). PENTA only affected clot lysis time in the presence of TAFI activity.

rFVIIa accelerates clot formation and enhances TAFI-mediated down-regulation of

fibrinolysis in plasma containing PENTA

On addition of rFVIIa (40 nM) to pooled normal plasma to which PENTA was added,

clotting times were significantly lowered over the whole range of PENTA tested (figure

1A, closed circles). Clot lysis time in PENTA-containing plasma was prolongued by

rFVIIa (figure 1B closed circles). A significant prolongation of clot lysis time was

observed for PENTA levels above 1.4 lg/ml.

Figure 1. Defective clot formation and TAFI-mediated down-regulation of fibrinolysis induced by

PENTA can be improved by rFVIIa. Panel A shows the effect of PENTA on clotting time in

absence (open symbols) or presence (closed symbols) of rFVIIa (40 nM). Panel B shows the

effect of PENTA on clot lysis time in absence (circles) or presence (squares) of CPI, and in

absence (open symbols) or presence (closed symbols) of rFVIIa (40 nM). The mean of 3

independent experiments is shown. Error bars indicate standard deviation.
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The profibrinolytic potential of PENTAvaries between individuals; effects of rFVIIa

The effect of addition of PENTA (3.5 lg/ml), rFVIIa (40 nM), and a combination of

both on clot formation and fibrinolytic potential was investigated in plasma samples

from 35 healthy volunteers. We observed that addition of a fixed concentration of

PENTA reduced clot lysis time in some, but not all plasma samples. Therefore, we

separately analysed samples that gave more than 5% reduction of clot lysis time on

addition of 3.5 lg/ml PENTA (high responders; figure 2, panels A and C), and samples

Figure 2. Effect of PENTA (3.5 lg/ml), rFVIIa (40 nM), a combination of PENTA and rFVIIa, and

CPI (25 lg/ml) on clot lysis time and clotting time in plasma of 35 healthy volunteers. Panels A and

C show clot lysis times and clotting times, respectively, of plasma samples which gave a more than

5% reduction of clot lysis time on addition of PENTA. Panels B and D show clot lysis times and

clotting times, respectively, of plasma samples which showed a less than 5% reduction of clot lysis

time on addition of PENTA. Panels B and D also show the effect of a high concentration of

PENTA (10.5 lg/ml), and of a combination of a high concentration of PENTA in combination

with rFVIIa (40 nM) on clot lysis time and clotting time.
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that gave less than 5% reduction of clot lysis time on addition of 3.5 lg/ml PENTA (low

responders; figure 2, panels B and D).

Figure 2A shows clot lysis times from the high responders. The decrease in clot lysis time

on addition of PENTAwas statistically significant (Control 80+13 min, PENTA 65+15

min; mean+SD, p<0.001). On addition of rFVIIa to PENTA anticoagulated plasma in

this group, a significant increase in clot lysis time was seen (PENTA 65+15 min, PENTA

+ rFVIIa 72+13 min, p<0.01). Addition of rFVIIa in the absence of PENTA had no

effect on clot lysis time. On addition of CPI, clot lysis times decreased to 38+7 min,

indicating that PENTA only partially decreased TAFI activation.

In plasma samples from the low responders, addition of rFVIIa to plasma containing 3.5

lg/ml PENTA did not change clot lysis time (figure 2B). However, when 10.5 lg/ml

PENTA was added to low responder plasma, a decrease in clot lysis time was seen,

which could be partially corrected by the addition of rFVIIa (figure 2B, right panel;

10.5 lg/ml PENTA 43+7 min, 10.5 lg/ml PENTA + rFVIIa 47+10, p=0.02).

In both groups, addition of rFVIIa significantly decreased clotting time, clotting time

increased significantly on addition of PENTA, and a combination of rFVIIa and

PENTA resulted in clotting times comparable to the control situation.

On evaluation of clotting times of the two groups we found that in the high responder

group, clotting times in the control situation were significantly higher compared to

clotting times in the low responder group (4.07+0.86 min vs. 3.08+0.53 min,

p<0.001). Clotting times were significantly correlated with the percentage of reduction

of clot lysis time on addition of PENTA (r=0.6076, p=0.0001).

Endogenous factor VII levels determine the extent of acceleration of fibrinolysis by

PENTA in individual plasma samples

Plasma levels of factors V, X, II, antithrombin and TAFI were not correlated with the

percentage of reduction of clot lysis time on addition of PENTA. Also, no correlation

was found between plasma levels of factors V, X, II and antithrombin and clotting

time in the control situation.

Only plasma levels of factor VII were significantly correlated with the percentage of

reduction of clot lysis time on addition of PENTA (r= -0.4069, p=0.015). Moreover,

plasma levels of factor VII were significantly correlated with clotting time in the

control situation (r= -0.3680, p=0.03).
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Discussion

Addition of PENTA to plasma from healthy volunteers leads to a delay of tissue factor

induced clot formation, and to acceleration of fibrinolysis due to diminished TAFI

activation.

The observation that inhibition of coagulation factor X results in inhibition of TAFI

activation is in accordance with a previous study by Broze and Higuchi, who showed

premature fibrinolysis in plasma deficient in either one of the intrinsic coagulation

factors200. It was postulated that haemophilia is not only a disorder of coagulation,

but that defective TAFI activation might also cause part of the bleeding tendency

observed in these patients. Likewise, part of the bleeding diathesis of patients

anticoagulated with heparin derivatives, may be due to induction of hyperfibrinolysis

as a consequence of defective activation of TAFI.

In this study, we have shown that addition of rFVIIa to plasma containing PENTA not

only leads to a profound acceleration of clot formation, but also to an improvement of

TAFI-mediated inhibition of fibrinolysis.

Interestingly, the extent of reduction of clot lysis time induced by PENTAvaried strongly

between samples of healthy individuals. On addition of a fixed concentration of PENTA,

accelerated fibrinolysis was seen in some (high responders), but not all (low responders)

plasma samples from healthy volunteers, and an effect of rFVIIa on clot lysis time was

only observed in those plasma samples in which PENTA accelerated clot lysis. This high

responder/lowresponderphenomenonappeared tobecorrelatedwithclotting times in the

absence of PENTA (i.e., basal thrombin generating capacity). A larger basal thrombin

generating capacity indicated less inhibition of TAFI activation by the fixed

concentration of PENTA. The basal clotting time and thus the pro-fibrinolytic capacity

ofPENTAwas correlated toplasma levels of factorVII.Thus, it seems that the capacityof

a plasma sample to generate thrombindetermines the extent of accelerationoffibrinolysis

by PENTA (i.e., higher levels of factor VII increase basal thrombin generating capacity

and consequently decrease inhibition of TAFI activation). Therefore, the bleeding risk

associated with the administration of PENTA might be increased in patients with a low

basal thrombin generating capacity, as this determines the extent of inhibition of TAFI

activation by PENTA. On the other hand, PENTA dosage might have to be increased to

reach an optimal therapeutic effect in patients with a high basal thrombin generating

capacity (for example caused by classical thrombophilic factors such as FVLeiden,

FIIG20210A, and high levels of FVIII).

In conclusion, rFVIIa may be a useful therapeutic option in those instances where

patients treated with PENTA develop bleeding complications as both clot formation

and fibrinolytic resistance of a clot are improved.
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Abstract

A novel approach to treat bleeding episodes in patients with Glanzmann’s

thrombasthenia (GT) and perhaps also in patients receiving aIIbb3-inhibitors, is the

administration of recombinant factor VIIa (rFVIIa). The mechanism of action of

rFVIIa in these patients is, however, still unclear. We studied the effect of rFVIIa-

mediated thrombin formation on adhesion of aIIbb3-deficient platelets under flow

conditions. Adhesion of aIIbb3-deficient platelets to the extracellular matrix (ECM) of

stimulated human umbilical vein endothelial cells or to collagen type III was studied

using a model system with washed platelets and red cells. When aIIbb3-deficient

platelets were perfused over the surface at arterial shear rate for 5 minutes, a low

surface coverage was observed (GT platelets: mean+SEM 37.5+5.0%, normal

platelets preincubated with an RGD-containing peptide: 7.4+2.1%). When rFVIIa,

together with factors X and II was added to the perfusate, platelet deposition

significantly increased (GT platelets: mean+SEM 67.0+4.3%, normal platelets

preincubated with an RGD-containing peptide 48.2+2.9%). The same effect was

observed when normal platelets were pretreated with the commercially available anti-

aIIbb3 drugs abciximab, eptifibatide, or tirofiban. It was shown that tissue factor-

independent thrombin generation (presumably induced by binding of rFVIIa to

adhered platelets) was responsible for the increase in platelet deposition. In conclusion,

defective adhesion of aIIbb3-deficient platelets to ECM can be restored by tissue factor-

independent rFVIIa-mediated thrombin formation. The enhanced generation of platelet

procoagulant surface facilitates fibrin formation, so that lack of platelet aggregate

formation might be compensated for.

Introduction

Platelets play a crucial role in hemostasis and in thrombotic processes. Upon vessel wall

injury, platelets adhere to the subendothelium through the interaction of glycoprotein Ib

with von Willebrand factor (vWF) bound to subendothelial collagen. Stable adhesion is

subsequently accomplished by binding of platelet integrin receptors such as aIIbb3, a2b1,

a5b1, a6b1, and avb3 to their ligands present in the subendothelium. When stable

adhesion is accomplished, secretion and activation of the platelets takes place,

followed by aggregation through bridging of vWF or fibrinogen to aIIbb3 on two

different platelets11.

The importance of aIIbb3 in platelet functioning is demonstrated by the bleeding
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tendency of patients with Glanzmann’s thrombasthenia (GT), who have a congenital

qualitative or quantitative defect in this receptor339. Also, inhibition of aIIbb3 by anti-

platelet drugs such as abciximab, eptifibatide, and tirofiban is of proven benefit to

patients suffering from acute coronary artery disease340. Although these aIIbb3-

antagonists are highly effective in preventing reocclusion after thrombolysis, stenting,

or angioplasty, administration of these compounds also induces bleeding in a

significant number of patients341.

Traditionally, platelet concentrates are administered to patients with GT during

bleeding episodes, or prophylactically during surgery. However, platelet concentrates

carry the risk of alloimmunisation to human leukocyte antigens or to aIIbb3, making

further administration of donor platelets ineffective. Bleeding complications in

patients receiving anti-aIIbb3 drugs may be controlled simply by withdrawing infusion

of the drug. Due to the relatively short half-life of these compounds340, the induced

platelet defect is rapidly reversed. When urgent bleeding problems occur, platelet

transfusion has been shown to reverse abciximab’s inhibitory effect. However, in case

of eptifibatide and tirofiban, which are dosed in a way the peak concentration is very

high relative to the amount of aIIbb3 molecules present in circulation, transfused

platelets are also inhibited rapidly after infusion by free circulating drug340.

A novel approach to treat patients with GT during bleeding episodes or surgery is the

administration of recombinant factor VIIa (rFVIIa, NovoSeven�, Bagsværd,

Denmark)
162,342

. rFVIIa was originally developed for the treatment of inhibitor-

complicated haemophilia A and B145,343. Currently, novel indications for rFVIIa,

including its use in patients with liver disease169,293, thrombocytopenia344 and platelet

function defects162,163, and in patients without coagulation disorders who are bleeding

as a result of extensive surgery or major trauma174,180, are explored in clinical trials.

The use of rFVIIa in patients with GT appears to be safe and effective, although

randomised controlled clinical trials have not been performed in this small patient

group. The apparent success of rFVIIa in GT may possibly be translated to patients

who suffer from uncontrollable bleeding as a consequence of administration of anti-

aIIbb3 drugs. A single case in which rFVIIa was used for bleeding management of a

patient treated with tirofiban has recently been reported18.

The mechanism of action of rFVIIa in platelet related bleeding disorders is still a matter

of debate. To explain the efficacy of rFVIIa in haemophilia, both tissue factor-dependent

and independent enhancement of thrombin generation has been suggested to play a

role182,183,189,215. At first sight, the efficacy of rFVIIa in platelet-related bleeding

disorders is curious, because of the presence of a fully competent coagulation system in
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these patients. However, it has been suggested that enhancement of thrombin generation

may enhance recruitment of defective platelets to the site of injury as well as enhance

fibrin deposition, thereby compensating for the platelet defect190. Thrombin has

multiple actions on platelets, which are, at present, not fully understood. It has been

proposed that the glycoprotein Ib/V/IX complex is an important thrombin receptor on

platelets345,346. Thrombin binding to this complex initiates signalling events by

enhancing activation of the classical thrombin receptor (PAR-1)17, and it has been

proposed to facilitate the cleavage of glycoprotein V from the complex, resulting in a

hyperresponsive platelet347,348. Also, thrombin binding to GPIb appears essential for

thrombin-mediated induction of platelet procoagulant activity346. Furthermore,

thrombin is able to activate the low affinity thrombin receptor (PAR-4)349, but

whether binding to the glycoprotein Ib/V/IX complex also enhances PAR-4 cleavage is

not known.

In this study we have generated a model to study the effect of rFVIIa-mediated thrombin

generation on platelet adhesion under flow conditions in a model system using aIIbb3-

inhibited platelets. Using a model system of isolated platelets and red cells, and

purified clotting factors, we show an enhancement of platelet adhesion to

subendothelial material. Important denominators in thrombin-mediated enhancement

of platelet deposition in our system were subsequently investigated.

Materials and methods

Proteins, antibodies, and anti-aIIbb3 drugs

rFVIIa (NovoSeven�), a goat polyclonal inhibitory antibody against tissue factor, and a

monoclonal antibody against factor VIIa were generous gifts from Dr. U. Hedner (Novo

Nordisk, Måløv, Denmark). Factor X was purified from fresh frozen plasma by

immunoaffinity chromatography followed by Q-sepharose chromatography as

previously described
350

or purchased from Kordia B.V. (Leiden, The Netherlands).

Prothrombin was purified from fresh frozen plasma according to Koedam et al.351.

Collagen type III was from Sigma (St. Louis, Mo). Recombinant hirudin was a

generous gift from R. Wallis (Ciba Geigy, Horsham, UK). Recombinant annexin V

was a generous gift from Dr. W.L. van Heerde (University Medical Centre St.

Radboud, Nijmegen, the Netherlands).

Inhibitory antibodies against glycoprotein Ib (AK-2, ascites fluid) and von Willebrand

factor (RAG-35, ascites fluid) were generous gifts from Dr. M. Berndt (Baker Institute,

Melbourne, Australia) and Dr. J.A. van Mourik (CLB, Amsterdam, The Netherlands),
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respectively. Fab fragments of a monoclonal antibody, which specifically inhibits

thrombin binding to glycoprotein Ib (LJIb-10) were a generous gift from Dr. Z.M.

Ruggeri (The Scripps Research Institute, La Jolla, CA). Fluorescein isothiocyanate

(FITC) labeled goat anti mouse IgG was purchased from Calbiochem (La Jolla, CA).

The RGD containing peptide D-arginyl-glycyl-L-aspartyl-L-tryptophane (dRGDW)

was generously provided by Dr. J. Bouchaudon (Rhône Poulenc Rorer, Chemistry

Department, Centre de Recherche de Vitry, Vitry sur Seine, France).

Abciximab (ReoPro) was from Centocor (Malvern, PA). Eptifibatide (Integrilin) was

purchased from COR Therapeutics (South San Francisco, CA). Tirofiban (Aggrastat)

was from Merck (White House Station, NJ).

Cell culture

Human umbilical vein endothelial cells were isolated and grown to confluence as

described352. Cells of the second passage were seeded on gelatin coated thermanox

coverslips. The cells were stimulated overnight with phorbol myristate acetate (PMA,

Sigma, St. Louis, MO; 20 ng/ml final concentration) for 16 hours. After stimulation,

the endothelial cell matrix was isolated by removing the cells with 0.1 mol/L NH4OH

for 15 minutes at room temperature, and subsequently the matrices were washed 3

times with phosphate buffered saline (PBS, 10 mmol/L phosphate buffer, 150 mmol/L

NaCl, pH=7.4).

Collagen coated surfaces

Collagen type III was solubilized in 50 mM acetic acid and sprayed on thermanox or

glass coverslips (the latter were used for immunofluorescence studies) using a

retouching airbrush (Badger model 100, Badger Brush Co, Franklin Park, Il.) at a

density of 30 lg/cm2. After the spraying procedure, coverslips were blocked for 1 hour

at room temperature with 4% human albumin in PBS.

Blood collection

Blood was drawn from healthy volunteers who denied ingestion of aspirin or other

NSAID’s for the preceding 10 days into 1/10 volume 3.4% sodium citrate. For selected

experiments, blood from six unrelated patients with type 1 GT was used.
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Perfusion studies

Perfusions were carried out in a single pass perfusion chamber as described previously353.

Perfusions were carried out with reconstituted blood, which was prepared as follows.

Platelet rich plasma (PRP) was prepared from whole blood by centrifugation (10

minutes at 200g at room temperature). The PRP was acidified by addition of 1/10

volume of ACD (2.5% trisodiumcitrate, 1.5% citric acid, and 2% D-glucose), and the

platelets were spun down (500g, 15 min). The platelet pellet was resuspended in

HEPES-Tyrode buffer (137 mM NaCl, 2.68 mM KCl, 0.42 mM NaH2PO4, 1.7 mM

MgCl2, 5 mM d-glucose, pH= 7.35). Prostacyclin (PGI2, 10 ng/ml) was added to

prevent platelet activation during the subsequent washing step. Platelets were spun

down and resuspended in a small volume of HEPES-Tyrode buffer. The platelets were

diluted in human albumin solution (HAS; 4% human albumin, 4 mM KCl, 124 mM

NaCl, 20 mM NaHCO3, 2 mM Na2SO4, 1.5 mM MgCl2, 5 mM d-glucose, pH 7.35).

Red cells were washed twice with 0.9% NaCl containing 5 mM d-glucose (2000g, 5

min), and finally cells were packed (2000g, 15 min).

Platelets were mixed with red cells to obtain reconstituted blood containing 200.000

platelets/ll and a haematocrit of 40%. The reconstituted blood was preincubated with

buffer or clotting factors for 5 minutes at 378C and perfused for 5 minutes at a shear

rate of 1600 s-1. After perfusion, slides were washed with HEPES buffer (10 mM

Hepes, 150 mM NaCl, pH=7.35) and fixed in 0.5% glutaraldehyde in PBS.

Subsequently, slides were dehydrated in methanol and stained with May-Grünwald

and Giemsa as described previously354. Platelet adhesion was evaluated using

computer-assisted analysis with OPTIMAS 6.0 software (DVS, Breda, The

Netherlands), and was expressed as the percentage of the surface covered with platelets.

Immunofluorescence microscopy

To investigatedirect bindingof rFVIIa toplatelets adheredunderflowconditions,washed

platelets and red cellswereperfusedover a collagen-coated surface (5minat a shear rate of

1600 s-1) inpresence andabsenceof rFVIIa (1.2lg/ml) andcalciumchloride (5mM).After

perfusion, the coverslips were washed with HEPES buffer containing 5 mM calcium

chloride and fixed with 3% paraformaldehyde and 0.002% glutardialdehyde in PBS.

Subsequently, coverslips were washed with PBS, and blocked with 1% BSA, 0.1%

glycine in PBS for 10 minutes at room temperature. Coverslips were incubated with a

monoclonal anti FVII antibody (10 lg/ml in PBS) for 45 minutes at 378C. After washing

and subsequent blocking, coverslips were incubated with FITC-labeled goat anti mouse

IgG (1:20 diluted in PBS) for 45 minutes at 378C. After washing, coverslips were mounted

128

rFVIIa enhances aIIbb3-deficient platelet adhesion



in Mowiol 40-80 containing 0.1% paraphenylenediamine. Bound rFVIIa was visualized

using confocal laser scanning microscopy using Leica TCS 4D (Heidelberg, Germany)

equipment.

Statistical analysis

Statistical analysis was performed using the GraphPad InStat (San Diego, USA)

software package. Comparison of mean surface coverage values were undertaken by

standard Student’s t-test. P<0.05 was considered statistically significant.

Results

Enhancement of deposition of aIIbb3-deficient platelets to PMA-stimulated endothelial cell

matrix (PMA-ECM) upon addition of coagulation factors VIIa, X, and II

Washed platelets and red cells obtained from 6 unrelated patients with type I GT were

perfused over PMA-ECM at 1600 s-1 for 5 minutes. In figure 1A, the morphological

appearance of a typical experiment performed with GT platelets to PMA-ECM is

presented. The surface coverage was 37.5+5.0%. (mean+SEM of 16 coverslips; with 4

patients experiments were performed in triplicate, with the other 2 patients, experiments

were performed in duplicate). No platelet aggregates were observed. Upon addition of a

thrombin-generating system, consisting of rFVIIa (1.2 lg/ml), factor X (10 lg/ml), and

Figure 1. The effect of coagulation factors VIIa, X, and II on adhesion of platelets from patients

with type I GT to the subendothelial matrix of PMA-stimulated endothelial cells under flow

conditions. Washed platelets and red cells (200.000 platelets/ll; haematocrit 40%) were perfused

over PMA-ECM for 5 minutes at 1600 s-1 in absence (panel A) or presence (panel B) of a

thrombin-generating system (1.2 lg/ml rFVIIa, 10 lg factor X, 20 ng/ml prothrombin, 3 mM

CaCl2). Shown is a typical example from one GT patient.
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prothrombin (20 ng/ml), a significant increase in platelet adhesion was observed

(67.0+4.3%; mean+SEM of 16 coverslips, p<0.0001, figure 1B shows a typical

example of the morphology). Platelet aggregates were still not formed.

Enhancement of platelet deposition to PMA-ECM in a model for GT upon addition of

coagulation factors VIIa, X and II.

In order to study the mechanism by which addition of coagulation factors VIIa, X, and II

lead to a significant increase in adhesion of aIIbb3 deficient platelets to PMA-ECM, a

model system for GT was created. Perfusion experiments were performed with

platelets from healthy volunteers pretreated with a peptide containing the RGD

sequence in order to block ligand binding to aIIbb3. In absence of the RGD-containing

peptide, perfusion of washed platelets and red cells over PMA-ECM at 1600 s-1 resulted

in a high surface coverage (69.2+3.0%, mean+SEM of 6 coverslips), and extensive

aggregate formation was observed (figure 2A). Addition of the dRGDW peptide (200

lM, final concentration in platelet suspension) resulted in an extensive reduction in

platelet adhesion (7.4+2.1%; mean+SEM of 18 coverslips), whereas aggregate

formation was completely absent (figure 2B). Upon addition of purified coagulation

factors VIIa, X, and II to aIIbb3-inhibited platelets, a significant enhancement of

platelet adhesion was observed (48.2+2.9%; mean+SEM of 18 coverslips, p<0.0001,

figure 2C). When only rFVIIa was added to the perfusate, no increase in platelet

adhesion was observed (data not shown). The morphologic appearance of GT platelets

adhered to PMA-ECM was similar to that observed in the dRGDW-model, although the

Figure 2. Development of a model system for adhesion of thrombasthenic platelets to

subendothelial structures under flow conditions and the effect of the thrombin generating

system. Washed normal platelets and red cells (200.000 platelets/ll; haematocrit 40%) were

perfused over PMA-ECM for 5 minutes at 1600 s-1 in absence (panel A) or presence (panels B

and C) of an RGD-containing peptide (rRGDW; 200 lM). Panel C shows the effect of the

thrombin-generating system (1.2 lg/ml rFVIIa, 10 lg factor X, 20 ng/ml prothrombin, 3 mM

CaCl2) on adhesion of RGD-inhibited platelets.
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surface coverage observed with GT platelets was slightly higher than that of dRGDW-

inhibited normal platelets.

Enhancement of deposition of platelets treated with aIIbb3 -blocking drugs to PMA-ECM

upon addition of coagulation factors VIIa, X, and II.

When normal platelets were pretreated with the registered anti-aIIbb3 drugs abciximab

(10 lg/ml), eptifibatide (10 lg/ml), and tirofiban (1 lg/ml), a similar morphological

pattern of adhesion was seen compared to the studies using dRGDW to block aIIbb3.

As shown in table 1, a low adhesion was observed when platelets treated with an anti-

aIIbb3 drug were perfused over PMA-ECM. Upon addition of the thrombin-generating

system, platelet deposition was significantly enhanced.

Additions Surface coverage (%+SEM)

Abciximab

Abciximab + VIIa/X/II

Eptifibatide

Eptifibatide + VIIa/X/II

Tirofiban

Tirofiban + VIIa/X/II

5.6+1.2 (n=6)

46.8+1.9* (n=6)

13.0+3.0 (n=6)

46.3+1.0* (n=6)

7.9+1.8 (n=6)

57.9+1.4* (n=6)

Table 1. Effects of VIIa-mediated thrombin generation on platelet adhesion to PMA-ECM in the

presence of aIIbb3-blocking drugs. Washed platelets were preincubated with abciximab, eptifibatide

or tirofiban for 30 minutes at room temperature. After addition of washed red cells, platelets were

perfused over PMA-ECM for 5 minutes at a shear rate of 1600 s-1. * p<0.001 vs drug in the absence

of VIIa/X/II. n indicates the number of evaluated coverslips.

The generation of thrombin independently of tissue factor results in enhancement of platelet

deposition in the GT model

When hirudin (5 U/ml) was added to a dRGWD-inhibited platelet suspension together

with the thrombin generating system, the increase in platelet deposition to PMA-ECM

induced by the thrombin generating system was completely abolished (table 2).

Similarly, addition of annexin V (50 lg/ml) to dRGDW-inhibited platelets completely

abrogated the enhancement in adhesion induced by the thrombin generating system.

However, when all tissue factor activity in the system was neutralized by an inhibitory

polyclonal antibody (500 lg/ml in PBS, both the PMA-ECM as well as the platelet

suspension were treated for 45 minutes at room temperature), addition of the

thrombin generating system still enhanced platelet deposition to the same extent as in
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the absence of tissue factor blockade (table 2). The inhibitory capacity of the antibody

was demonstrated using a standard prothrombin time assay and by a factor Xa

generation assay on PMA-ECM. Preincubation of the tissue factor source with the

antibody prolonged the prothrombin time from 12 to over 200 seconds, and

preincubation of PMA-ECM with the antibody completely abolished rFVIIa-induced

Xa generation in a static assay.

Additions Surface coverage (%+SEM)

None

+ VIIa/X/II

+ VIIa/X/II + Hirudin

+ VIIa/X/II + Annexin V

+ VIIa/X/II + anti-TF

7.4+2.1* (n=18)

48.2+2.9 (n=18)

6.7+0.9* (n=7)

10.1+2.0* (n=6)

58.8+4.1 (n=8)

Table 2. Tissue factor-independent thrombin generation on procoagulant surface enhances

deposition of aIIbb3-inhibited platelets to PMA-ECM under flow conditions. Washed platelets

and red cells were preincubated with the RGD containing peptide dRGDW and perfused over

PMA-ECM at a shear rate of 1600 s-1 for 5 minutes. Hirudin or annexin V was added to the

perfusate right before perfusion. Both the platelet suspension and the surface were preincubated

with the anti-TF antibody for 45 minutes at room temperature. * p<0.001 vs addition of VIIa/X/II.

n indicates the number of evaluated coverslips.

Thrombin-mediated enhancement of platelet deposition in the GT model is dependent on the

GPIb-vWF interaction and on thrombin binding to GPIb

When the platelets were pretreated with an inhibitory antibody against either GPIb or

vWF (45 min at room temperature, both antibodies were used in a dilution of 1:250),

the enhancement in adhesion induced by the thrombin generating system was

completely inhibited (table 3).

If platelets were pretreated with Fab fragments of an antibody which specifically blocks

the binding of thrombin to GPIb (LJIb-10; 50 lg/ml), the enhancement of platelet

adhesion induced by the thrombin generating system was completely abolished (table

3). The antibody did not affect platelet adhesion to purified vWF (not shown).
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Additions Surface coverage (%+SEM)

None

+ VIIa/X/II

+ VIIa/X/II + anti GPIb

+ VIIa/X/II + anti vWF

+ VIIa/X/II + LJIb-10

7.4+2.1* (n=18)

48.2+2.9 (n=18)

6.7+1.5* (n=8)

2.5+1.3* (n=4)

8.3+1.1* (n=7)

Table 3. Increased adhesion of aIIbb3-inhibited platelets to PMA-ECM by VIIa mediated thrombin

generation is dependent on the GPIb-vWF interaction and on thrombin binding to GPIb. Washed

platelets and red cells were preincubated with the RGD containing peptide dRGDWand perfused

overPMA-ECMata shear rateof 1600 s-1 for 5minutes. Plateletswerepreincubatedwithantibodies

against GPIb, vWF, or the thrombin binding site on GPIb (LJIb-10) for 45 minutes at room

temperature. * p<0.001 vs addition of VIIa/X/II. n indicates the number of evaluated coverslips.

Tissue factor-independent thrombin generation enhances platelet deposition to collagen

type III upon aIIbb3 blockade

To confirm that rFVIIa is able to generate thrombin independently of tissue factor in our

model, experiments were performed using a tissue factor-poor adhesive surface. Platelet

adhesion to collagen (type III) in presence of dRGDW was low (6.4+2.0%, mean+SEM

of 12 coverslips), presumably due to the absence of vWF in the perfusate, which is

necessary for reduction of the velocity of the platelets. Aggregate formation was

completely absent (figure 3A). Upon addition of the thrombin-generating system to

Figure 3. Adhesion of aIIbb3-inhibited platelets to collagen type III under flow conditions; increased

adhesion by the thrombin generating system is independent of tissue factor. Washed normal

platelets and red cells (200.000 platelets/ll; haematocrit 40%) were perfused over collagen type

III for 5 minutes at 1600 s-1 in presence of an RGD-containing peptide (rRGDW; 200 lM) in the

absence (panel A) or presence (panels B and C) of the thrombin-generating system (1.2 lg/ml

rFVIIa, 10 lg factor X, 20 ng/ml prothrombin, 3 mM CaCl2). In panel C both the surface and

the platelet suspension was preincubated with inhibitory tissue factor IgG.
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aIIbb3-inhibited platelets, the adhesion to collagen was significantly increased

(57.0+1.4%, mean+SEM of 12 coverslips, p<0.001, figure 3B). Pretreatment of both

the surface and the platelet suspension with anti-tissue factor IgG (500 lg/ml) did not

abolish the enhanced platelet deposition induced by the thrombin-generating system

(54.7+1.3, mean+SEM of 12 coverslips, figure 3C), confirming that the thrombin

generation also occurred independently of tissue factor.

rFVIIa binds to collagen-adhered platelets under flow conditions

To investigate direct binding of rFVIIa to platelets adhered and activated under flow

conditions, perfusion experiments were performed in which washed platelets and red

cells were perfused over a collagen-coated surface in presence and absence of rFVIIa

and calcium chloride. After perfusion, platelets were fixed and bound rFVIIa was

visualized using immunofluorescence. As shown in figure 4, intense staining for rFVIIa

was observed. No staining was observed when rFVIIa or the primary antibody (not

shown) was omitted. Also, no fluorescence was observed when annexin V or EDTA

was added to the perfusate (data not shown). Addition of an inhibitory antibody

against tissue factor did not affect the signal (not shown).

Tissue factor-independent thrombin generation is associated with the release of

glycoprotein V from the platelet surface

Thrombin binding to GPIb has been proposed to facilitate the release of a soluble

fragment of GPV from the platelet surface. To investigate whether thrombin

Figure 4. Binding of rFVIIa to collagen-adhered platelets under flow conditions. Washed platelets

and red cells were perfused over a collagen coated glass coverslip in absence (panel A) or presence

(panel B) of rFVIIa (1.2 lg/ml). After perfusion, coverslips were fixed, and bound rFVIIa was

visualized by confocal laser scanning fluorescence microscopy using a monoclonal antibody

against factor VII followed by a FITC-labelled secondary antibody.
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generation in our system also results in the release of GPV, we performed perfusion

experiments with washed platelets and red cells over a collagen-coated surface in the

presence of RGD, and in the presence or absence of purified factors VIIa, X, and II.

The perfusate was collected in 50 mM EDTA (1/10, v/v), cells were removed by

centrifugation, and soluble GPV was measured in the supernatant by ELISA

(asserachrom soluble GPV, Diagnostica Stago, Asnieres, France). Upon addition of

the thrombin-generating system, a significant increase in soluble GPV was found in the

supernatant as shown in figure 5 (control: 56+7 ng/ml, mean+SEM of four

independent experiments in duplicate, in presence of rFVIIa/X/II 116+14 ng/ml,

p=0.002).

Figure 5. Tissue factor-independent thrombin generation is associated with release of a soluble

fragment of GPV from the platelet surface. Washed normal platelets and red cells (200.000

platelets/ll; haematocrit 40%) were perfused over collagen type III for 5 minutes at 1600 s-1 in

presence of an RGD-containing peptide (rRGDW; 200 lM) in the absence or presence of the

thrombin-generating system (1.2 lg/ml rFVIIa, 10 lg factor X, 20 ng/ml prothrombin, 3 mM

CaCl2). The perfusate was collected in EDTA (1/10, v/v), cells were removed by centrifugation,

and soluble glycoprotein V was measured in the supernatant. Shown is the mean of 4

independent experiments performed in duplicate. Error bars indicate SEM.
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Discussion

This study shows that rFVIIa-mediated thrombin generation profoundly enhances

deposition of platelets with a congenital or drug-induced defect in the integrin aIIbb3 to

the extracellular matrix of cultured human umbilical vein endothelial cells and to purified

collagen type III. As the enhancement in platelet deposition by the thrombin generating

system (coagulation factors VIIa, X and II) seems independent of tissue factor, but

dependent on the presence of procoagulant surface, we propose a model in which

thrombin is generated via activation of factor X by rFVIIa bound to adhered platelets.

The generated factor Xa subsequently assembles into a prothrombinase complex, of

which the factor Va in our assay set-up is presumably secreted by already adhered

platelets. Finally, the in situ generated thrombin binds to GPIb on platelets, which are

either in suspension or rolling on the surface, resulting in platelet activation. This

thrombin-mediated activation of platelets somehow results in enhanced platelet

deposition. The exact mechanism, which is responsible for the thrombin induced

enhancement of platelet deposition is at present not clear, but might involve PAR-1

mediated activation, and/or cleavage of glycoprotein V from the GPIb/V/IX complex347.

A tissue factor-independent enhancement of thrombin generation by rFVIIa involving

binding to activated platelets or monocytes has been proposed to explain efficacy of

rFVIIa in haemophilia as well as other haemostatic disorders in which rFVIIa has

been shown beneficial188-190. Previously, it was generally accepted that rFVIIa exerts

its haemostatic effect in a tissue factor-dependent manner182,183. In this study we now

show that rFVIIa is able to generate thrombin on platelets adhered to a collagen

surface under flow conditions without requirement for tissue factor, by binding

directly to the platelet surface, supporting the TF independent mechanism of rFVIIa as

suggested by Monroe et al189. A mechanistic explanation for the efficacy of rFVIIa in

patients with GT is still lacking. Our study suggests that a local enhancement of

thrombin generation, either in a tissue factor dependent or independent manner, may

be able to increase adhesion of aIIbb3-deficient platelets. Although enhancement of

adhesion still does not result in a stable platelet plug, due to the absence of aIIbb3-

mediated platelet-platelet interaction, it does provide an increase of procoagulant

surface at the site of injury. The increased procoagulant surface facilitates a further

enhancement of thrombin generation and subsequent fibrin formation. This

enhancement in fibrin deposition might compensate for the lack of aggregate formation.

The assay set-up employed in this study features some simplifications that require

explanation. Firstly, in this study we compare adhesion of aIIbb3-deficient platelets in
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absence or presence of rFVIIa-mediated thrombin generation. In order to translate this

experiment into the in vivo situation, one must realise that if a patient with aIIbb3

deficiency receives rFVIIa, an increase in thrombin generation at the site of injury will

take place (in contrast to the on/off situation in our experimental set-up), and that the

increase in adhesion is probably more subtle compared to the herein shown in vitro

experiment. Secondly, our thrombin generating system is simplified, as it does not

contain inhibitors of thrombin generation (TFPI, antithrombin and the protein C

system), and factors VIII, IX, and XI are lacking. Due to this simplification, dose-

response experiments with rFVIIa will not provide physiologically relevant

information. Finally, as no fibrinogen was added to the reconstituted blood, the

interplay between platelet deposition and fibrin formation was not studied. Studying

fibrin formation to a tissue factor-rich surface is accompanied by a number of

technical difficulties. In case of perfusion of recalcified blood, thrombin generation is

already initiated before perfusion by activation of the contact activation system.

Moreover, fibrin deposition does not halt when the blood has left the tissue factor-rich

surface, resulting in obstruction of the perfusion chamber with macroscopic clots. Using

low molecular weight heparin anticoagulated blood, which is commonly used to study

fibrin deposition under flow conditions355, endogenous factor VII is partially activated

by factor XIIa generated by the contact system, which is not blocked by LMWH (T.

Lisman, unpublished observations), resulting in an underestimation of the effect of

exogenous added rFVIIa. However, Galan et al. recently reported improvement of

both platelet deposition and fibrin formation under flow conditions using low

molecular weight heparin-anticoagulated blood from patients with GT, which

corresponds to the hypothesized mechanism of action put forward in our current

study356.

In conclusion, in this study we show that a tissue factor-independent generation of

thrombin via rFVIIa profoundly increases adhesion of aIIbb3-deficient platelets under

flow conditions in vitro. We hypothesize that administration of rFVIIa to patients with

GT results in an increased platelet adhesion at the site of injury, followed by an enhanced

deposition of fibrin. The increased fibrin formation might compensate for the lack of

aggregation and therefore explain the therapeutic efficacy of rFVIIa in GT. We

speculate that rFVIIa may also be an effective therapeutic agent for patients who are

bleeding as a consequence of treatment with anti-aIIbb3 drugs, with a mechanism of

action comparable to that proposed here for GT patients.
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The development of rFVIIa for treatment of patients with inhibitor-complicated

haemophilia has been a major step forward in controlling bleeding episodes or

providing haemostasis during interventional procedures195. Traditional haemostatic

agents used in these patients, i.e., (activated) prothrombin complex concentrates

(aPCC’s and PCC’s) and porcine FVIII, have disadvantages, which are not encountered

with the use of rFVIIa. rFVIIa showed significantly higher efficacy rates compared to

PCC’s137,146-148,150,357,358, and undesirable side effects, in particular thromboembolic

complications133, are much lower. In fact, thromboembolic complications associated

with rFVIIa use are extremely rare. A major complication of the use of porcine FVIII is

the development of inhibitory antibodies96. Antibody formation in haemophilia patients

treated with rFVIIa has not yet been reported. Finally, as rFVIIa is a recombinant

product, which does not contain albumin or other stabilizing proteins, the risk of viral

transmission (e.g., HIVor hepatites) is extremely low143.

The high efficacy rate and virtual absence of serious side effects of rFVIIa in patients with

haemophilia in combination with concepts on the general mechanism of action of the

drug, supported subsequent use of rFVIIa in patients with other haemostatic disorders,

including patients with liver cirrhosis168,169,295, patients with platelet-related bleeding

disorders162,163,344, patients with bleedings induced by anticoagulant drugs18,172, and

patients with uncontrollable hemorrhage in absence of preexisting coagulopathy176,179.

Although the efficacy of rFVIIa in these novel indications has not yet been thoroughly

established, the clinical data available so far, are encouraging. rFVIIa has been

proposed to be a universal haemostatic drug, although efficacy, safety, and cost-

effectiveness remains to be proven for indications outside haemophilia. The major

safety concern remains the risk of thrombotic complications, especially in older patients

with established risk factors for arteriothrombotic disease, and in patients with (non-

overt) DIC.

The precise molecular mechanisms, by which rFVIIa provides haemostasis in

haemophilia or in the novel indications, are at present unknown. Unravelling these

mechanisms might provide a rationale for dosing schedules for the different indications.

Moreover, a better understanding could rationalize a selection of patients thatwill benefit

from treatment.Next to evaluationof apossible procoagulant effect, a risk assessment for

a specific typeofbleeding inpatientswitha specific typeof coagulopathymightbepossible

if more information on the mechanism of action would be available. In this chapter, the

contribution of this thesis to knowledge on mechanism of action of rFVIIa in its different

applications will be discussed. The information obtained in this thesis will be combined

with existing literature to formulate a general hypothesis on the action of rFVIIa in vivo.

140

General discussion



Antifibrinolytic properties of rFVIIa in haemophilia

Previous studies on the mechanism of action of rFVIIa in haemophilia focussed on the

effect on thrombin generation or clot formation183,184,189. As it was previously

hypothesized that the bleeding diathesis in haemophilia not only is a consequence of

defective clot formation, but also of premature breakdown of the clot due to defective

TAFI activation (figure 1)200,201, experiments to investigate a possible antifibrinolytic

effect of rFVIIa were initiated. In chapter 2 of this thesis we showed that rFVIIa is

able to protect plasma clots from patients with haemophilia from premature

fibrinolysis, specifically by inducing activation of TAFI (figure 2). In our assay set-up,

Figure 1. Coagulation in severe haemophilia A. In factor VIII or IX deficiency, clot formation is

delayed due to a lack of tenase activity. Moreover, as factor XI-mediated secondary thrombin

generation does not take place as a result of absence of tenase activity, TAFI activation does not

occur (see figure 5 in chapter 1 for comparison).

Figure 2. High dose rFVIIa restores TAFI activation in plasma from patients with severe

haemophilia A by enhancing thrombin generation required for TAFI activation.
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approximately 10 times more rFVIIa was required for inhibition of fibrinolysis

compared to the amount of rFVIIa required for acceleration of clot formation. This

relatively weak antifibrinolytic potential of rFVIIa in haemophilia might explain the

high plasma levels of rFVIIa required for effective haemostasis.

However, whether defective TAFI activation actually contributes to the bleeding

diathesis of haemophiliacs is still unclear. Even more, the relevance of TAFI for normal

or pathological haemostasis is not yet known. Animal models suggest a role for TAFI

activation in thrombosis; inhibition of TAFI significantly accelerated thrombolysis in

different models311,312,326. These experiments, however, were all performed using a

non-specific carboxypeptidase inhibitor, so effects ascribed to TAFI inhibition could

also be caused by inhibition of other (perhaps unknown) carboxypeptidases.

Furthermore, a lack of phenotype of the TAFI knockout mouse105, and the absence of

identified patients with an isolated TAFI deficiency hamper elucidation of a role for

TAFI in vivo.

Suitable animal models to test the hypothesis on haemophilia being a defect in the

fibrinolytic system rather than a defect in clot formation are, to our knowledge, still

lacking. Moreover, it is clear that differences between murine knockout models and

human disorders exist, both for coagulation defects and for defects in the fibrinolytic

system. It would, however, be interesting to see whether cross-breeding mice with a

defects in one of the intrinsic coagulation factors with the TAFI knockout would lead

to an aggravation of the bleeding diathesis of the single knockout.

If the antifibrinolytic effect of rFVIIa has any relevance in vivo, important consequences

for dosing may arise. Firstly, the dosage of rFVIIa required for effective (long-term)

haemostasis may be dependent on where the injury is localized. The amounts of tissue

factor and thrombomodulin expressed at the site of injury, as well as the local

fibrinolytic activity of the tissue may be important in the amount of rFVIIa required

for cessation or prevention of bleedings. The presence of relatively high amounts of TF

might reduce plasma levels of rFVIIa required for effective haemostasis, as the

antifibrinolytic potential of rFVIIa has been shown to increase with increasing TF.

The role of thrombomodulin expression on the antifibrinolytic potential of rFVIIa is

more complicated. The presence of thrombomodulin may either enhance or inhibit

TAFI activation, presumably depending on its density on the endothelial cell surface67.

It has been demonstrated in vitro that the thrombin-thrombomodulin complex has

antifibrinolytic properties at low concentrations by enhancing TAFI activation. At

higher concentrations, however, thrombin-thrombomodulin preferably activates

protein C, which results in acceleration of fibrinolysis by decreasing thrombin

142

General discussion



generation required for TAFI activation67. Thus, the amount of rFVIIa required for

downregulation of fibrinolysis in a specific area of the vasculature may also depend on

the pro- or antifibrinolytic state of thrombomodulin near the site of injury. Finally, the

fibrinolytic potential of the tissue is probably important with respect to the dose of

rFVIIa required to induce haemostasis. Indeed, preliminary clinical data suggested

that higher plasma levels of rFVIIa are required to treat patients with bleedings in the

oral cavity (in which a high fibrinolytic activity is present). It was shown that treatment

of oral cavity bleeding by continuous infusion had a very low efficacy rate compared to

treatment by repeated bolus injections359. As lower peak levels are reached using

continuous infusion, enhancement of TAFI activation might be insufficient, with

rebleeding as a consequence.

Lack of antifibrinolytic effect of rFVIIa in patients with cirrhosis or during liver

transplantation

After demonstrating an antifibrinolytic effect of rFVIIa in plasma from patients with

haemophilia, we hypothesized that a similar mechanism could also apply in plasma

from patients with liver failure. As patients with liver failure have decreased levels of

all procoagulant proteins (except for factor VIII), we hypothesized both primary (i.e.,

the thrombin required for clot formation) and secondary thrombin generation (i.e., the

thrombin generated after formation of the fibrin clot, which is required for TAFI

activation) to be impaired, similarly to that observed in plasma completely deficient in

either one of the intrinsic coagulation factors. Moreover, a hyperfibrinolytic state is

said to be present in at least part of the patients with stable cirrhosis268, and

development of hyperfibrinolysis is observed during liver transplantation285.

However, using the clot lysis assay described in this thesis, we could not observe

accelerated fibrinolysis in plasma samples from patients with stable cirrhosis (chapter

4). Even though the levels of both the thrombin generating proteins as well as TAFI

were significantly decreased, TAFI activation appeared normal as both clot lysis time

and clot lysis ratio (i.e., ratio of clot lysis time in absence and presence of a specific

inhibitor of activated TAFI) were not significantly different from those found in

healthy volunteers. The deficiencies in antifibrinolytic proteins induced by cirrhosis are

probably compensated for by deficiencies in profibrinolytic proteins. TAFI activation

can proceed relatively normal in plasma from patients with cirrhosis because the defect

in thrombin generating capacity is compensated for by a reduced thrombin inhibition

(e.g., by antithrombin).
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Development of hyperfibrinolysis was seen in samples taken during orthotopic liver

transplantation. However, this hyperfibrinolytic state was not caused by defective

TAFI activation. At the end of surgery, a transient hypofibrinolytic state was detected,

presumably a consequence of massive PAI-1 release. If this temporary hypofibrinolytic

state contributes to post-operative thrombotic complications (e.g., portal vein

thrombosis) is not known.

TAFI activation thus appeared already optimal in plasma from patients with stable

cirrhosis and in samples taken during OLT, implicating that sufficient ‘free’ or ‘active’

thrombin is generated. Consequently, addition of rFVIIa to cirrhotic plasma did not

have an effect on clot lysis time (chapter 5). Measurements of thrombin conversion in

time showed that rFVIIa only accelerated primary thrombin generation (i.e., the small

amount of thrombin required for clot formation), but that the total amount of thrombin

converted during the assay is already maximal in the absence of rFVIIa. In contrast, in

haemophilic plasma both primary and secondary thrombin generation are enhanced by

rFVIIa (unpublished results).

According to the in vitro data obtained in this thesis, the prohaemostatic properties of

rFVIIa in patients with liver disease can not be explained by an effect on the fibrinolytic

system. Rather, enhancement of clot formation and platelet adhesion by rFVIIa could

lead to a more stable haemostatic plug in these patients. As patients with liver failure

have both a qualitative and quantitative defect in platelet function (see chapter 3), it is

conceivable that enhancement of thrombin generation would lead to enhancement of

platelet adhesion, similar to the mechanisms described in chapter 8 (see also below).

The increased procoagulant surface would subsequently result in enhancement of

fibrin deposition.

Enhancement of platelet deposition and activation by rFVIIa, however, could lead to

enhanced secretion of PAI-1 and a2-antiplasmin from platelet a-granules68,69, thereby

downregulating the fibrinolytic system. This possible antifibrinolytic effect of rFVIIa is

obviously not picked up in our plasma-based assay. Also, a lack of effect of rFVIIa on

TAFI activation in our assay does not necessarily mean that rFVIIa does not enhance

TAFI activation in vivo. The presence of thrombomodulin, flow, (activated) platelets,

etc, could very well influence the effect of rFVIIa on TAFI activation in vivo. Very

little is known about TAFI activation in vivo, and more sophisticated assays (e.g., an

assay to measure plasma levels of the TAFI activation peptide, which could be a

measure for TAFI activation) will be required to get more insight into this phenomenon.
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rFVIIa as a potential haemostatic drug in treatment of bleedings induced by

anticoagulant drugs

One of the most important complications of antithrombotic drugs designed to inhibit the

coagulation system, is the development of bleeding complications322. It is traditionally

believed that the bleeding diathesis induced by anticoagulant drugs is a consequence of

inhibition of clot formation. In chapter 6 we have shown that anticoagulant drugs

completely or partially directed against factor Xa, not only inhibit clot formation, but

also accelerate clot breakdown by inhibition of TAFI activation in vitro. Whether this

phenomenon has any in vivo relevance is still unknown, but would it indeed have

physiological relevance, important consequences arise.

On one hand, anticoagulant drugs targeting factor Xa might be more potent in

prevention or treatment of thrombosis in comparison with thrombin inhibitors or TF

antagonists, as Xa inhibitors induce both an anticoagulant and a profibrinolytic effect.

On the other hand, anticoagulant drugs, which inhibit Xa, might induce a more severe

bleeding tendency for the same reason. The selective Xa inhibitor PENTA, has been

shown to be more effective in preventing venous thromboembolism following knee334,

hip replacement332,333, or hip fracture325 surgery compared to enoxaparin (a low

molecular weight heparin, which inhibits both factor Xa and thrombin). One study

reported an increased number of major bleeds when PENTA was used334, whereas the

other studies did not detect a significant difference in bleeding episodes between

PENTA and enoxaparin. A meta analysis of these 4 randomised double-blind studies

showed that major bleeding occurred more frequently in the fondaparinux-treated

group (p=0.008)360. However, the incidence of bleeding episodes leading to death or

reoperation, or occuring in a critical organ did not differ between fondaparinux and

enoxaparin.

We investigated the effect of rFVIIa on coagulation and clot lysis in plasma containing

PENTA (Chapter 7). rFVIIa was able to completely reverse the anticoagulant effect of

PENTA. Interestingly, the profibrinolytic effect induced by PENTA was only partially

reversed by rFVIIa. Even at supratherapeutic levels rFVIIa did not completely reverse

clot lysis in PENTA containing plasma (unpublished data). This is in contrast with the

situation in factor VIII deficient plasma, in which addition of sufficient rFVIIa

normalized clot lysis time (i.e., clot lysis time in factor VIII deficient plasma with high

dose rFVIIa equalled clot lysis time in the same plasma with 1 U/ml of purified factor

VIII). The reason why PENTA is still able to (partially) inhibit secondary but not

primary thrombin generation in the presence of rFVIIa is unclear. Either the
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concentration of Xa required for secondary thrombin generation is much higher than

that required for clot formation, or inhibition of Xa by PENTA is, in the presence of

rFVIIa, simply not fast enough to delay clot formation.

Our results, as well as data from a phase I PENTA/rFVIIa interaction trial (Dr. M. Levi,

personal communication) indicate that rFVIIa may be effective in reversing the

antithrombotic effects of PENTA in case bleeding complications occur. However,

would the induction of hyperfibrinolysis by PENTA have physiological relevance,

adjunctive treatment with antifibrinolytic drugs might be considered as rFVIIa only

partially reverses this antifibrinolytic effect.

Enhancement of platelet deposition by rFVIIa-mediated thrombin generation

The mechanism by which rFVIIa induces haemostasis in patients with qualitative or

quantitative platelet disorders is poorly understood. As these patients have an intact

coagulation system, it is curious at first sight how enhancement of extrinsic coagulation

by rFVIIa could assist haemostasis. However, the traditional view of platelet function

and clot formation seen as more or less separate processes is out of date. First of all,

thrombin generated by the coagulation system is involved in platelet activation.

Furthermore, platelet adhesion to fibrin361 as well as a possible role of polymerizing

fibrin in platelet activation and aggregation362 may have physiological relevance.

Finally, the expression of procoagulant surface by platelets seems to play a pivotal role

in the propagation of thrombin generation; cell surfaces presumed to be involved in the

initiation of coagulation (e.g., fibroblasts and smooth muscle cells) do not provide a

suitable surface for tenase and prothrombinase-mediated large-scale thrombin

generation49.

Experiments presented in chapter 8 of this thesis have revealed an important role of in-

situ generated thrombin for adhesion of platelets with congenital or acquired aIIbb3

deficiency. The generation of a small amount of thrombin profoundly enhances the

deposition of aIIbb3-deficient platelets to subendothelial matrix of cultured endothelial

cells and to collagen under flow conditions. In fact, we have also shown in the same

model system that also normal platelets show increased platelet deposition (in this case

reflected by the formation of more extensive platelet aggregates) to subendothelial

matrix or to collagen. Furthermore, platelet adhesion and activation (relected by

platelet spreading) to a fibrinogen surface was significantly enhanced by the generation

of thrombin. Increased adhesion and aggregate formation to subendothelial matrix was

also observed under conditions mimicking thrombocytopenia (all unpublished results).
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We hypothesize that platelets from patients with liver failure will respond to rFVIIa

mediated thrombin formation as well, but this hypothesis has not yet been tested.

These results are in accordance with results published by Diaz-Ricart et al., who

observed that thrombin increased adhesion of both normal and aIIbb3-inhibited

platelets to denuded rabbit aorta segments under flow conditions363. In these

experiments, thrombin was either preincubated with the surface, or added to the

perfusate, with similar results.

In our experiments, in which the thrombin was generated via rFVIIa and factor X, it

appeared that the presence of tissue factor was not mandatory for thrombin generation.

Supported by our data and by experiments published by Monroe et al., who observed

direct binding of rFVIIa to platelets in suspension189, we postulate the following

general model for enhancement of platelet adhesion under flow conditions by rFVIIa-

mediated thrombin generation. First, a platelet adheres to subendothelial structures

(e.g., collagen), becomes activated, and consequently expresses procoagulant surface.

rFVIIa can subsequently bind to this already adhered platelet, and activates factor X

on the platelet surface. The formed factor Xa subsequently assembles into a

prothrombinase complex resulting in the generation of thrombin. This thrombin

formed on the platelet surface can result in activation of platelets either from

suspension, or rolling on the surface (figure 3). This activation proceeds via thrombin

binding to GPIb, and may involve cleavage of GPV and/or PAR-1 activation17,348.

Enhancement of platelet adhesion results in an increase in the expression of

procoagulant surface, and this may facilitate further (large-scale) thrombin

generation and subsequent fibrin formation. Enhancement of thrombin generation by

Figure 3. A model for enhancement of platelet deposition by rFVIIa-mediated thrombin

generation. rFVIIa binds to already adhered platelets expressing anionic phospholipids and

converts factor X to Xa. Factor Xa subsequently activates prothrombin, and the thrombin

formed activates platelets, which are either rolling on the surface, or in suspension. Platelet

activation by in situ formed thrombin renders the platelet more reactive towards the surface via

an incompletely understood mechanism, but might involve cleavage of GPV from the GPIb/V/

IX complex and/or PAR-1 activation.
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an increased procoagulant surface might also result in enhanced TAFI activation.

Thus, rFVIIa enhances thrombin generation, leading to increased platelet deposition,

and consequently increased fibrin deposition, resulting in a more stable haemostatic

plug. This mechanism potentially applies to patients with normal platelets, and to

patients with all acquired and drug-induced platelet disorders (e.g., GT, uremia,

cirrhosis, aIIbb3-inhibitors) with only one exception, which is GPIb deficiency. The

scarce clinical evidence available suggests that also in BSS rFVIIa has haemostatic

efficacy, and if this is true, a different mechanism than the one described above would

be applicable.

Platelets deficient in GPIb have a strongly reduced thrombin binding capacity and are

also less responsive to thrombin364. Enhanced thrombin generation by rFVIIa will thus

not lead to an enhanced activation as seen with platelets on which the GPIb/V/IX

complex is present. Moreover, platelets deficient in GPIb poorly adhere to

subendothelial structures365, thereby impairing the expression of procoagulant surface

at the site of injury. It might be that in BSS, platelets are ‘trapped’ in a developing fibrin

network by an aIIbb3-mediated mechanism. Although the development of procoagulant

activity in GPIb deficient platelets may be impaired, rFVIIa-mediated enhancement of

thrombin generation could be possible on BSS platelets, as these platelets already

express procoagulant surface under resting conditions366. Enhancement of thrombin

generation would again lead to enhancement of fibrin deposition and/or improvement

of fibrin structure, thereby inducing haemostasis in the BSS patient.

General model for the mechanism of action of rFVIIa

A number of variables concerning the effects of rFVIIa in vivo in enhancing the

haemostatic potential are still unknown, especially with respect to structure and

composition of the haemostatic plug, and its resistance against the fibrinolytic system.

Both changes in fibrin structure, as well as changes in fibrin-platelet interaction

potentially contribute to stability of the haemostatic plug. However, sufficient in vitro

data are available to postulate a general model for the mechanism of action of rFVIIa.

The central player in this model is thrombin. It is now generally accepted that rFVIIa

administration to any patient (with or without defects in the haemostatic system) will

enhance thrombin formation at the site of injury. The exact mechanism by which this

thrombin is generated is still a matter of debate; the mechanism, which seems most

plausible, taken experimental data available at present, will be discussed below (see

also figure 4). The mechanisms by which enhancement of thrombin generation leads to

the formation of a more stable haemostatic plug (and consequently the induction of ‘long
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term’ haemostasis) are incompletely known, but possible targets will be discussed in this

section.

Enhancement of thrombin generation by rFVIIa may be accomplished by tissue factor-

dependent182,183 or -independent189 mechanisms, or perhaps both. rFVIIa may enhance

initiation of coagulation on a tissue factor-bearing cell (e.g., a fibroblast or a smooth

muscle cell). rFVIIa competes with endogenous zymogen factor VII for binding to

TF183, thereby enhancing Xa and IXa generation on the TF-bearing cell. A relatively

small amount of thrombin generated on the TF-bearing cell subsequently leads to

platelet activation, accompanied by the expression of procoagulant surface, suitable

for large-scale thrombin generation. Enhancement of initiation of coagulation may

Figure 4. A general model for the mechanism of action of rFVIIa. rFVIIa may enhance initiation of

coagulation on the TF-bearing cell by competing with endogenous zymogen factor VII for TF. A

small amount of thrombin formed on the TF-bearing cell can activate platelets; thrombin binding

to GPIb accelerates PAR-1 activation and results in release of sGPV from the complex. Factor IXa

formed on the tissue factor-bearing cell can transfer to the activated platelet, and start generating

large amounts of thrombin. In case of haemophilia, this pathway is not active (grey arrows). Large-

scale thrombin generation on the activated platelet can also occur by direct binding of rFVIIa to the

platelet. Without the requirement for TF, platelet-bound rFVIIa can activate factor X. rFVIIa-

mediated enhancement of thrombin generation on the activated platelet by platelet-associated

TF might also occur. The enhancement of large-scale thrombin generation will affect platelet

activation, fibrin formation, TAFI activation, factor XIII activation and other processes.
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already result in enhancement of platelet deposition, and consequently enhancement of

expression of procoagulant surface.

As the membrane environment on the TF-bearing cell is not suitable for large-scale

thrombin generation, the action has to move towards the activated platelet. Factors

Xa and IIa are probably not able to diffuse to the activated platelet surface. Factor Xa

will be inhibited by TFPI, and both factor Xa and IIa are in solution highly susceptible to

inhibition by antithrombin49. Factor IXa, however, is in solution not rapidly inhibited,

and is thus able to transfer to the activated platelet surface to generate large amounts of

thrombin. Thrombin generation on the platelet surface is further amplified by the

activation of factor XI367. It has been shown that factor XI binding to GPIb enhances

its activation by thrombin, and it is thus conceivable that GPIb-bound thrombin is

responsible for factor XI activation368.

A variation on this model involves the possible transfer of ‘blood borne’ tissue factor to

platelets25,369. If during the haemostatic response encrypted TF is transferred from

leukocytes to platelets, the platelet (or, more precisely, the ‘platelet-TF hybrid’) can be

the surface on which both initiation and propagation of thrombin formation takes place.

An alternative pathway of thrombin generation by rFVIIa, which may be relevant

especially in case of factor VIII or IX deficiency, is the TF-independent thrombin

generation on activated platelets189. rFVIIa has been shown to bind with weak affinity

to activated platelets where it can activate factor X, without the requirement for TF. In

case of haemophilia, large-scale thrombin generation on platelets is absent, because only

factor IXa can transfer from the TF-bearing cell to the platelet, so in absence of intrinsic

tenase activity, platelet thrombin generation is absent. It has been hypothesized that TF-

independent thrombin generation is completely responsible for the haemostatic efficacy

of rFVIIa in haemophilia, and that the same mechanism would also apply in patients

with other haemostatic disorders190.

Enhancement of thrombin generation by rFVIIa potentially results in a variety of events,

which lead to a more stable haemostatic plug.

1) Changes in fibrin structure. It has been shown that the amount and the rate of

thrombin generation influence the structure (e.g., thickness) of the fibrin fibres191,192.

Increased thrombin generation might lead to a more stable, less porous fibrin clot193,

better suitable to resist shear forces in the circulation, and less susceptible to

fibrinolysis.

2) Enhanced or more rapid activation of factor XIII could lead to enhanced or more

efficient fibrin cross-linking, thereby contributing to clot stability and resistance to

breakdown by the fibrinolytic system40.
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3) Enhanced activation of TAFI could directly contribute to downregulation of the

fibrinolytic system (this thesis).

4) More extensive platelet activation could lead to a more densely packed platelet plug.

Also, the expression of procoagulant surface, either by an increased platelet number

at the site of injury, or by a stronger activation signal due to the higher concentrations

of thrombin generated, could lead to further enhancement of thrombin generation

(chapter 8 of this thesis). Finally, increased platelet activation could result in an

increased secretion or excretion of clot stabilizing factors such as PAI-1, and a2-

antiplasmin, and FXIII.

Which of these mechanisms contribute to enhancement of clot stability by rFVIIa in

vivo, and to what extent, remains to be elucidated. Future studies will need to focus on

structure, composition, and stability of haemostatic plugs in physiological relevant

models. Models as described in this thesis provide potentially relevant information,

but have the limitation that the interaction between platelets and the coagulation

system are not included. Thus, extensions of the currently used models could be

employed to get closer to the in vivo situation. In vitro models should incorporate

shear stress, as this plays a significant role in platelet-vessel wall, and platelet-fibrin

interaction. Animal models might also be valuable in investigating physiologically

important determinants of clot stability.

151

Chapter 9



References

153



1. Rubanyi GM, Botelho LH. Endothelins. FASEB J. 1991; 5:2713-2720.

2. Frishman WH, Huberfeld S, Okin S, Wang YH, Kumar A, Shareef B. Serotonin and

serotonin antagonism in cardiovascular and non-cardiovascular disease. J Clin

Pharmacol. 1995; 35:541-572.

3. Buzzard CJ, Pfister SL, Campbell WB. Endothelium-dependent contractions in rabbit

pulmonary artery are mediated by thromboxane A2. Circ Res. 1993; 72:1023-1034.

4. Moore PK, Hussaini I, Bhardwaj R. Cardiovascular effects of fibrinopeptide B. J Pharm

Pharmacol. 1988; 40:558-561.

5. Gryglewski RJ, Bunting S, Moncada S, Flower RJ, Vane JR. Arterial walls are protected

against deposition of platelet thrombi by a substance (prostaglandin X) which they make

from prostaglandin endoperoxides. Prostaglandins. 1976; 12:685-713.

6. Schini-Kerth VB. Vascular biosynthesis of nitric oxide: effect on hemostasis and

fibrinolysis. Transfus Clin Biol. 1999; 6:355-363.

7. Marcus AJ, Broekman MJ, Drosopoulos JH, Islam N, Alyonycheva TN, Safier LB, Hajjar

KA, Posnett DN, Schoenborn MA, Schooley KA, Gayle RB, Maliszewski CR. The

endothelial cell ecto-ADPase responsible for inhibition of platelet function is CD39. J

Clin Invest. 1997; 99:1351-1360.

8. Sixma JJ, van Zanten GH, Huizinga EG, van der Plas RM, Verkley M, Wu Y, Gros P, de

Groot PG. Platelet adhesion to collagen: an update. Thromb Haemost. 1997; 78:434-438.

9. Ruggeri ZM. Structure of von Willebrand factor and its function in platelet adhesion and

thrombus formation. Best Pract Res Clin Haematol. 2001; 14:257-279.

10. Beumer S, Heijnen-Snyder GJ, Ijsseldijk MJ, de Groot PG, Sixma JJ. Fibronectin in an

extracellular matrix of cultured endothelial cells supports platelet adhesion via its ninth

type III repeat : A comparison with platelet adhesion to isolated fibronectin. Arterioscler

Thromb Vasc Biol. 2000; 20:E16-E25.

11. Parise LV, Smyth SS, Coller BS. Platelet morphology, biochemistry and function. In:

Beutler E, Lichtman MA, Coller BS, Kipps TJ, Seligsohn U, eds. Williams Hematology.

New York: McGraw-Hill, 2001: pp 1357-1408.

12. Sonnenberg A, Modderman PW, Hogervorst F. Laminin receptor on platelets is the

integrin VLA-6. Nature. 1988; 336:487-489.

13. Agbanyo FR, Sixma JJ, de Groot PG, Languino LR, Plow EF. Thrombospondin-platelet

interactions. Role of divalent cations, wall shear rate, and platelet membrane

glycoproteins. J Clin Invest. 1993; 92:288-296.

14. Savage B, Saldivar E, Ruggeri ZM. Initiation of platelet adhesion by arrest onto fibrinogen

or translocation on von Willebrand factor. Cell. 1996; 84:289-297.

15. Vu TK, Hung DT, Wheaton VI, Coughlin SR. Molecular cloning of a functional thrombin

154

References



receptor reveals a novel proteolytic mechanism of receptor activation. Cell. 1991; 64:1057-

1068.

16. Coughlin SR. Thrombin signalling and protease-activated receptors. Nature. 2000;

407:258-264.

17. De Candia E, Hall SW, Rutella S, Landolfi R, Andrews RK, De Cristofaro R. Binding of

thrombin to glycoprotein Ib accelerates the hydrolysis of Par-1 on intact platelets. J Biol

Chem. 2001; 276:4692-4698.

18. Stepinska J, Banaszewski M, Konopka A, Szajewski T. Activated recombinant factor VII

(rFVIIa) in bleeding management after therapy with IIb/IIIa-inhibitor tirofiban. Thromb

Haemost. 2002; 87:355-356.

19. Davie EW, Ratnoff OD. Waterfall sequence for intrinsic blood clotting. Science. 1964;

145:1310-1312.

20. MacFarlane RG. An enzyme cascade in the blood clotting mechanism, and its function as a

biological amplifier. Nature. 1964; 202:498-499.

21. Rapaport SI, Rao LV. The tissue factor pathway: how it has become a ’’prima ballerina’’.

Thromb Haemost. 1995; 74:7-17.

22. Herwald H, Morgelin M, Olsen A, Rhen M, Dahlback B, Muller-Esterl W, Bjorck L.

Activation of the contact-phase system on bacterial surfaces–a clue to serious

complications in infectious diseases. Nat Med. 1998; 4:298-302.

23. Osterud B. Tissue factor expression by monocytes: regulation and pathophysiological

roles. Blood Coagul Fibrinolysis. 1998; 9 Suppl 1:S9-14.:S9-14.

24. Bevilacqua MP, Pober JS, Majeau GR, Fiers W, Cotran RS, Gimbrone MA, Jr.

Recombinant tumor necrosis factor induces procoagulant activity in cultured human

vascular endothelium: characterization and comparison with the actions of interleukin 1.

Proc Natl Acad Sci U S A. 1986; 83:4533-4537.

25. Giesen PLA, Rauch U, Bohrmann B, Kling D, Roque M, Fallon JT, Badimon JJ, Himber

J, Riederer MA, Nemerson Y. Blood-borne tissue factor: Another view of thrombosis. Proc

Natl Acac Sci. 1999; 96:2311-2315.

26. Bach R, Rifkin DB. Expression of tissue factor procoagulant activity: regulation by

cytosolic calcium. Proc Natl Acad Sci U S A. 1990; 87:6995-6999.

27. Bach RR, Moldow CF. Mechanism of tissue factor activation on HL-60 cells. Blood. 1997;

89:3270-3276.

28. Yamamoto M, Nakagaki T, Kisiel W. Tissue factor-dependent autoactivation of human

blood coagulation factor VII. J Biol Chem. 1992; 267:19089-19094.

29. Wildgoose P, Kisiel W. Activation of human factor VII by factors IXa and Xa on human

bladder carcinoma cells. Blood. 1989; 73:1888-1895.

155

References



30. Radcliffe R, Nemerson Y. Activation and control of factor VII by activated factor X and

thrombin. Isolation and characterization of a single chain form of factor VII. J Biol Chem.

1975; 250:388-395.

31. Kazama Y, Hamamoto T, Foster DC, Kisiel W. Hepsin, a putative membrane-associated

serine protease, activates human factor VII and initiates a pathway of blood coagulation on

the cell surface leading to thrombin formation. J Biol Chem. 1995; 270:66-72.

32. Romisch J, Feussner A, Vermohlen S, Stohr HA. A protease isolated from human plasma

activating factor VII independent of tissue factor. Blood Coagul Fibrinolysis. 1999; 10:471-

479.

33. Butenas S, Mann KG. Kinetics of human factor VII activation. Biochemistry. 1996;

35:1904-1910.

34. Wildgoose P, Nemerson Y, Hansen LL, Nielsen FE, Glazer S, Hedner U. Measurement of

basal levels of factor VIIa in hemophilia A and B patients. Blood. 1992; 80:25-28.

35. Marlar RA, Kleiss AJ, Griffin JH. An alternative extrinsic pathway of human blood

coagulation. Blood. 1982; 60:1353-1358.

36. van Dieijen G, Tans G, Rosing J, Hemker HC. The role of phospholipid and factor VIIIa in

the activation of bovine factor X. J Biol Chem. 1981; 256:3433-3442.

37. Rosing J, Tans G, Govers-Riemslag JW, Zwaal RF, Hemker HC. The role of

phospholipids and factor Va in the prothrombinase complex. J Biol Chem. 1980;

255:274-283.

38. Presnell SR, Stafford DW. The vitamin K-dependent carboxylase. Thromb Haemost. 2002;

87:937-946.

39. Brummel KE, Paradis SG, Butenas S, Mann KG. Thrombin functions during tissue factor-

induced blood coagulation. Blood. 2002; 100:148-152.

40. Muszbek L, Yee VC, Hevessy Z. Blood coagulation factor XIII: structure and function.

Thromb Res. 1999; 94:271-305.

41. Rand M, Lock J, van ’t Veer C, Gaffney D, Mann K. Blood clotting in minimally altered

whole blood. Blood. 1996; 88:3432-3445.

42. Bajaj MS, Birktoft JJ, Steer SA, Bajaj SP. Structure and biology of tissue factor pathway

inhibitor. Thromb Haemost. 2001; 86:959-972.

43. Esmon CT. Regulation of blood coagulation. Biochim Biophys Acta. 2000; 1477:349-360.

44. Van Wijnen M, Stam JG, van’t Veer C, Meijers JC, Reitsma PH, Bertina RM, Bouma BN.

The interaction of protein S with the phospholipid surface is essential for the activated

protein C-independent activity of protein S. Thromb Haemost. 1996; 76:397-403.

45. Rosenberg RD, Damus PS. The purification and mechanism of action of human

antithrombin-heparin cofactor. J Biol Chem. 1973; 248:6490-6505.

156

References



46. Tollefsen DM. Insight into the mechanism of action of heparin cofactor II. Thromb

Haemost. 1995; 74:1209-1214.

47. Machovich R, Borsodi A, Blasko G, Orakzai SA. Inactivation of alpha- and beta-thrombin

by antithrombin-III, alpha 2-macroglobulin and alpha 1-proteinase inhibitor. Biochem J.

1977; 167:393-398.

48. Broze GJ, Jr. Protein Z-dependent regulation of coagulation. Thromb Haemost. 2001;

86:8-13.

49. Hoffman M, Monroe DM, III. A cell-based model of hemostasis. Thromb Haemost. 2001;

85:958-965.

50. Hoffman M, Monroe DM, Oliver JA, Roberts HR. Factors IXa and Xa play distinct roles

in tissue factor- dependent initiation of coagulation. Blood. 1995; 86:1794-1801.

51. Lee CD, Mann KG. Activation/inactivation of human factor V by plasmin. Blood. 1989;

73:185-190.

52. Guisasola JA, Cockburn CG, Hardisty RM. Plasmin digestion of factor VIII:

characterization of the breakdown products with respect to antigenicity and von

Willebrand activity. Thromb Haemost. 1978; 40:302-315.

53. Li A, Wun TC. Proteolysis of tissue factor pathway inhibitor (TFPI) by plasmin: effect on

TFPI activity. Thromb Haemost. 1998; 80:423-427.

54. Saksela O. Plasminogen activation and regulation of pericellular proteolysis. Biochim

Biophys Acta. 1985; 823:35-65.

55. Hanss M, Collen D. Secretion of tissue-type plasminogen activator and plasminogen

activator inhibitor by cultured human endothelial cells: modulation by thrombin,

endotoxin, and histamine. J Lab Clin Med. 1987; 109:97-104.

56. Booth NA, Walker E, Maughan R, Bennett B. Plasminogen activator in normal subjects

after exercise and venous occlusion: t-PA circulates as complexes with C1-inhibitor and

PAI-1. Blood. 1987; 69:1600-1604.

57. Binnema DJ, Dooijewaard G, Turion PN. An analysis of the activators of single-chain

urokinase-type plasminogen activator (scu-PA) in the dextran sulphate euglobulin

fraction of normal plasma and of plasmas deficient in factor XII and prekallikrein.

Thromb Haemost. 1991; 65:144-148.

58. Ellis V, Dano K. Plasminogen activation by receptor-bound urokinase. Semin Thromb

Hemost. 1991; 17:194-200.

59. Ossowski L, Aguirre-Ghiso JA. Urokinase receptor and integrin partnership: coordination

of signaling for cell adhesion, migration and growth. Curr Opin Cell Biol. 2000; 12:613-620.

60. Manchanda N, Schwartz BS. Interaction of single-chain urokinase and plasminogen

activator inhibitor type 1. J Biol Chem. 1995; 270:20032-20035.

157

References



61. Fleury V, Angles-Cano E. Characterization of the binding of plasminogen to fibrin

surfaces: the role of carboxy-terminal lysines. Biochemistry. 1991; 30:7630-7638.

62. van Zonneveld AJ, Veerman H, Pannekoek H. On the interaction of the finger and the

kringle-2 domain of tissue-type plasminogen activator with fibrin. Inhibition of kringle-2

binding to fibrin by epsilon-amino caproic acid. J Biol Chem. 1986; 261:14214-14218.

63. BoumaBN,MarxPF,MosnierLO,Meijers JC.Thrombin-activatablefibrinolysis inhibitor

(tafi, plasma procarboxypeptidase b, procarboxypeptidase r, procarboxypeptidase u).

Thromb Res. 2001; 101:329-354.

64. Wang W, Boffa MB, Bajzar L, Walker JB, Nesheim ME. A study of the mechanism of

inhibition of fibrinolysis by activated thrombin-activable fibrinolysis inhibitor. J Biol

Chem. 1998; 273:27176-27181.

65. von dem Borne PAKr, Bajzar L, Meijers JCM, Nesheim ME, Bouma BN. Thrombin-

mediated activation of factor XI results in a thrombin-activatable fibrinolysis inhibitor-

dependent inhibition of fibrinolysis. J Clin Invest. 1997; 99:2323-2327.

66. Bajzar L, Morser J, Nesheim M. TAFI, or plasma procarboxypeptidase B, couples the

coagulation and fibrinolytic cascades through the thrombin-thrombomodulin complex. J

Biol Chem. 1996; 271:16603-16608.

67. Mosnier LO, Meijers JC, Bouma BN. Regulation of fibrinolysis in plasma by TAFI and

protein C is dependent on the concentration of thrombomodulin. Thromb Haemost.

2001; 85:5-11.

68. Booth NA, Robbie LA, Croll AM, Bennett B. Lysis of platelet-rich thrombi: the role of

PAI-1. Ann N Y Acad Sci. 1992; 667:70-80.

69. Gogstad GO, Stormorken H, Solum NO. Platelet alpha 2-antiplasmin is located in the

platelet alpha-granules. Thromb Res. 1983; 31:387-390.

70. Adany R. Intracellular factor XIII: cellular distribution of factor XIII subunit a in humans.

Semin Thromb Hemost. 1996; 22:399-408.

71. Cox AD, Devine DV. Factor XIIIa binding to activated platelets is mediated through

activation of glycoprotein IIb-IIIa. Blood. 1994; 83:1006-1016.

72. Clark RA. Fibrin and wound healing. Ann N Y Acad Sci. 2001; 936:355-67.:355-367.

73. Reijerkerk A, Voest EE, Gebbink MF. No grip, no growth: the conceptual basis of

excessive proteolysis in the treatment of cancer. Eur J Cancer. 2000; 36:1695-1705.

74. van Hinsbergh VW, Collen A, Koolwijk P. Role of fibrin matrix in angiogenesis. Ann N Y

Acad Sci. 2001; 936:426-37.:426-437.

75. Lijnen HR. Plasmin and matrix metalloproteinases in vascular remodeling. Thromb

Haemost. 2001; 86:324-333.

158

References



76. Pepper MS. Role of the matrix metalloproteinase and plasminogen activator-plasmin

systems in angiogenesis. Arterioscler Thromb Vasc Biol. 2001; 21:1104-1117.

77. Lopez JA, Andrews RK, Afshar Kharghan V, Berndt MC. Bernard-Soulier syndrome.

Blood. 1998; 91:4397-4418.

78. French DL, Seligsohn U. Platelet glycoprotein IIb/IIIa receptors and Glanzmann’s

thrombasthenia. Arterioscler Thromb Vasc Biol. 2000; 20:607-610.

79. Nieuwenhuis HK, Akkerman JW, Houdijk WP, Sixma JJ. Human blood platelets showing

no response to collagen fail to express surface glycoprotein Ia. Nature. 1985; 318:470-472.

80. Kehrel B, Balleisen L, Kokott R, Mesters R, Stenzinger W, Clemetson KJ, van de LJ.

Deficiency of intact thrombospondin and membrane glycoprotein Ia in platelets with

defective collagen-induced aggregation and spontaneous loss of disorder. Blood. 1988;

71:1074-1078.

81. Moroi M, Jung SM, Okuma M, Shinmyozu K. A patient with platelets deficient in

glycoprotein VI that lack both collagen-induced aggregation and adhesion. J Clin Invest.

1989; 84:1440-1445.

82. Hollopeter G, Jantzen HM, Vincent D, Li G, England L, Ramakrishnan V, Yang RB,

Nurden P, Nurden A, Julius D, Conley PB. Identification of the platelet ADP receptor

targeted by antithrombotic drugs. Nature. 2001; 409:202-207.

83. Hirata T, Kakizuka A, Ushikubi F, Fuse I, Okuma M, Narumiya S. Arg60 to Leu mutation

of the human thromboxane A2 receptor in a dominantly inherited bleeding disorder. J Clin

Invest. 1994; 94:1662-1667.

84. Rao AK, Gabbeta J. Congenital disorders of platelet signal transduction. Arterioscler

Thromb Vasc Biol. 2000; 20:285-289.

85. White JG. Platelet granule disorders. Crit Rev Oncol Hematol. 1986; 4:337-377.

86. Kahr WH, Zheng S, Sheth PM, Pai M, Cowie A, Bouchard M, Podor TJ, Rivard GE,

Hayward CP. Platelets from patients with the Quebec platelet disorder contain and

secrete abnormal amounts of urokinase-type plasminogen activator. Blood. 2001; 98:257-

265.

87. Solum NO. Procoagulant expression in platelets and defects leading to clinical disorders.

Arterioscler Thromb Vasc Biol. 1999; 19:2841-2846.

88. Sadler JE, Mannucci PM, Berntorp E, Bochkov N, Boulyjenkov V, Ginsburg D, Meyer D,

Peake I, Rodeghiero F, Srivastava A. Impact, diagnosis and treatment of von Willebrand

disease. Thromb Haemost. 2000; 84:160-174.

89. Toomey JR, Kratzer KE, Lasky NM, Stanton JJ, Broze GJ, Jr. Targeted disruption of the

murine tissue factor gene results in embryonic lethality. Blood. 1996; 88:1583-1587.

90. Roberts HR, Hoffman M. Hemophilia A and hemophilia B. In: Beutler E, Lichtman MA,

159

References



Coller BS, Kipps TJ, Seligsohn U, eds. Hematology. New York: McGraw-Hill, 2001: pp

1639-1657.

91. Bolton-Maggs P. Factor XI deficiency and its management. Haemophilia. 2000; 6 Suppl

1:100-109.

92. Hoyer LW. The incidence of factor VIII inhibitors in patients with severe haemophilia A.

In: Aledort LM, Hoyer LW, Lusher JM, Reisner HM, White CG, eds. Inhibitors to

coagulation factors. New York: Plenum Press, 1995: pp 35-45.

93. High KA. Factor IX: molecular structure, epitopes, and mutations associated with

inhibitor formation. In: Aledort LM, Hoyer LW, Lusher JM, Reisner HM, White CG,

eds. Inhibitors to coagulation factors. New York: Plenum press, 1995: pp 79-86.

94. Freiburghaus C, Berntorp E, Ekman M, Gunnarsson M, Kjellberg BM, Nilsson IM.

Immunoadsorption for removal of inhibitors: update on treatments in Malmo-Lund

between 1980 and 1995. Haemophilia. 1998; 4:16-20.

95. Mauser-Bunschoten EP, Nieuwenhuis HK, Roosendaal G, van den Berg HM. Low-dose

immune tolerance induction in hemophilia A patients with inhibitors. Blood. 1995; 86:983-

988.

96. Hay CR. Porcine factor VIII: past, present and future. Haematologica. 2000; 85:21-24.

97. Leissinger CA. Use of prothrombin complex concentrates and activated prothrombin

complex concentrates as prophylactic therapy in haemophilia patients with inhibitors.

Haemophilia. 1999; 5 Suppl 3:25-32.

98. Mannucci PM, Bauer KA, Santagostino E, Faioni E, Barzegar S, Coppola R, Rosenberg

RD. Activation of the coagulation cascade after infusion of a factor XI concentrate in

congenitally deficient patients. Blood. 1994; 84:1314-1319.

99. Peyvandi F, Asselta R, Mannucci PM. Autosomal recessive deficiencies of coagulation

factors. Rev Clin Exp Hematol. 2001; 5:369-388.

100. Neerman-Arbez M. The molecular basis of inherited afibrinogenaemia. Thromb Haemost.

2001; 86:154-163.

101. Lak M, Keihani M, Elahi F, Peyvandi F, Mannucci PM. Bleeding and thrombosis in 55

patients with inherited afibrinogenaemia. Br J Haematol. 1999; 107:204-206.

102. Anwar R, Miloszewski KJ. Factor XIII deficiency. Br J Haematol. 1999; 107:468-484.

103. Holmes WE, Lijnen HR, Nelles L, Kluft C, Nieuwenhuis HK, Rijken DC, Collen D. Alpha

2-antiplasmin Enschede: alanine insertion and abolition of plasmin inhibitory activity.

Science. 1987; 238:209-211.

104. Fay WP, Parker AC, Condrey LR, Shapiro AD. Human plasminogen activator inhibitor-1

(PAI-1) deficiency: characterization of a large kindred with a null mutation in the PAI-1

gene. Blood. 1997; 90:204-208.

160

References



105. Nagashima M, Yin ZF, Zhao L, White K, Zhu Y, Lasky N, Halks-Miller M, Broze GJ, Jr.,

Fay WP, Morser J. Thrombin-activatable fibrinolysis inhibitor (TAFI) deficiency is

compatible with murine life. J Clin Invest. 2002; 109:101-110.

106. Booth NA, Bennett B, Wijngaards G, Grieve JH. A new life-long hemorrhagic disorder due

to excess plasminogen activator. Blood. 1983; 61:267-275.

107. Aznar J, Estelles A, Vila V, Reganon E, Espana F, Villa P. Inherited fibrinolytic disorder

due to an enhanced plasminogen activator level. Thromb Haemost. 1984; 52:196-200.

108. Joist JH, George JN. Hemostatic abnormalities in liver and renal disease. In: Colman RW,

Hirsh J, Marder VJ, Clowes AE, George JN, eds. Hemostasis and thrombosis.

Philadelphia: Lippincott Williams & Wilkins, 2001: pp 955-973.

109. Noris M, Remuzzi G. Uremic bleeding: closing the circle after 30 years of controversies?

Blood. 1999; 94:2569-2574.

110. DeLoughery TG. Management of bleeding with uremia and liver disease. Curr Opin

Hematol. 1999; 6:329-333.

111. Sagripanti A, Barsotti G. Bleeding and thrombosis in chronic uremia. Nephron. 1997;

75:125-139.

112. Zwaginga JJ, Ijsseldijk MJ, Beeser-Visser N, de Groot PG, Vos J, Sixma JJ. High von

Willebrand factor concentration compensates a relative adhesion defect in uremic blood.

Blood. 1990; 75:1498-1508.

113. Elalamy I, Lecrubier C, Horellou MH, Conard J, Samama MM. Heparin-induced

thrombocytopenia: laboratorydiagnosisandmanagement.AnnMed.2000;32Suppl1:60-67.

114. Levy GG, Nichols WC, Lian EC, Foroud T, McClintick JN, McGee BM, Yang AY,

Siemieniak DR, Stark KR, Gruppo R, Sarode R, Shurin SB, Chandrasekaran V, Stabler

SP, Sabio H, Bouhassira EE, Upshaw JD, Jr., Ginsburg D, Tsai HM. Mutations in a

member of the ADAMTS gene family cause thrombotic thrombocytopenic purpura.

Nature. 2001; 413:488-494.

115. Furlan M, Robles R, Galbusera M, Remuzzi G, Kyrle PA, Brenner B, Krause M, Scharrer

I, Aumann V, Mittler U, Solenthaler M, Lammle B. von Willebrand factor-cleaving

protease in thrombotic thrombocytopenic purpura and the hemolytic-uremic syndrome.

N Engl J Med. 1998; 339:1578-1584.

116. Levi M, de Jonge E, van der Poll T, ten Cate H. Advances in the understanding of the

pathogenetic pathways of disseminated intravascular coagulation result in more insight

in the clinical picture and better management strategies. Semin Thromb Hemost. 2001;

27:569-575.

117. van der Poll T, de Jonge E, Levi M. Regulatory role of cytokines in disseminated

intravascular coagulation. Semin Thromb Hemost. 2001; 27:639-651.

161

References



118. Osterud B, Bjorklid E. The tissue factor pathway in disseminated intravascular

coagulation. Semin Thromb Hemost. 2001; 27:605-617.

119. de Jonge E, van der Poll T, Kesecioglu J, Levi M. Anticoagulant factor concentrates in

disseminated intravascular coagulation: rationale for use and clinical experience. Semin

Thromb Hemost. 2001; 27:667-674.

120. Bennett J. Novel platelet inhibitors. Annu Rev Med. 2001; 52:161-184.

121. Kovesi T, Royston D. Is there a bleeding problem with platelet-active drugs? Br J Anaesth.

2002; 88:159-163.

122. Madan M, Blankenship JC, Berkowitz SD. Bleeding complications with platelet

glycoprotein IIb/IIIa receptor antagonists. Curr Opin Hematol. 1999; 6:334-341.

123. Tcheng JE. Clinical challenges of platelet glycoprotein IIb/IIIa receptor inhibitor therapy:

bleeding, reversal, thrombocytopenia, and retreatment. Am Heart J. 2000; 139:S38-S45.

124. Coller BS. Anti-GPIIb/IIIa drugs: current strategies and future directions. Thromb

Haemost. 2001; 86:427-443.

125. Hirsh J, Dalen J, Anderson DR, Poller L, Bussey H, Ansell J, Deykin D. Oral

anticoagulants: mechanism of action, clinical effectiveness, and optimal therapeutic

range. Chest. 2001; 119:8S-21S.

126. Keam SJ, Goa KL. Fondaparinux sodium. Drugs. 2002; 62:1673-1685.

127. Lumsden AB, Kelly AB, Schneider PA, Krupski WC, Dodson T, Hanson SR, Harker LA.

Lasting safe interruption of endarterectomy thrombosis by transiently infused

antithrombin peptide D-Phe-Pro-ArgCH2Cl in baboons. Blood. 1993; 81:1762-1770.

128. Pineo GF, Hull RD. Hirudin and hirudin analogues as new anticoagulant agents. Curr

Opin Hematol. 1995; 2:380-385.

129. Sinha U, Ku P, Malinowski J, Zhu BY, Scarborough RM, Marlowe CK, Wong PW, Lin

PH, Hollenbach SJ. Antithrombotic and hemostatic capacity of factor Xa versus thrombin

inhibitors in models of venous and arteriovenous thrombosis. Eur J Pharmacol. 2000;

395:51-59.

130. Rao LV, Ezban M. Active site-blocked activated factor VII as an effective antithrombotic

agent: mechanism of action. Blood Coagul Fibrinolysis. 2000; 11 Suppl 1:S135-S143.

131. Bajaj MS, Bajaj SP. Tissue factor pathway inhibitor: potential therapeutic applications.

Thromb Haemost. 1997; 78:471-477.

132. Preston FE, Laidlaw ST, Sampson B, Kitchen S. Rapid reversal of oral anticoagulation

with warfarin by a prothrombin complex concentrate (Beriplex): efficacy and safety in 42

patients. Br J Haematol. 2002; 116:619-624.

133. Kohler M. Thrombogenicity of prothrombin complex concentrates. Thromb Res. 1999;

95:S13-S17.

162

References



134. Loscalzo J. Fibrinolytic therapy. In: Beutler E, Lichtman MA, Coller BS, Kipps TJ,

Seligsohn U, eds. Hematology. New York: McGraw Hill, 2001: pp 1803-1812.

135. Simoons ML, Maggioni AP, Knatterud G, Leimberger JD, de Jaegere P, van Domburg R,

Boersma E, Franzosi MG, Califf R, Schroder R, . Individual risk assessment for

intracranial haemorrhage during thrombolytic therapy. Lancet. 1993; 342:1523-1528.

136. Lusher JM, Blatt PM, Penner JA, Aledort LM, Levine PH, White GC, Warrier AI,

Whitehurst DA. Autoplex versus proplex: a controlled, double-blind study of

effectiveness in acute hemarthroses in hemophiliacs with inhibitors to factor VIII. Blood.

1983; 62:1135-1138.

137. Sjamsoedin LJ, Heijnen L, Mauser-Bunschoten EP, van Geijlswijk JL, van Houwelingen

H, van Asten P, Sixma JJ. The effect of activated prothrombin-complex concentrate

(FEIBA) on joint and muscle bleeding in patients with hemophilia A and antibodies to

factor VIII. A double-blind clinical trial. N Engl J Med. 1981; 305:717-721.

138. Hedner U, Kisiel W. Use of human factor VIIa in the treatment of two hemophilia A

patients with high-titer inhibitors. J Clin Invest. 1983; 71:1836-1841.

139. Hagen FS, Gray CL, O’Hara P, Grant FJ, Saari GC, Woodbury RG, Hart CE, Insley M,

Kisiel W, Kurachi K, . Characterization of a cDNAcoding for human factor VII. Proc Natl

Acad Sci U S A. 1986; 83:2412-2416.

140. Thim L, Bjoern S, Christensen M, Nicolaisen EM, Lund-Hansen T, Pedersen AH, Hedner

U. Amino acid sequence and posttranslational modifications of human factor VIIa from

plasma and transfected baby hamster kidney cells. Biochemistry. 1988; 27:7785-7793.

141. Bjoern S, Thim L. Activation of coagulation factor VII to VIIa. Res Discl. 1986; 269:564-

565.

142. Jurlander B, Thim L, Klausen NK, Persson E, Kjalke M, Rexen P, Jorgensen TB,

Ostergaard PB, Erhardtsen E, Bjorn SE. Recombinant activated factor VII (rFVIIa):

characterization, manufacturing, and clinical development. Semin Thromb Hemost.

2001; 27:373-384.

143. Lund-Hansen T. NovoSeven–virus safety. Haemostasis. 1996; 26 Suppl 1:96-97.

144. Lund-Hansen T, Petersen L: Comparison of the enzymatic properties of human plasma

FVIIa and human recombinant FVIIa [abstract]. Thromb Haemost 1987; 58:270a.

145. Hedner U, Glazer S, Pingel K, Alberts KA, Blomback M, Schulman S, Johnsson H.

Succesful use of recombinant factor VIIa in a patient with severe Haemophilia A during

synovectomy. Lancet. 1988; 8621:1193.

146. Key N, Aledort LM, Beardsley D, Cooper HA, Davignon G, Ewenstein BM, Gilchrist GS,

Gill JC, Glader B, Hoots WK, Kisker CT, Lusher J, Rosenfield CG, Shapiro AD, Smith H,

Taft E. Home treatment of mild to moderate bleeding episodes using recombinant factor

163

References



VIIa (Novoseven) in haemophiliacs with inhibitors. Thromb Haemost. 1998; 80:912-918.

147. Macik BG, Lindley CM, Lusher J, Sawyer WT, Bloom AL, Harrison JF, Baird-Cox K,

Birch K, Glazer S, Roberts HR. Safety and initial clinical efficiacy of three dose levels of

recombinant activated factor VII (rFVIIa): results of a phase I study. Blood Coag Fibrinol.

1993; 4:521-527.

148. Ingerslev J. Efficacy and safety of recombinant factor VIIa in the prophylaxis of bleeding in

various surgical procedures in hemophilic patients with factor VIII and factor IX

inhibitors. Semin Thromb Hemost. 2000; 26:425-432.

149. Shapiro AD, Gilchrist GS, Hoots WK, Cooper HA, Gastineau DA. Prospective,

randomised trial of two doses of rFVIIa (NovoSeven) in haemophilia patients with

inhibitors undergoing surgery. Thromb Haemost. 1998; 80:773-778.

150. Hay CR, Negrier C, Ludlam CA. The treatment of bleeding in acquired haemophilia with

recombinant factor VIIa: a multicentre study. Thromb Haemost. 1997; 78:1463-1467.

151. Kenet G, Lubetzky A, Luboshitz J: Treatment of inhibitor patients with rFVIIa:

continuous infusion protocols as compared to a single, large, dose [abstract].

Haemophilia 2000; 6:279a.

152. Ewenstein BM. Continuous infusion of recombinant factor VIIa: continue or not? Thromb

Haemost. 2001; 86:942-944.

153. Erhardtsen E. Pharmacokinetics of recombinant activated factor VII (rFVIIa). Semin

Thromb Hemost. 2000; 26:385-391.

154. Morrissey JH, Macik BG, Neuenschwander PF, Comp PC. Quantitation of activated

factor VII levels in plasma using a tissue factor mutant selectively deficient in promoting

factor VII activation. Blood. 1993; 81:734-744.

155. Hedner U, Erhardtsen E. Potential role for rFVIIa in transfusion medicine. Transfusion.

2002; 42:114-124.

156. Hunault M, Bauer KA. Recombinant factor VIIa for the treatment of congenital factor VII

deficiency. Semin Thromb Hemost. 2000; 26:401-405.

157. Mariani G, Testa MG, Di Paolantonio T, Molskov BR, Hedner U. Use of recombinant,

activated factor VII in the treatment of congenital factor VII deficiencies. Vox Sang. 1999;

77:131-136.

158. Lawler P, White B, Pye S, Hermans C, Riddell A, Costello C, Brown S, Lee CA. Successful

use of recombinant factor VIIa in a patient with inhibitor secondary to severe factor XI

deficiency. Haemophilia. 2002; 8:145-148.

159. Billon S, Le Niger C, Escoffre-Barbe M, Vicariot M, Abgrall JF. The use of recombinant

factor VIIa (NovoSeven) in a patient with a factor XI deficiency and a circulating

anticoagulant. Blood Coagul Fibrinolysis. 2001; 12:551-553.

164

References



160. Boggio L, Green D. Recombinant human factor VIIa in the management of amyloid-

associated factor X deficiency. Br J Haematol. 2001; 112:1074-1075.

161. Kristensen J, Killander A, Hippe E, Helleberg C, Ellegard J, Holm M, Kutti J, Mellqvist

UH, Johansson JE, Glazer S, Hedner U. Clinical experience with recombinant factor VIIa

in patients with thrombocytopenia. Haemostasis. 1996; 26 Suppl 1:159-164.

162. Poon MC, d’Oiron R, Hann I, Negrier C, de Lumley L, Thomas A, Karafoulidou A,

Demers C, Street A, Huth-Kuhne A, Petrini P, Fressinaud E, Morfini M, Tengborn L,

Marques-Verdier A, Musso R, Devecioglu O, Houston DS, Lethagen S, Van Geet C, von

Depka M, Berger C, Beurrier P, Britton HA, Gerrits W, Guthner C, Kuhle S, Lorenzo JJ,

Makris PE, Nohe N, Paugy P, Pautard B, Torchet MF, Trillot N, Vicariot M, Wilde J,

Winter M, Chambost H, Ingerslev J, Peters M, Strauss G. Use of recombinant factor

VIIa (NovoSeven) in patients with Glanzmann thrombasthenia. Semin Hematol. 2001;

38:21-25.

163. Peters M, Heijboer H. Treatment of a patient with Bernard-Soulier syndrome and recurrent

nosebleeds with recombinant factor VIIa. Thromb Haemost. 1998; 80:352-352.

164. Ciavarella N, Schiavoni M, Valenzano E, Mangini F, Inchingolo F. Use of recombinant

factor VIIa (NovoSeven) in the treatment of two patients with type III von Willebrand’s

disease and an inhibitor against von Willebrand factor. Haemostasis. 1996; 26 Suppl

1:150-154.

165. Meijer K, Peters FT, van der Meer J. Recurrent severe bleeding from gastrointestinal

angiodysplasia in a patient with von Willebrand’s disease, controlled with recombinant

factor VIIa. Blood Coagul Fibrinolysis. 2001; 12:211-213.

166. Jeffers L, Chalasani N, Balart L, Pyrsopoulos N, Erhardtsen E. Safety and efficacy of

recombinant factor VIIa in patients with liver disease undergoing laparoscopic liver

biopsy. Gastroenterology. 2002; 123:118-126.

167. Chuansumrit A, Chantarojanasiri T, Isarangkura P, Teeraratkul S, Hongeng S, Hathirat P.

Recombinant activated factor VII in children with acute bleeding resulting from liver

failure and disseminated intravascular coagulation. Blood Coagul Fibrinolysis. 2000; 11

Suppl 1:S101-S105.

168. Berthier AM, Guillygomarc’h A, Messner M, Pommereuil M, Bader G, De Mello G. Use of

recombinant factor VIIa to treat persistent bleeding following dental extractions in two

cirrhotic patients. Vox Sang. 2002; 82:119-121.

169. Hendriks HG, Meijer K, de Wolf JT, Klompmaker IJ, Porte RJ, de Kam PJ, Hagenaars AJ,

Melsen T, Slooff MJ, van der Meer J. Reduced transfusion requirements by recombinant

factor VIIa in orthotopic liver transplantation: a pilot study. Transplantation. 2001;

71:402-405.

165

References



170. Revesz T, Arets B, Bierings M, van den Bosch C, Duval E. Recombinant factor VIIa in

severe uremic bleeding. Thromb Haemost. 1998; 80:353-353.

171. Moisescu E, Ardelean L, Simion I, Muresan A, Ciupan R. Recombinant factor VIIa

treatment of bleeding associated with acute renal failure. Blood Coagul Fibrinolysis.

2000; 11:575-577.

172. Erhardtsen E, Nony P, Dechavanne M, Ffrench P, Boissel JP, Hedner U. The effect of

recombinant factor VIIa (NovoSeven) in healthy volunteers receiving acenocoumarol to

an International Normalized Ratio above 2.0. Blood Coagul Fibrinolysis. 1998; 9:741-748.

173. Berntorp E. Recombinant FVIIa in the treatment of warfarin bleeding. Semin Thromb

Hemost. 2000; 26:433-435.

174. Kenet G, Walden R, Eldad A, Martinowitz U. Treatment of traumatic bleeding with

recombinant factor VIIa. Lancet. 1999; 354:1879.

175. Martinowitz U, Kenet G, Segal E, Luboshitz J, Lubetsky A, Ingerslev J, Lynn M.

Recombinant activated factor VII for adjunctive hemorrhage control in trauma. J

Trauma. 2001; 51:431-438.

176. Vlot AJ, Ton E, Mackaay AJ, Kramer MH, Gaillard CA. Treatment of a severely bleeding

patient without preexisting coagulopathy with activated recombinant factor VII. Am J

Med. 2000; 108:421-423.

177. Liem AK, Biesma DH, Ernst SM, Schepens AA. Recombinant activated factor VII for

false aneurysms in patients with normal haemostatic mechanisms. Thromb Haemost.

1999; 82:150-151.

178. White B, McHale J, Ravi N: Successful use of recombinant factor VIIa (NovoSeven) in the

management of intractable post-surgical intra-abdominal haemorrhage [abstract]. Br J

Haematol 1999; 107:677-678a.

179. Al Douri M, Shafi T, Al Khudairi D, Al Bokhari E, Black L, Akinwale N, Osman MM, Al

Homaidhi A, Al Fagih M, Borum AR. Effect of the administration of recombinant

activated factor VII (rFVIIa; NovoSeven) in the management of severe uncontrolled

bleeding in patients undergoing heart valve replacement surgery. Blood Coagul

Fibrinolysis. 2000; 11 Suppl 1:S121-S127.

180. Friederich PW, Geerdink MGF, Spataro M, Messelink EJ, Henny ChP, Buller HR, Levi

M. The effect of the administration of recombinant activated factor VII (rFVIIa;

NovoSeven) on perioperative bloodloss in patients undergoing transabdominal

retropubic prostatectomy: the PROSE study. Blood Coag Fibrinol. 2000; 11:s129-s132.

181. Friederich PW, Henny ChP, Messelink EJ, Breederveld D, Geerdink MGF, Spataro M,

Kurth KH, Buller HR, Levi M: Reduction of perioperative blood loss and transfusion

requirement in patients undergoing transabdominal retropubic prostatectomy by

166

References



administration of recombinant activated factor VII [abstract]. Thromb Haemost 2001;

86:P2613a.

182. ten Cate H, Bauer KA, Levi M, Edgington TS, Sublett RD, Barzegar S, Kass BL,

Rosenberg RD. The activation of factor X and prothrombin by recombinant factor VIIa

in vivo is mediated by tissue factor. J Clin Invest. 1993; 92:1207-1212.

183. van ’t Veer C, Golden NJ, Mann KG. Inhibition of thrombin generation by the zymogen

factor VII: implications for the treatment of hemophilia A by factor VIIa. Blood. 2000;

95:1330-1335.

184. Butenas S, Brummel KE, Branda RF, Paradis SG, Mann KG. Mechanism of factor VIIa-

dependent coagulation in hemophilia blood. Blood. 2002; 99:923-930.

185. Rao LV, Rapaport SI. Factor VIIa-catalyzed activation of factor X independent of tissue

factor: its possible significance for control of hemophilic bleeding by infused factor VIIa.

Blood. 1990; 75:1069-1073.

186. Bom VJJ, Bertina RM. The contributions of Ca2+, phospholipids and tissue-factor

apoprotein to the activation of human blood-coagulation factor X by activated factor

VII. Biochem J. 1990; 265:327-336.

187. Bjorquist P, Bostrom S. Determination of the kinetic constants of tissue factor/factor VII/

factor VIIA and antithrombin/heparin using surface plasmon resonance. Thromb Res.

1997; 85:225-236.

188. Hoffman M, Monroe DM, Roberts HR. Human monocytes support factor X activation by

factor VIIa, independent of tissue factor: implications for the therapeutic mechanism of

high-dose factor VIIa in hemophilia. Blood. 1994; 83:38-42.

189. Monroe DM, Hoffman M, Olivier JA, Roberts HR. Platelet activity of high-dose factor

VIIa is independent of tissue factor. Br J Haematol. 1997; 99:542-547.

190. Monroe DM, Hoffman M, Allen GA, Roberts HR. The factor VII-platelet interplay:

effectiveness of recombinant factor VIIa in the treatment of bleeding in severe

thrombocytopathia. Semin Thromb Hemost. 2000; 26:373-377.

191. Torbet J. The thrombin activation pathway modulates the assembly, structure and lysis of

human plasma clots in vitro. Thromb Haemost. 1995; 73:785-792.

192. Carr ME, Jr., Alving BM. Effect of fibrin structure on plasmin-mediated dissolution of

plasma clots. Blood Coagul Fibrinolysis. 1995; 6:567-573.

193. He S, Blomback M, Hedner U: Effect of rFVIIa on the permeability of fibrin gel [abstract].

Blood 2000; 96:261aa.

194. Bouma BN, dem Borne PA, Meijers JC. Factor XI and protection of the fibrin clot against

lysis–a role for the intrinsic pathway of coagulation in fibrinolysis. Thromb Haemost. 1998;

80:24-27.

167

References



195. Hedner U. Treatment of patients with factor VIII and factor IX inhibitors with special

focus on the use of recombinant factor VIIa. Thromb Haemost. 1999; 82:531-539.

196. Negrier C, Hay CR. The treatment of bleeding in hemophilic patients with inhibitors with

recombinant factor VIIa. Semin Thromb Hemost. 2000; 26:407-412.

197. Nicolaisen EM. Antigenicity of activated recombinant factor VII followed through nine

years of clinical experience. Blood Coagul Fibrinolysis. 1998; 9 Suppl 1:S119-S123.

198. von dem Borne PAKr, Meijers JCM, Bouma BN. Feedback activation of factor XI by

thrombin in plasma results in additional formation of thrombin that protects fibrin clots

from fibrinolysis. Blood. 1995; 86:3035-3042.

199. Redlitz A, Tan AK, Eaton DL, Plow EF. Plasma carboxypeptidases as regulators of the

plasminogen system. J Clin Invest. 1995; 96:2534-2538.

200. Broze GJ, Jr., Higuchi DA. Coagulation-dependent inhibition of fibrinolysis: role of

carboxypeptidase-U and the premature lysis of clots from hemophilic plasma. Blood.

1996; 88:3815-3823.

201. Mosnier LO, Lisman T, van den Berg HM, Nieuwenhuis HK, Meijers JCM, Bouma BN.

The defective down regulation of fibrinolysis in haemophilia A can be restored by

increasing the TAFI plasma concentration. Thromb Haemost. 2001; 86:1035-1039.

202. Sixma JJ, van den Berg A. The haemostatic plug in haemophilia A: a morphological study

of haemostatic plug formation in bleeding time skin wounds of patients with severe

haemophilia A. Br J Haematol. 1984; 58:741-753.

203. Sindet-Pedersen S, Ingerslev J, Ramstrom G, Blomback M. Management of oral bleeding

in haemophilic patients. Lancet. 1988; 2:566.

204. Reid WO, Lucase ON, Francisco S, Geisler PH, Erslev AJ. The use of epsilon aminocaproic

acid in the management of dental extractions in the hemophiliac. Am J Med Sci. 1964;

248:184-188.

205. Hedner U. NovoSeven as a universal haemostatic agent. Blood Coagul Fibrinolysis. 2000;

11 Suppl 1:S107-S111.

206. Mosnier LO, von dem Borne PAKr, Meijers JCM, Bouma BN. Plasma TAFI levels

influence the clot lysis time in healthy individuals in the presence of an intact intrinsic

pathway of coagulation. Thromb Haemost. 1998; 80:829-835.

207. Sandset PM, Abildgaard U, Pettersen M. A sensitive assay of extrinsic coagulation

pathway inhibitor (EPI) in plasma and plasma fractions. Thromb Res. 1987; 47:389-400.

208. Clauss A. Gerinnungsphysiologische snellmethode zur bestimmung des fibrinogens. Acta

Haemat. 1957; 17:237-246.

209. Brunner J, Skrabal P, Hauser H. Single bilayer vesicles prepared without sonication.

Physico-chemical properties. Biochim Biophys Acta. 1976; 455:322-331.

168

References



210. Van Wijnen M, Stam JG, Chang GTG, Meijers JCM, Reitsma PH, Bertina RM, Bouma

BN. Characterization of mini-protein S, a recombinant variant of protein S that lacks the

sex hormone binding globulin-like domain. Biochem J. 1998; 330:389-396.

211. Rouser G, Fkeischer S, Yamamoto A. Two dimensional thin layer chromatographic

separation of polar lipids and determination of phospholipids by phosphorus analysis of

spots. Lipids. 1970; 5:494-496.

212. Lisman T, Leebeek FW, Mosnier LO, Bouma BN, Meijers JC, Janssen HL, Nieuwenhuis

HK, de Groot PG. Thrombin-activatable fibrinolysis inhibitor deficiency in cirrhosis is not

associated with increased plasma fibrinolysis. Gastroenterology. 2001; 121:131-139.

213. Persson E, Kjalke M, Olsen OH. Rational design of coagulation factor VIIa variants with

substantially increased intrinsic activity. Proc Natl Acad Sci U S A. 2001; 98:13583-13588.

214. Persson E, Bak H, Olsen OH. Substitution of valine for leucine 305 in factor VIIa increases

the intrinsic enzymatic activity. J Biol Chem. 2001; 276:29195-29199.

215. Lisman T, Mosnier LO, Lambert T, Mauser-Bunschoten EP, Meijers JCM, Nieuwenhuis

HK, de Groot PG. Inhibition of fibrinolysis by recombinant factor VIIa in plasma from

patients with severe haemophilia A. Blood. 2002; 99:175-179.

216. Kelly DA, Tuddenham EG. Haemostatic problems in liver disease. Gut. 1986; 27:339-349.

217. Gallus AS, Lucas CR, Hirsh J. Coagulation studies in patients with acute infectious

hepatitis. Br J Haematol. 1972; 22:761-771.

218. Aster RH. Pooling of platelets in the spleen: role in the pathogenesis of ’’hypersplenic’’

thrombocytopenia. J Clin Invest. 1966; 45:645-657.

219. Goulis J, Chau TN, Jordan S, Mehta AB, Watkinson A, Rolles K, Burroughs AK.

Thrombopoietin concentrations are low in patients with cirrhosis and thrombocytopenia

and are restored after orthotopic liver transplantation. Gut. 1999; 44:754-758.

220. Peck-Radosavljevic M, Zacherl J, Wichlas M, Sims P, Meng YG, Panzer S, Lipinski E,

Steininger R, Muhlbacher F, Pidlich J, Gangl A. Thrombopoietic cytokines and reversal

of thrombocytopenia after liver transplantation. Eur J Gastroenterol Hepatol. 1999;

11:151-156.

221. Stockelberg D, Andersson P, Bjornsson E, Bjork S, Wadenvik H. Plasma thrombopoietin

levels in liver cirrhosis and kidney failure. J Intern Med. 1999; 246:471-475.

222. Koike Y, Yoneyama A, Shirai J, Ishida T, Shoda E, Miyazaki K, Sunaga S, Horie R, Aoki

K, Koike K, Ogata I, Tahara T, Kato T, Nakahara K, Kariya T, Higashihara M.

Evaluation of thrombopoiesis in thrombocytopenic disorders by simultaneous

measurement of reticulated platelets of whole blood and serum thrombopoietin

concentrations. Thromb Haemost. 1998; 79:1106-1110.

223. Shimodaira S, Ishida F, Ichikawa N, Tahara T, Kato T, Kodaira H, Ito T, Tanaka E,

169

References



Sodeyama T, Kiyosawa K, Kitano K. Serum thrombopoietin (c-Mpl ligand) levels in

patients with liver cirrhosis. Thromb Haemost. 1996; 76:545-548.

224. Peck-Radosavljevic M, Wichlas M, Zacherl J, Stiegler G, Stohlawetz P, Fuchsjager M,

Kreil A, Metz-Schimmerl S, Panzer S, Steininger R, Muhlbacher F, Ferenci P, Pidlich J,

Gangl A. Thrombopoietin induces rapid resolution of thrombocytopenia after

orthotopic liver transplantation through increased platelet production. Blood. 2000;

95:795-801.

225. Stein SF, Harker LA. Kinetic and functional studies of platelets, fibrinogen, and

plasminogen in patients with hepatic cirrhosis. J Lab Clin Med. 1982; 99:217-230.

226. Pereira J, Accatino L, Alfaro J, Brahm J, Hidalgo P, Mezzano D. Platelet autoantibodies in

patients with chronic liver disease. Am J Hematol. 1995; 50:173-178.

227. Lindenbaum J. Folate and vitamin B12 deficiencies in alcoholism. Semin Hematol. 1980;

17:119-129.

228. Levine RF, Spivak JL, Meagher RC, Sieber F. Effect of ethanol on thrombopoiesis. Br J

Haematol. 1986; 62:345-354.

229. Carr JM. Disseminated intravascular coagulation in cirrhosis. Hepatology. 1989; 10:103-

110.

230. Ben Ari Z, Osman E, Hutton RA, Burroughs AK. Disseminated intravascular coagulation

in liver cirrhosis: fact or fiction? Am J Gastroenterol. 1999; 94:2977-2982.

231. Escolar G, Cases A, Vinas M, Pino M, Calls J, Cirera I, Ordinas A. Evaluation of acquired

platelet dysfunctions in uremic and cirrhotic patients using the platelet function analyzer

(PFA-100 ): influence of hematocrit elevation. Haematologica. 1999; 84:614-619.

232. Laffi G, Cominelli F, Ruggiero M, Fedi S, Chiarugi VP, La Villa G, Pinzani M, Gentilini P.

Altered platelet function in cirrhosis of the liver: impairment of inositol lipid and

arachidonic acid metabolism in response to agonists. Hepatology. 1988; 8:1620-1626.

233. Ordinas A, Escolar G, Cirera I, Vinas M, Cobo F, Bosch J, Teres J, Rodes J. Existence of a

platelet-adhesion defect in patients with cirrhosis independent of hematocrit: studies under

flow conditions. Hepatology. 1996; 24:1137-1142.

234. Laffi G, Marra F, Failli P, Ruggiero M, Cecchi E, Carloni V, Giotti A, Gentilini P.

Defective signal transduction in platelets from cirrhotics is associated with increased

cyclic nucleotides. Gastroenterology. 1993; 105:148-156.

235. Laffi G, Marra F, Gresele P, Romagnoli P, Palermo A, Bartolini O, Simoni A, Orlandi L,

Selli ML, Nenci GG, . Evidence for a storage pool defect in platelets from cirrhotic patients

with defective aggregation. Gastroenterology. 1992; 103:641-646.

236. Owen JS, Hutton RA, Day RC, Bruckdorfer KR, McIntyre N. Platelet lipid composition

and platelet aggregation in human liver disease. J Lipid Res. 1981; 22:423-430.

170

References



237. Guarner C, Soriano G, Such J, Teixido M, Ramis I, Bulbena O, Rosello J, Guarner F, Gelpi

E, Balanzo J, . Systemic prostacyclin in cirrhotic patients. Relationship with portal

hypertension and changes after intestinal decontamination. Gastroenterology. 1992;

102:303-309.

238. Albornoz L, Bandi JC, Otaso JC, Laudanno O, Mastai R. Prolonged bleeding time in

experimental cirrhosis: role of nitric oxide. J Hepatol. 1999; 30:456-460.

239. Michelson AD, Barnard MR. Plasmin-induced redistribution of platelet glycoprotein Ib.

Blood. 1990; 76:2005-2010.

240. Pasche B, Ouimet H, Francis S, Loscalzo J. Structural changes in platelet glycoprotein IIb/

IIIa by plasmin: determinants and functional consequences. Blood. 1994; 83:404-414.

241. Turitto VT, Baumgartner HR. Platelet interaction with subendothelium in a perfusion

system: physical role of red blood cells. Microvasc Res. 1975; 9:335-344.

242. Ferro D, Quintarelli C, Lattuada A, Leo R, Alessandroni M, Mannucci PM, Violi F. High

plasma levels of von Willebrand factor as a marker of endothelial perturbation in cirrhosis:

relationship to endotoxemia. Hepatology. 1996; 23:1377-1383.

243. Mannucci PM, Canciani MT, Forza I, Lussana F, Lattuada A, Rossi E. Changes in health

and disease of the metalloprotease that cleaves von Willebrand factor. Blood. 2001;

98:2730-2735.

244. Federici AB, Berkowitz SD, Lattuada A, Mannucci PM. Degradation of von Willebrand

factor in patients with acquired clinical conditions in which there is heightened proteolysis.

Blood. 1993; 81:720-725.

245. Beer JH, Clerici N, Baillod P, von Felten A, Schlappritzi E, Buchi L. Quantitative and

qualitative analysis of platelet GPIb and von Willebrand factor in liver cirrhosis. Thromb

Haemost. 1995; 73:601-609.

246. Bontempo FA, Lewis JH, Gorenc TJ, Spero JA, Ragni MV, Scott JP, Starzl TE. Liver

transplantation in hemophilia A. Blood. 1987; 69:1721-1724.

247. Hollestelle MJ, Thinnes T, Crain K, Stiko A, Kruijt JK, van Berkel TJ, Loskutoff DJ, van

Mourik JA. Tissue distribution of factor VIII gene expression in vivo–a closer look.

Thromb Haemost. 2001; 86:855-861.

248. Wu SM, Morris DP, Stafford DW. Identification and purification to near homogeneity of

the vitamin K-dependent carboxylase. Proc Natl Acad Sci U S A. 1991; 88:2236-2240.

249. Blanchard RA, Furie BC, Jorgensen M, Kruger SF, Furie B. Acquired vitamin K-

dependent carboxylation deficiency in liver disease. N Engl J Med. 1981; 305:242-248.

250. Yoshikawa Y, Sakata Y, Toda G, Oka H. The acquired vitamin K-dependent gamma-

carboxylation deficiency in hepatocellular carcinoma involves not only prothrombin, but

also protein C. Hepatology. 1988; 8:524-530.

171

References



251. Bernuau J, Goudeau A, Poynard T, Dubois F, Lesage G, Yvonnet B, Degott C, Bezeaud A,

Rueff B, Benhamou JP. Multivariate analysis of prognostic factors in fulminant hepatitis B.

Hepatology. 1986; 6:648-651.

252. Lechner K, Niessner H, Thaler E. Coagulation abnormalities in liver disease. Semin

Thromb Hemost. 1977; 4:40-56.

253. Francis JL, Armstrong DJ. Acquired dysfibrinogenaemia in liver disease. J Clin Pathol.

1982; 35:667-672.

254. Martinez J, MacDonald KA, Palascak JE. The role of sialic acid in the dysfibrinogenemia

associated with liver disease: distribution of sialic acid on the constituent chains. Blood.

1983; 61:1196-1202.

255. Martinez J, Barsigian C. Carbohydrate abnormalities of N-linked plasma glycoproteins in

liver disease. Lab Invest. 1987; 57:240-257.

256. Bajaj MS, Rana SV, Wysolmerski RB, Bajaj SP. Inhibitor of the factor VIIa-tissue factor

complex is reduced in patients with disseminated intravascular coagulation but not in

patients with severe hepatocellular disease. J Clin Invest. 1987; 79:1874-1878.

257. Oksuzoglu G, Simsek H, Haznedaroglu IC, Kirazli S. Tissue factor pathway inhibitor

concentrations in cirrhotic patients with and without portal vein thrombosis. Am J

Gastroenterol. 1997; 92:303-306.

258. Bajaj MS, Kuppuswamy MN, Saito H, Spitzer SG, Bajaj SP. Cultured normal human

hepatocytes do not synthesize lipoprotein-associated coagulation inhibitor: evidence that

endothelium is the principal site of its synthesis. Proc Natl Acad Sci U S A. 1990; 87:8869-

8873.

259. Damus PS, Wallace GA. Immunologic measurement of antithrombin III-heparin cofactor

and alpha2 macroglobulin in disseminated intravascular coagulation and hepatic failure

coagulopathy. Thromb Res. 1975; 6:27-38.

260. Kemkes-Matthes B, Matthes KJ. Protein Z, a new haemostatic factor, in liver diseases.

Haemostasis. 1995; 25:312-316.

261. Belli L,Romani F, Sansalone CV,Aseni P,Rondinara G. Portal thrombosis in cirrhotics. A

retrospective analysis. Ann Surg. 1986; 203:286-291.

262. Leebeek FW, Kluft C, Knot EA, de Maat MP. Histidine-rich glycoprotein is elevated in

mild liver cirrhosis and decreased in moderate and severe liver cirrhosis. J Lab Clin Med.

1989; 113:493-497.

263. Biland L, Duckert F, Prisender S, Nyman D. Quantitative estimation of coagulation

factors in liver disease. The diagnostic and prognostic value of factor XIII, factor V and

plasminogen. Thromb Haemost. 1978; 39:646-656.

264. Leiper K, Croll A, Booth NA, Moore NR, Sinclair T, Bennett B. Tissue plasminogen

172

References



activator, plasminogen activator inhibitors, and activator-inhibitor complex in liver

disease. J Clin Pathol. 1994; 47:214-217.

265. Hersch SL, Kunelis T, Francis RB, Jr. The pathogenesis of accelerated fibrinolysis in liver

cirrhosis: a critical role for tissueplasminogenactivator inhibitor.Blood.1987; 69:1315-1319.

266. Leebeek FWG, Kluft C, Knot EAR, de Maat MPM, Wilson JHP. A shift in balance

between profibrinolytic and antifibrinolytic factors causes enhanced fibrinolysis in

cirrhosis. Gastroenterology. 1991; 101:1382-1390.

267. Pernambuco JR, Langley PG, Hughes RD, Izumi S, Williams R. Activation of the

fibrinolytic system in patients with fulminant liver failure. Hepatology. 1993; 18:1350-1356.

268. Leebeek FWG. Hyperfibrinolysis in Liver Cirrhosis. In: Greenwaldt P, ed. Fibrinolysis in

disease. Volume 2. CRC press, Inc., 1995: pp 194-201.

269. Goodpasture EW. Fibrinolysis in chronic hepatic insufficiency. Johns Hopkins Hosp Bull.

1914; 25:330-336.

270. Francis RB, Jr., Feinstein DI. Clinical significance of accelerated fibrinolysis in liver

disease. Haemostasis. 1984; 14:460-465.

271. Comp PC, Jacocks RM, Rubenstein C, Radcliffe R. A lysine-absorbable plasminogen

activator is elevated in conditions associated with increased fibrinolytic activity. J Lab

Clin Med. 1981; 97:637-645.

272. Fay WP, Eitzman DT, Shapiro AD, Madison EL, Ginsburg D. Platelets inhibit fibrinolysis

in vitro by both plasminogen activator inhibitor-1-dependent and -independent

mechanisms. Blood. 1994; 83:351-356.

273. Vukovich T, Teufelsbauer H, Fritzer M, Kreuzer S, Knoflach P. Hemostasis activation in

patients with liver cirrhosis. Thromb Res. 1995; 77:271-278.

274. Paramo JA, Rocha E. Hemostasis in advanced liver disease. Sem Thromb Haemost. 1993;

19:184-190.

275. Wilde JT, Kitchen S, Kinsey S, Greaves M, Preston FE. Plasma D-dimer levels and their

relationship to serum fibrinogen/fibrin degradation products in hypercoagulable states. Br

J Haematol. 1989; 71:65-70.

276. Violi F, Ferro D, Basili S, Quintarelli C, Musca A, Cordova C, Balsano F, the CALC

group. Hyperfibrinolysis resulting from clotting activation in patients with different

degrees of cirrhosis. Hepatology. 1993; 17:78-83.

277. Violi F, Ferro D, Basili S, Saliola M, Quintarelli C, Alessandri C, Cordova C. Association

between low-grade disseminated intravascular coagulation and endotoxemia in patients

with liver cirrhosis. Gastroenterology. 1995; 109:531-539.

278. Oka K, Tanaka K. Intravascular coagulation in autopsy cases with liver diseases. Thromb

Haemost. 1979; 42:564-570.

173

References



279. Violi F, Ferro D, Basili S, Quintarelli C, Saliola M, Alessandri C, Cordova C, Balsano F.

Hyperfibrinolysis increases the risk of gastrointestinal hemorrhage in patients with

advanced cirrhosis. Hepatology. 1992; 15:672-676.

280. Kluft C, Nieuwenhuis HK, Rijken DC, Groeneveld E, Wijngaards G, van Berkel W,

Dooijewaard G, Sixma JJ. alpha 2-Antiplasmin Enschede: dysfunctional alpha 2-

antiplasmin molecule associated with an autosomal recessive hemorrhagic disorder. J

Clin Invest. 1987; 80:1391-1400.

281. Lee MH, Vosburgh E, Anderson K, McDonagh J. Deficiency of plasma plasminogen

activator inhibitor 1 results in hyperfibrinolytic bleeding. Blood. 1993; 81:2357-2362.

282. Piccinino F, Sagnelli E, Pasquale G, Giusti G. Complications following percutaneous liver

biopsy. A multicentre retrospective study on 68,276 biopsies. J Hepatol. 1986; 2:165-173.

283. Sharara AI, Rockey DC. Gastroesophageal variceal hemorrhage. N Engl J Med. 2001;

345:669-681.

284. Violi F, Ferro D, Basili S, Quintarelli C, Saliola M, Alessandri C, Cordova C, Balsano F.

Hyperfibrinolysis increases the risk of gastrointestinal hemorrhage in patients with

advanced cirrhosis. Hepatology. 1992; 15:672-676.

285. Porte RJ. Coagulation and fibrinolysis in orthotopic liver transplantation: current views

and insights. Semin Thromb Hemost. 1993; 19:191-196.

286. Sharma P, McDonald GB, Banaji M. The risk of bleeding after percutaneous liver biopsy:

relation to platelet count. J Clin Gastroenterol. 1982; 4:451-453.

287. Janssen HL. Changing perspectives in portal vein thrombosis. Scand J Gastroenterol

Suppl. 2000; 69-73.

288. el Khishen MA, Henderson JM, Millikan WJ, Jr., Kutner MH, Warren WD. Splenectomy

is contraindicated for thrombocytopenia secondary to portal hypertension. Surg Gynecol

Obstet. 1985; 160:233-238.

289. Burroughs AK, Matthews K, Qadiri M, Thomas N, Kernoff P, Tuddenham E, McIntyre

N. Desmopressin and bleeding time in patients with cirrhosis. Br Med J (Clin Res Ed). 1985;

291:1377-1381.

290. de Franchis R, Arcidiacono PG, Carpinelli L, Andreoni B, Cestari L, Brunati S, Zambelli

A, Battaglia G, Mannucci PM. Randomized controlled trial of desmopressin plus

terlipressin vs. terlipressin alone for the treatment of acute variceal hemorrhage in

cirrhotic patients: a multicenter, double-blind study. New Italian Endoscopic Club.

Hepatology. 1993; 18:1102-1107.

291. Kohler M. Thrombogenicity of prothrombin complex concentrates. Thromb Res. 1999;

95:S13-S17.

292. Munoz SJ, Ballas SK, Moritz MJ, Martinez J, Friedman LS, Jarrell BE, Maddrey WC.

174

References



Perioperative management of fulminant and subfulminant hepatic failure with therapeutic

plasmapheresis. Transplant Proc. 1989; 21:3535-3536.

293. Bernstein DE, Jeffers L, Erhardtsen E, Reddy KR, Glazer S, Squiban P, Bech R, Hedner U,

Schiff ER. Recombinant factor VIIa corrects prothrombin time in cirrhotic patients: a

preliminary study. Gastroenterology. 1997; 113:1930-1937.

294. Ejlersen E, Melsen T, Ingerslev J, Andreasen RB, Vilstrup H. Recombinant activated factor

VII (rFVIIa) acutely normalizes prothrombin time in patients with cirrhosis during

bleeding from oesophageal varices. Scand J Gastroenterol. 2001; 36:1081-1085.

295. Bernstein D. Effectiveness of the recombinant factor VIIa in patients with the

coagulopathy of advanced child’s B and C cirrhosis. Semin Thromb Hemost. 2000;

26:437-438.

296. Lucia JF, Aguilar C, Orna E, Allepuz C, Giralt M, Carrasco V, Simon MA. Successful

outcome of a cirrhotic patient with postoperative haematuria treated with a single high

dose of recombinant factor VIIa. Haemophilia. 2001; 7:600-602.

297. Hendriks HG, Meijer K, de Wolf JT, Klompmaker IJ, Porte RJ, de Kam PJ, Hagenaars AJ,

Melsen T, Slooff MJ, van der Meer J. Reduced transfusion requirements by recombinant

factor VIIa in orthotopic liver transplantation: a pilot study. Transplantation. 2001;

71:402-405.

298. Porte RJ, Molenaar IQ, Begliomini B, Groenland TH, Januszkiewicz A, Lindgren L,

Palareti G, Hermans J, Terpstra OT. Aprotinin and transfusion requirements in

orthotopic liver transplantation: a multicentre randomised double-blind study. EMSALT

Study Group. Lancet. 2000; 355:1303-1309.

299. Boylan JF, Klinck JR, Sandler AN, Arellano R, Greig PD, Nierenberg H, Roger SL, Glynn

MF. Tranexamic acid reduces blood loss, transfusion requirements, and coagulation factor

use in primary orthotopic liver transplantation. Anesthesiology. 1996; 85:1043-1048.

300. Cumming AD, Nimmo GR, Craig KJ, McGilchrist A, Hayes PC. Vasoactive effects of

aprotinin. Agents Actions Suppl. 1992; 38:211-218.

301. Roberts LR, Kamath PS. Pathophysiology and treatment of variceal hemorrhage. Mayo

Clin Proc. 1996; 71:973-983.

302. Porte RJ, Knot EAR, Bontempo FA. Hemostasis in liver transplantation.

Gastroenterology. 1989; 97:488-501.

303. Mammen EF. Coagulation defects in liver disease. Med Clin North Am. 1994; 78:545-554.

304. Rapaport SI. Coagulation problems in liver disease. Blood Coagul Fibrinolysis. 2000; 11

Suppl 1:S69-S74.

305. Bajzar L, Manuel R, Nesheim ME. Purification and characterization of TAFI, a thrombin-

activable fibrinolysis inhibitor. J Biol Chem. 1995; 270:14477-14484.

175

References



306. Eaton DL, Malloy BE, Tsai SP, Henzel W, Drayna D. Isolation, molecular cloning, and

partial characterization of a novel carboxypeptidase B from human plasma. J Biol Chem.

1991; 266:21833-21838.

307. Wang W, Hendriks DF, Scharpe SS. Carboxypeptidase U, a plasma carboxypeptidase with

high affinity for plasminogen. J Biol Chem. 1994; 269:15937-15944.

308. Campbell W, Okada H. An arginine specific carboxypeptidase generated in blood during

coagulation or inflammation which is unrelated to carboxypeptidase N or its subunits.

Biochem Biophys Res Commun. 1989; 162:933-939.

309. Minnema MC, Friederich PW, Levi M, von dem Borne PAKr, Mosnier LO, Meijers JCM,

Biemond BJ, Hack CE, Bouma BN, ten Cate H. Enhancement of rabbit jugular vein

thrombolysis by neutralization of factor XI. In vivo evidence for a role of factor XI as an

anti-fibrinolytic factor. J Clin Invest. 1998; 101:10-14.

310. van Tilburg NH, Rosendaal FR, Bertina RM. Thrombin activatable fibrinolysis inhibitor

and the risk for deep vein thrombosis. Blood. 2000; 95:2855-2859.

311. Klement P, Liao P, Bajzar L. A novel approach to arterial thrombolysis. Blood. 1999;

94:2735-2743.

312. Redlitz A, Nicolini FA, Malycky JL, Topol EJ, Plow EF. Inducible carboxypeptidase

activity. A role in clot lysis in vivo. Circulation. 1996; 93:1328-1330.

313. Pugh RN, Murray-Lyon IM, Dawson JL, Pietroni MC, Williams R. Transection of the

oesophagus for bleeding oesophageal varices. Br J Surg. 1973; 60:646-649.

314. Marx PF, Wagenaar GT, Reijerkerk A, Tiekstra MJ, van Rossum AG, Gebbink MF,

Meijers JCM. Characterization of mouse thrombin-activatable fibrinolysis inhibitor.

Thromb Haemost. 2000; 83:297-303.

315. de Swart CAM, Nijmeyer B, Andersson LO, Holmer E, Sixma JJ, Bouma BN. Elimination

of intravenously administered radiolabelled antithrombin III and heparin in humans.

Thromb Haemost. 1984; 52:66-70.

316. Scott CF, Colman RW. Fibrinogen blocks the autoactivation and thrombin-mediated

activation of factor XI on dextran sulfate. Proc Natl Acad Sci U S A. 1992; 89:11189-11193.

317. Hojima Y, Pierce JV, Pisano JJ. Hageman factor fragment inhibitor in corn seeds:

purification and characterization. Thromb Res. 1980; 20:149-162.

318. Dzik WH, Arkin CF, Jenkins RL, Stump DC. Fibrinolysis during liver transplantation in

humans: role of tissue-type plasminogen activator. Blood. 1988; 71:1090-1095.

319. Weiss HJ. Antiplatelet therapy. In: Beutler E, Lichtman MA, Coller BS, Kipps TJ,

Seligsohn U, eds. Williams hematology. New York: McGraw-Hill, 2001: pp 1763-1776.

320. Raskob GA, Hull RD, Pineo GF. Heparin, Hirudin, and related agents. In: Beutler E,

176

References



Lichtman MA, Coller BS, Kipps TJ, Seligsohn U, eds. Williams hematology. New York:

McGraw-Hill, 2001: pp 1793-1801.

321. Loscalzo J. Antiplatelet therapy. In: Beutler E, Lichtman MA, Coller BS, Kipps TJ,

Seligsohn U, eds. Williams hematology. New York: McGraw-Hill, 2001: pp 1803-1811.

322. Levine MN, Raskob G, Landefeld S, Kearon C. Hemorrhagic complications of

anticoagulant treatment. Chest. 2001; 119:108S-121S.

323. de Jonge E, van der Poll T, Kesecioglu J, Levi M. Anticoagulant factor concentrates in

disseminated intravascular coagulation: rationale for use and clinical experience. Semin

Thromb Hemost. 2001; 27:667-674.

324. The Direct Thrombin Inhibitor Trialists’ Collaborative Group and Salim Yusuf. Direct

thrombin inhibitors in acute coronary syndromes: principal results of a meta-analysis

based on individual patients’ data. Lancet. 2002; 359:294-302.

325. Eriksson BI, Bauer KA, Lassen MR, Turpie AG. Fondaparinux compared with

enoxaparin for the prevention of venous thromboembolism after hip-fracture surgery. N

Engl J Med. 2001; 345:1298-1304.

326. Nagashima M, Werner M, Wang M, Zhao L, Light DR, Pagila R, Morser J, Verhallen P.

An inhibitor of activated thrombin-activatable fibrinolysis inhibitor potentiates tissue-type

plasminogen activator-induced thrombolysis in a rabbit jugular vein thrombolysis Model.

Thromb Res. 2000; 98:333-342.

327. Hemker HC, Giesen PL, Ramjee M, Wagenvoord R, Beguin S. The thrombogram:

monitoring thrombin generation in platelet-rich plasma. Thromb Haemost. 2000; 83:589-

591.

328. Hemker HC, Beguin S. Thrombin generation in plasma: its assessment via the endogenous

thrombin potential. Thromb Haemost. 1995; 74:134-138.

329. Lindhout T, Blezer R, Hemker HC. The anticoagulant mechanism of action of

recombinant hirudin (CGP 39393) in plasma. Thromb Haemost. 1990; 64:464-468.

330. Mohri M, Sugimoto E, Sata M, Asano T. The inhibitory effect of recombinant human

soluble thrombomodulin on initiation and extension of coagulation–a comparison with

other anticoagulants. Thromb Haemost. 1999; 82:1687-1693.

331. Herbert JM, Petitou M, Lormeau JC, Cariou R, Necciari J, Magnani HN, Zandberg P, van

Amsterdam RGM, van Boeckel CAA, Meuleman DG. SR 90107A/Org 31540, a novel anti-

factor Xa antithrombotic agent. Cardiovasc Drug Rev. 1997; 15:1-26.

332. Lassen MR, Bauer KA, Eriksson BI, Turpie AG. Postoperative fondaparinux versus

preoperative enoxaparin for prevention of venous thromboembolism in elective hip-

replacement surgery: a randomised double-blind comparison. Lancet. 2002; 359:1715-

1720.

177

References



333. Turpie AG, Bauer KA, Eriksson BI, Lassen MR. Postoperative fondaparinux versus

postoperative enoxaparin for prevention of venous thromboembolism after elective hip-

replacement surgery: a randomised double-blind trial. Lancet. 2002; 359:1721-1726.

334. Bauer KA, Eriksson BI, Lassen MR, Turpie AG. Fondaparinux compared with

enoxaparin for the prevention of venous thromboembolism after elective major knee

surgery. N Engl J Med. 2001; 345:1305-1310.

335. The Rembrandt Investigators. Treatment of proximal deep vein thrombosis with a novel

synthetic compound (SR90107A/ORG31540) with pure anti-factor Xa activity: A phase II

evaluation. Circulation. 2000; 102:2726-2731.

336. Coussement PK, Bassand JP, Convens C, Vrolix M, Boland J, Grollier G, Michels R,

Vahanian A, Vanderheyden M, Rupprecht HJ, van de Werf for the FENTALYSE

investigators. A synthetic factor-Xa inhibitor (ORG31540/SR9017A) as an adjunct to

fibrinolysis in acute myocardial infarction. The PENTALYSE study. Eur Heart J. 2001;

22:1716-1724.

337. Vuillemenot A, Schiele F, Meneveau N, Claudel S, Donat F, Fontecave S, Cariou R,

Samama MM, Bassand JP. Efficacy of a synthetic pentasaccharide, a pure factor Xa

inhibitor, as an antithrombotic agent–a pilot study in the setting of coronary angioplasty.

Thromb Haemost. 1999; 81:214-220.

338. Hedner U. NovoSeven as a universal haemostatic agent. Blood Coagul Fibrinolysis. 2000;

11 Suppl 1:S107-S111.

339. French DL, Seligsohn U. Platelet glycoprotein IIb/IIIa receptors and Glanzmann’s

thrombasthenia. Arterioscler Thromb Vasc Biol. 2000; 20:607-610.

340. Coller BS. Anti-GPIIb/IIIa drugs: current strategies and future directions. Thromb

Haemost. 2001; 86:427-443.

341. Tcheng JE. Clinical challenges of platelet glycoprotein IIb/IIIa receptor inhibitor therapy:

bleeding, reversal, thrombocytopenia, and retreatment. Am Heart J. 2000; 139:S38-S45.

342. Poon MC, Demers C, Jobin F, Wu JW. Recombinant factor VIIa is effective for bleeding

and surgery in patients with Glanzmann thrombasthenia. Blood. 1999; 94:3951-3953.

343. Ingerslev J. Efficacy and safety of recombinant factor VIIa in the prophylaxis of bleeding in

various surgical procedures in hemophilic patients with factor VIII and factor IX

inhibitors. Semin Thromb Hemost. 2000; 26:425-432.

344. Kristensen J, Killander A, Hippe E, Helleberg C, Ellegard J, Holm M, Kutti J, Mellqvist

UH, Johansson JE, Glazer S, Hedner U. Clinical experience with recombinant factor VIIa

in patients with thrombocytopenia. Haemostasis. 1996; 26 Suppl 1:159-164.

345. De Marco L, Mazzucato M, Masotti A, Ruggeri ZM. Localization and characterization of

178

References



an alpha-thrombin-binding site on platelet glycoprotein Ib alpha. J Biol Chem. 1994;

269:6478-6484.

346. Dormann D, Clemetson KJ, Kehrel BE. The GPIb thrombin-binding site is essential for

thrombin-induced platelet procoagulant activity. Blood. 2000; 96:2469-2478.

347. Ramakrishnan V, Reeves PS, DeGuzman F, Deshpande U, Ministri-Madrid K, DuBridge

RB, Phillips DR. Increased thrombin responsiveness in platelets from mice lacking

glycoprotein V. Proc Natl Acad Sci. 1999; 96:13336-13341.

348. Ramakrishnan V, DeGuzman F, Bao M, Hall SW, Leung LL, Phillips DR. A thrombin

receptor function for platelet glycoprotein Ib-IX unmasked by cleavage of glycoprotein

V. Proc Natl Acad Sci. 2001; 98:1823-1828.

349. Kahn ML, Nakanishi-Matsui M, Shapiro MJ, Ishihara H, Coughlin SR. Protease-

activated receptors 1 and 4 mediate activation of human platelets by thrombin. J Clin

Invest. 1999; 103:879-887.

350. Hackeng TM, van ’t Veer C, Meijers JC, Bouma BN. Human protein S inhibits

prothrombinase complex activity on endothelial cells and platelets via direct interactions

with factors Va and Xa. J Biol Chem. 1994; 269:21051-21058.

351. Koedam JA, Meijers JC, Sixma JJ, Bouma BN. Inactivation of human factor VIII by

activated protein C. Cofactor activity of protein S and protective effect of von

Willebrand factor. J Clin Invest. 1988; 82:1236-1243.

352. Jaffe EA, Nachman RL, Becker CG, Minick CR. Culture of human endothelial cells

derived from umbilical veins. Identification by morphologic and immunologic criteria. J

Clin Invest. 1973; 52:2745-2756.

353. Sixma JJ, de Groot PG, van Zanten H, IJsseldijk M. A new perfusion chamber to detect

platelet adhesion using a small volume of blood. Thromb Res. 1998; 92:S43-S46.

354. SakariassenKS,AartsPAMM,deGrootPG,HoudijkWPM,SixmaJJ.Aperfusionchamber

developed to investigate platelet interaction in flowing blood with human vessel walls, their

extracellular matrix, and purified components. J Lab Clin Med. 1983; 102:522-535.

355. Zwaginga JJ, Sixma JJ, de Groot PG. Activation of endothelial cells induces platelet

thrombus formation on their matrix. Arteriosclerosis. 1990; 10:49-61.

356. Galan AM, Reverter JC, Pino M, Lozano M, Ordinas A, Escolar G: Increased local

procoagulant action: a mechanism contributing to the favourable hemostatic effect of

activated recombinant factor VII (rFVIIa) in quanti and qualitative disorders of platelet

function [abstract]. Thromb Haemost 2001; 86:P1156a.

357. Shapiro AD, Gilchrist GS, Hoots WK, Cooper HA, Gastineau DA. Prospective,

randomised trial of two doses of rFVIIa (NovoSeven) in haemophilia patients with

inhibitors undergoing surgery. Thromb Haemost. 1998; 80:773-778.

179

References



358. Lusher JM, Blatt PM, Penner JA, Aledort LM, Levine PH, White GC, Warrier AI,

Whitehurst DA. Autoplex versus proplex: a controlled, double-blind study of

effectiveness in acute hemarthroses in hemophiliacs with inhibitors to factor VIII. Blood.

1983; 62:1135-1138.

359. Mauser-Bunschoten EP, de Goede-Bolder A, Leebeek F, van der Meer J, van Marwijk

Kooij G, van der Linden P. Efficacy of recombinant factor VIIa administered by

continuous infusion to haemophilia patientswith inhibitors. Haemophilia. 2002; 8:649-656.

360. Turpie AG, Bauer KA, Eriksson BI, Lassen MR. Fondaparinux vs Enoxaparin for the

Prevention of Venous Thromboembolism in Major Orthopedic Surgery: A Meta-analysis

of 4 Randomized Double-blind Studies. Arch Intern Med. 2002; 162:1833-1840.

361. Hantgan RR, Hindriks G, Taylor RG, Sixma JJ, de Groot PG. Glycoprotein Ib, von

Willebrand factor, and glycoprotein IIb:IIIa are all involved in platelet adhesion to fibrin

in flowing whole blood. Blood. 1990; 76:345-353.

362. Soslau G, Class R, Morgan DA, Foster C, Lord ST, Marchese P, Ruggeri ZM. Unique

pathway of thrombin-induced platelet aggregation mediated by glycoprotein Ib. J Biol

Chem. 2001; 276:21173-21183.

363. Diaz-Ricart M, Estebanell E, Lozano M, Aznar-Salatti J, White JG, Ordinas A, Escolar G.

Thrombin facilitates primary platelet adhesion onto vascular surfaces in the absence of

plasma adhesive proteins: studies under flow conditions. Haematologica. 2000; 85:280-288.

364. Jamieson GA, Okumura T. Reduced thrombin binding and aggregation in Bernard-Soulier

platelets. J Clin Invest. 1978; 61:861-864.

365. Sakariassen KS, Nievelstein PF, Coller BS, Sixma JJ. The role of platelet membrane

glycoproteins Ib and IIb-IIIa in platelet adherence to human artery subendothelium. Br J

Haematol. 1986; 63:681-691.

366. Bevers EM, Comfurius P, Nieuwenhuis HK, Levy-Toledano S, Enouf J, Belluci S, Caen JP,

Zwaal RF. Platelet prothrombin converting activity in hereditary disorders of platelet

function. Br J Haematol. 1986; 63:335-345.

367. Oliver JA, Monroe DM, Roberts HR, Hoffman M. Thrombin activates factor XI on

activated platelets in the absence of factor XII. Arterioscler Thromb Vasc Biol. 1999;

19:170-177.

368. Baglia FA, Badellino KO, Li CQ, Lopez JA, Walsh PN. Factor XI binding to the platelet

glycoprotein Ib-IX-V complex promotes factor XI activation by thrombin. J Biol Chem.

2002; 277:1662-1668.

369. Rauch U, Bonderman D,Bohrmann B, Badimon JJ, Himber J,Riederer MA,Nemerson Y.

Transfer of tissue factor from leukocytes to platelets is mediated by CD15 and tissue factor.

Blood. 2000; 96:170-175.

180

References



Samenvatting

181



Haemostase

Haemostase is het proces wat ervoor zorgt dat een beschadiging in een bloedvat snel en

effectief wordt hersteld om overtollig bloedverlies te voorkomen. Het haemostatische

proces is in normale omstandigheden strikt gereguleerd. Een haemostatisch systeem

dat uit balans raakt, kan aanleiding geven tot bloedingen of trombose.

In geval van vaatwandbeschadiging treden een aantal, aan elkaar gekoppelde processen

op, die resulteren in afsluiting van het bloedvat. Allereerst trekt het bloedvat samen,

waardoor de hoeveelheid bloed die door het vat stroomt verminderd wordt.

Vervolgens hechten bloedplaatjes, die in rustende toestand circuleren in het bloed, aan

eiwitten die vlak onder de wand van een bloedvat zitten (zoals collageen). Gehechte

bloedplaatjes worden geactiveerd waardoor deze bloedplaatjes weer andere

bloedplaatjes kunnen binden. Zo ontstaat een prop van bloedplaatjes die voor een

eerste afdichting van het bloedvat zorgt. De bloedplaatjesprop alleen is echter niet

voldoende. Versterking van de plaatjesprop door een fibrinenetwerk is noodzakelijk

voor permanente afsluiting van de vaatwandbeschadiging. De eerste aanzet tot

vorming van een fibrine stolsel is het in contact komen van het eiwit tissue factor (TF)

met de bloedstroom. Tissue factor is een eiwit dat op een groot aantal celtypen aanwezig

is, behalve op celtypen binnen een bloedvat (zoals endotheelcellen). Als tissue factor in

contact komt met het bloed, bindt dit eiwit het proenzym factor VII. Als factor VII

geactiveerd wordt (tot factor VIIa), is het tissue factor-VIIa complex in staat andere

stollingseiwitten te activeren, uiteindelijk leidend tot de vorming van het enzym

trombine. Trombine is vervolgens in staat het plasma eiwit fibrinogeen te knippen tot

fibrine, dat spontaan polymeriseert tot een onoplosbare vorm. Naast het knippen van

fibrinogeen is trombine in staat bloedplaatjes te activeren, activeert het factor XIII wat

vervolgens het fibrinenetwerk versterkt door vertakkingen aan te brengen, en activeert

het TAFI (thrombin activatable fibrinolysis inhibitor door trombine te activeren

fibrinolyseremmer). Geactiveerd TAFI is betrokken bij de bescherming van het fibrine

netwerk tegen afbraak. Afbraak van fibrine verloopt via een proces dat fibrinolyse

genoemd wordt. Als reactie op de vaatwandbeschadiging, stoot het nabijgelegen

endotheel het enzym tPA uit. tPA kan het plasma eiwit plasminogeen activeren tot

plasmine, dat in staat is het fibrinestolsel af te breken. De activatie van plasminogeen is

het effectiefst wanneer tPA en plasminogeen gebonden zijn aan fibrine. Geactiveerd

TAFI verwijdert de bindingsplaatsen voor tPA en plasminogeen van fibrine en remt zo

de fibrine afbraak.
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Afwijkingen in de haemostase leidend tot een bloedingsneiging

Veel eiwitten betrokken bij het haemostase proces zijn ontdekt doordat patiënten die

zo’n eiwit missen door een erfelijk defect, een bloedings- of tromboseneiging hebben.

Ook kunnen veranderingen in de haemostase die leiden tot bloedingen of trombose

verworven worden. Dit gaat meestal gepaard met een ziekte die niet gerelateerd aan de

haemostase is, of is de oorzaak van het gebruik van medicijnen die direct of indirect de

bloedstolling beı̈nvloeden

In mensen komen vele erfelijke afwijkingen in bloedplaatjes, het proces van

fibrinevorming, of de fibrinolyse die gepaard gaan met een bloedingsneiging voor.

Sommige daarvan zijn bijzonder zeldzaam, terwijl andere erfelijke afwijkingen veel

vaker voorkomen. De ziekten die van belang zijn in dit proefschrift zullen hieronder

kort worden besproken.

Een bekende bloederziekte is haemofilie. Patiënten met haemofilie missen stollingsfactor

VIII (haemofilie A) of IX (haemofilie B) welke betrokken zijn bij het proces van

trombinevorming. Deze patiënten hebben afhankelijk van de ernst van de ziekte

(hoeveel actief eiwit ze nog aanmaken) een milde tot ernstige bloedingsneiging, die zich

vooral uit als spier- en gewrichtsbloedingen, nabloeden na kleine ingrepen zoals kiezen

trekken, en ernstig bloedverlies bij trauma of operaties. Behandeling van haemofilie

bestaat uit het teruggeven van de missende stollingsfactor. Vroeger werd dit eiwit

gezuiverd uit plasma van bloeddonoren, tegenwoordig zijn ook producten op de markt

die verkregen zijn via recombinant DNA technieken. Het nadeel van producten

verkregen uit humaan materiaal is de kans op besmetting met virussen zoals het HIV

virus en hepatitis B en C. Behandeling van haemofilie met gezuiverde stollingsfactoren

wordt vaak bemoeilijkt doordat het lichaam antistoffen tegen de missende factor gaat

aanmaken. De getransfundeerde factor is immers een lichaamsvreemde stof voor de

haemofilie patiënt. Na het ontwikkelen van antistoffen is het geven van gezuiverd

factor VIII of IX zinloos, omdat deze meteen door de antistof geneutraliseerd wordt.

Een zeldzame afwijking aan de bloedplaatjes staat bekend als Glanzmann’s

Thrombasthenia (GT). Patiënten met deze afwijking missen een receptor (aIIbb3) op

het bloedplaatje. Deze receptor is betrokken bij zowel de hechting van het plaatje aan

de adhesieve eiwitten buiten het vat, als bij het hechten van de bloedplaatjes aan

elkaar. Patiënten met GT hebben een ernstige bloedingsneiging gekarakteriseerd door

neusbloedingen, blauwe plekken, tandvlees bloedingen, overvloedig menstrueren,

gastrointestinale bloedingen, en ernstig bloedverlies bij trauma of operaties.

Behandeling van GT bestaat uit het transfunderen van gezonde bloedplaatjes, of het
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geven van synthetische medicijnen zoals DDAVP of remmers van de fibrinolyse zoals

trasylol. Het nadeel van bloedplaatjestransfusie is dat antistoffen tegen zowel de

missende receptor als tegen HLA determinanten op het plaatje (de exacte

samenstelling van deze eiwitten is bij ieder mens anders) ontwikkeld kunnen worden.

Ook hier is weer het transfunderen van bloedplaatjes na het ontwikkelen van

antistoffen zinloos, en moet een alternatieve behandeling gezocht worden.

Een zeer complexe verworven bloedingsneiging wordt gevonden bij patiënten met

chronisch of acuut leverlijden. Deze patiënten hebben afwijkingen in bloedplaatjes

aantal en functie, trombine en fibrinevorming, en in het fibrinolysesysteem. Dit komt

onder meer omdat bijna alle eiwitten die betrokken zijn bij de haemostase gemaakt

worden in de lever. Deze patiënten kunnen bloeden na kleine ingrepen zoals een

leverbiopsie of een kiesextractie. Bij grotere chirurgische ingrepen (zoals een

levertransplantatie) treedt vaak ernstig bloedverlies op, dat gecorrigeerd moet worden

door transfusie van bloedproducten.

Patiënten met trombose krijgen vaak medicijnen die haemostatische processen remmen

(antitrombotica) of stolselafbraak stimuleren (fibrinolytica). Remmers van

bloedplaatjes, zoals aspirine (wat plaatjes activatie remt) of medicijnen die aIIbb3

remmen, remmers van trombinevorming, en stimulators van de fibrinolyse worden

toegepast bij preventie en/of behandeling van trombose. Het nadeel van deze

medicijnen is dat ze terwijl ze trombose voorkomen, ook een bloedingsneiging induceren.

Recombinant stollingsfactor VIIa (rFVIIa) – een doekje voor het bloeden

Geactiveerd bloedstollingsfactor VII gezuiverd uit humaan plasma werd in 1983 voor

het eerst toegepast bij een patiënt met haemofilie A die een operatie moest ondergaan.

Deze patiënt kon vanwege de aanwezigheid van antistoffen tegen factor VIII niet met

factor VIII concentraat behandeld worden. Het idee was, dat door infusie van

geactiveerd factor VII in hoge concentratie trombinevorming gestimuleerd zou kunnen

worden, en dat het stollingsdefect veroorzaakt door de factor VIII of IX deficiëntie

daardoor gecompenseerd zou worden. Deze en de daaropvolgende behandelingen met

plasma factor VIIa waren succesvol. Echter, het was niet realistisch om een groot

aantal patiënten met plasma gezuiverd factor VIIa te gaan behandelen omdat humaan

plasma maar erg weinig factor VII bevat, en de zuivering bovendien een lage opbrengst

gaf. Daarom werd besloten factor VIIa als recombinant eiwit te gaan produceren, wat

mogelijk werd toen het gen voor dit eiwit in 1986 gekloneerd werd. Klinische trials met

rFVIIa lieten zien dat haemofilie patiënten met antistoffen veilig en effectief behandeld
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konden worden tijdens bloedingen of chirurgische ingrepen. rFVIIa werd in 1996 in

Europa geregistreerd als behandelmethode voor patiënten met haemofilie en

antistoffen tegen de missende factor.

Het gegeven dat rFVIIa bij haemofilie patiënten veilig en effectief trombinegeneratie lijkt

te verhogen opende de weg naar nieuwe toepassingen. Patiënten met bloedplaatjes-

afwijkingen (zoals GT), leverziekte, en patiënten behandeld met antitrombotica lijken

veilig en effectief met rFVIIa behandeld te kunnen worden tijdens bloedingen.

Bovendien lijkt rFVIIa ook bloedverlies tijdens levertransplantaties, en tijdens

chirurgische ingrepen bij patiënten zonder stollingsafwijking te kunnen verminderen.

Als laatste lijkt rFVIIa een zeer effectief middel om oncontroleerbare bloedingen te

stelpen bij patiënten zonder stollingsafwijking (bijvoorbeeld bloedingen ten gevolge van

trauma). rFVIIa lijkt dus een soort universeel middel om bloedingen te stoppen of

voorkomen of om bloedverlies tegen te gaan.

Hoewel de haemostatische effecten van rFVIIa worden toegeschreven aan versterking

van trombinegeneratie op de plaats van de vaatwandbeschadiging, is over het exacte

mechanisme dat voor die versterkte trombinevorming zorgt, als over hoe die versterkte

trombinevorming nou precies bijdraagt tot het induceren van permanente haemostase

nog weinig bekend. Ook wordt niet goed begrepen waarom zeer hoge concentraties

rFVIIa nodig zijn voor het induceren van haemostase.

Een van de discussies in de literatuur is of het versterken van de trombinevorming door

rFVIIa via een TF afhankelijk of onafhankelijk mechanisme verloopt. Als rFVIIa zou

werken via een TF afhankelijk mechanisme, is niet geheel duidelijk waarom zulke hoge

concentraties nodig zijn voor het induceren van haemostase. De affiniteit van VIIa voor

TF is namelijk bijzonder groot, en TF zou al verzadigd met rFVIIa moeten zijn bij veel

lagere concentraties. Er is echter voorgesteld dat deze hoge rFVIIa concentraties nodig

zijn, omdat rFVIIa competitie aangaat met niet geactiveerd factor VII. Een TF

onafhankelijk mechanisme gaat uit van directe binding van rFVIIa aan geactiveerde

bloedplaatjes, waarop vervolgens trombinevorming plaatsvindt. De affiniteit van

rFVIIa voor geactiveerde plaatjes is vele malen lager dan de affiniteit voor TF, en dit

zou de reden zijn voor de hoge rFVIIa concentraties nodig voor het stelpen van

bloedingen.

Het doel van dit proefschrift was meer inzicht te krijgen over het werkings-mechanisme

van rFVIIa in de verschillende ziektebeelden.
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rFVIIa en haemofilie

In het eerste deel van dit proefschrift is gekeken naar de consequenties van versterkte

trombinevorming door rFVIIa in plasma van patiënten met haemofilie A. Het was al

bekend dat rFVIIa in haemofilieplasma de vorming van een fibrinestolsel kon

versnellen. In hoofdstuk 2 is gekeken naar de invloed van rFVIIa op de afbraak van

het fibrinestolsel door het fibrinolytisch systeem. Eerder is beschreven dat haemofilie

wellicht niet alleen een probleem van vorming van het fibrinestolsel veroorzaakt, maar

dat dit stolsel wellicht ook vatbaarder is voor afbraak door het fibrinolytisch systeem

omdat TAFI activatie verminderd of afwezig is. In hoofdstuk 2 laten we zien dat

rFVIIa niet alleen de stolselvorming versneld, maar dat ook de afbraak van het stolsel

geremd wordt door versterking van TAFI activatie. Er is echter veel meer rFVIIa

nodig voor maximale TAFI activatie dan voor versnelling van de stolselvorming. Dit

zou mede een verklaring kunnen zijn waarom hoge rFVIIa concentraties noodzakelijk

zijn om permanente haemostase te induceren in deze patiëntengroep.

rFVIIa en leverziekten

Nadat een antifibrinolytisch effect van rFVIIa in plasma van haemofilie patiënten

gevonden was, was de volgende hypothese dat ditzelfde mechanisme ook op zou

kunnen gaan in plasma van patiënten met leverziekten. In hoofdstuk 3 is een

literatuuroverzicht van de haemostatische afwijkingen in patiënten met leverziekten

gegeven. Een van de aspecten die beschreven is in de literatuur is het optreden van

hyperfibrinolyse (versnelde stolselafbraak) in een deel van die patiënten. Omdat TAFI

een vrij recent ontdekt eiwit is, is nog weinig bekend over de rol van TAFI in patiënten

met leverziekten. In hoofdstuk 4 is een studie beschreven over dit onderwerp. Zoals

verwacht vonden we verlaagde TAFI concentraties in patiënten met stabiele

levercirrhose (TAFI wordt net als vele andere haemostatische eiwitten gemaakt in de

lever). Echter, wanneer gekeken werd naar stolselafbraak in plasma van deze patiënten

werd geen hyperfibrinolyse gevonden. Wij vonden dat verlaagde concentraties van

eiwitten die de fibrinolyse remmen (zoals TAFI) gecompenseerd werden door lage

concentraties van eiwitten die de fibrinolyse stimuleren. De discrepantie tussen onze

bevindingen en de in eerdere literatuur beschreven resultaten zijn waarschijnlijk te

wijten aan verschillen in de experimentele opzet.

Vervolgens is in hoofdstuk 5 het effect van rFVIIa op stolselvorming en stolselafbraak in

plasma van patiënten met stabiele levercirrhose en in plasma van patiënten die een
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levertransplantatie ondergaan bekeken. In tegenstelling tot de situatie in

haemofilieplasma, heeft toevoeging van rFVIIa aan plasma van patiënten met

leverlijden geen effect op de fibrinolyse, waarschijnlijk omdat al maximale bescherming

tegen stolselafbraak aanwezig is. De effectiviteit van rFVIIa in leverziekten is dus

waarschijnlijk toe te schrijven aan versnelling van stolselvorming.

rFVIIa en anticoagulantia

In hoofdstuk 6 is gekeken naar de effecten van medicijnen die fibrinegeneratie remmen

(door stolfactoren te remmen) op de fibrinolyse. Van al deze medicijnen zijn de

remmende effecten op stolselvorming algemeen geaccepteerd, maar er is nooit eerder

onderzoek gedaan naar het effect op TAFI activatie (en dus bescherming tegen

stolselafbraak). Er werd gevonden dat de medicijnen die mede gericht zijn tegen

geactiveerd stollingsfactor X (zoals de zeer veel gebruikte heparine-achtigen) maar niet

degenen die TF of trombine remmen de fibrinolyse stimuleren. De stimulatie van

fibrinolyse door factor Xa remmers wordt waarschijnlijk veroorzaakt doordat deze

medicijnen niet alleen de kleine hoeveelheid trombine nodig voor de vorming van een

fibrinestolsel vertragen, maar ook de aanmaak van grote hoeveelheden trombine die

nodig is voor TAFI activatie tegengaan.

In hoofdstuk 7 is gekeken naar de effecten van een nieuw antitromboticum,

fondaparinux, een heparine derivaat dat specifiek factor Xa remt. Dit nieuwe medicijn

lijkt superieur ten opzichte van traditionele heparine-achtigen wat betreft effectiviteit

bij het voorkomen van diep veneuze trombose na operaties. Echter, er is nog geen

goede behandelmethode voor patiënten die bloedingen krijgen ten gevolge van

behandeling met fondaparinux. Een mogelijk effectieve therapie voor patiënten

behandeld met fondaparinux die een bloeding krijgen is de toediening van rFVIIa.

Daarom werden de effecten van rFVIIa op stolselvorming en stolselafbraak in plasma

waaraan fondaparinux was toegevoegd onderzocht. Fondaparinux remt dus de

stolselvorming en stimuleert stolselafbraak door TAFI activatie te remmen. rFVIIa

gaat de remming van stolselvorming door fondaparinux volledig tegen. De stimulatie

van stolselafbraak door fondaparinux wordt door rFVIIa gedeeltelijk gecompenseerd.

rFVIIa zou dus mogelijk een goede therapie zijn voor patiënten die bloedingen

ontwikkelen nadat ze met fondaparinux behandeld zijn.
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rFVIIa en aIIbb3 deficiëntie

Nadat in het grootste deel van dit proefschrift de effecten van rFVIIa op stolselvorming

en stolselbescherming door middel van TAFI activatie zijn bekeken, wordt in hoofdstuk

8 ingegaan op de effecten van trombine gevormd via rFVIIa op bloedplaatjesadhesie

onder stromingscondities. Bloedplaatjes van patiënten met GT hechten niet aan elkaar

en slecht aan adhesieve eiwitten die zich vlak onder de bloedvatwand bevinden. Als

geı̈soleerde bloedplaatjes van GT patiënten gemengd met rode bloedcellen over de

extracellulaire matrix van gekweekte endotheelcellen geı̈soleerd uit humane navel-

strengen werden geleid, was de adhesie van deze plaatjes aan het oppervlak erg laag.

Als nu aan de bloedplaatjes rFVIIa en de stolfactoren X en II werden toegevoegd, nam

de adhesie aanzienlijk toe. Hetzelfde werd gezien als remmers van aIIbb3 (o.a. remmers

die ook als antithromboticum worden toegepast) werden gebruikt. Ook de adhesie van

aIIbb3-deficiënte plaatjes aan collageen nam aanzienlijk toe wanneer de stolfactoren

werden toegevoegd. We hebben laten zien dat TF onafhankelijke trombine vorming

verantwoordelijk is voor deze toename in adhesie. Deze trombine wordt gevormd

doordat rFVIIa bindt aan al geadhereerde plaatjes, factor X activeert, en vervolgens

protrombine geactiveerd wordt. Het gevormde trombine activeert plaatjes die in

oplossing zijn, of die over het oppervlak rollen, waardoor ze zich permanent aan het

oppervlak hechten.

De toename in adhesie alleen kan nog niet de therapeutische efficiëntie van rFVIIa bij

GT patiënten verklaren. De bloedplaatjes verkleven immers nog steeds niet aan elkaar,

en er kan nog steeds geen stabiele plaatjesprop worden gevormd. Echter, de geactiveerde

bloedplaatjes vormen een oppervlak voor verdere trombinevorming, wat resulteert in

een versterking van fibrinegeneratie. De versterkte fibrinevorming door rFVIIa zou

dus het plaatjesdefect in GT kunnen compenseren.

Conclusies van dit proefschrift

De in dit proefschrift beschreven studies geven meer inzicht in het werkingsmechanisme

van rFVIIa in verschillende ziektenbeelden. Allereerst lijkt het erop dat in sommige

situaties rFVIIa niet alleen maar bijdraagt tot een snellere stolselvorming, maar dat

rFVIIa via versterkte TAFI activatie het stolsel beschermt tegen afbraak door het

fibrinolytisch systeem. Dit mechanisme is tot nu toe alleen nog maar onderzocht in

laboratoriummodellen. Of dit mechanisme in het menselijk lichaam ook van toepassing

is, is vooralsnog onduidelijk. Bovendien is het belang van TAFI in de fysiologie en
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pathofysiologie van de bloedstolling nog onduidelijk. Wellicht dat dierexperimentele

modellen meer duidelijkheid over deze vragen zouden kunnen geven.

Ook suggereren studies beschreven in dit proefschrift dat versterking van

trombinegeneratie via rFVIIa tot een versterking van adhesie van bloedplaatjes aan de

beschadigde vaatwand kan leiden, en dat de verhoogde depositie van bloedplaatjes

meehelpt verdere trombine- en fibrinegeneratie te stimuleren. Het is voorstelbaar dat

versterking van trombinegeneratie door rFVIIa in elk ziektebeeld leidt tot versterking

van plaatjesdepositie, versterking van fibrinevorming, en versterking van TAFI

activatie. Onderzoek in de toekomst zal deze hypothese en het belang van deze

verschillende mechanismen moeten onderzoeken. Experimenten met proefdieren lijken

onvermijdelijk om een beter inzicht te krijgen in structuur en samenstelling van een

haemostatische prop, gemaakt in af- of aanwezigheid van rFVIIa, in vivo.
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