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The present PhD thesis entitled “Coagulation factor VIIa: prohemostatic drug and 
biomarker for thrombosis” includes the topics hemostasis, thrombosis, and hemophilia 
with a central role for (recombinant) factor VIIa. These topics are addressed in this general 
introduction to understand the scope of this thesis.

Hemostasis

Primary hemostasis

Hemostasis is a physiological response in the body to minimize the loss of blood upon 
damage of the blood vessels. Blood clotting is accurately controlled in the body by an 
interplay between blood platelets, clotting factors, inhibitors of coagulation, and the 
fibrinolytic system. Upon damage of a blood vessel, subendothelial components, such 
as collagen or von Willebrand factor (VWF), are exposed to the blood. Platelets adhere 
to these subendothelial components and become activated. More platelets are attracted 
and aggregate to form a platelet plug sufficient to close an injured vessel. This initial 
hemostatic response is also known as primary hemostasis. The platelet plug needs to be 
reinforced by fibrin to be able to permanently close vessel wall damage. The platelets form 
a platform for secondary hemostasis, which comprises the cascade of enzymatic reactions 
of coagulation factors culminating in the formation of fibrin.

Secondary hemostasis: classic cascade model of coagulation

In the 1960s, two research groups independently proposed a theory about the mechanisms 
involved in secondary hemostasis in which they proposed that blood coagulation occurs 
via the cascade model of coagulation [1,2]. In this model, one coagulation factor will 
activate another coagulation factor and so on, in order to obtain thrombin which will 
subsequently cleave fibrinogen into fibrin. In this model, two separate enzyme pathways 
were proposed to form factor X(a), and subsequently a shared ‘common pathway’ will start 
to form fibrin as depicted in Figure 1. One pathway is the intrinsic pathway, also known 
as the contact activation pathway, and the other pathway is the extrinsic pathway, also 
known as the tissue factor (TF) pathway. This model with these pathways still forms the 
basis of coagulation screening: the activated partial thromboplastin time (APTT) which 
tests the functionality of the intrinsic and the common pathway, and the prothrombin 
time (PT) which tests the functionality of the extrinsic and the common pathway. 
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Figure 1 The classic cascade model of coagulation, consisting of the intrinsic pathway and 
the extrinsic pathway both resulting in the common pathway. The zymogen (not activated) 
coagulation factors are indicated with blue circles (black text labels), and become activated 
coagulation factors which are indicated with blue circles (white text labels). The cofactors 
FVIIIa, TF, FVa are indicated with the coloured circles. Abbreviations are explained in the 
abbreviation list. Original figure 14.1 [3], reprinted with permission of Oxford University 
Press.

Secondary hemostasis: cell-based theory

More recently, the cell-based theory has been proposed as a refinement of the classic 
cascade model of coagulation, which better reflects hemostasis in vivo [4,5]. The two most 
important proposed cell types involved in this model are TF-bearing cells and platelets. 
The model describes three distinct, but overlapping phases: an initiation, an amplification 
and a propagation phase.

The initiation phase comprises the start of coagulation by exposure of membrane bound 
TF, serving as receptor for FVII(a). This TF could be originated from vascular smooth 
muscle cells and fibroblasts located within a vessel wall and surrounding blood vessels 
which will be exposed upon vessel wall damage, and TF on the surface of macrophages, 



14 Chapter 1

monocytes, or microparticles present within the blood stream. Approximately 1% of 
the zymogen FVII circulates in its active form (FVIIa) and both forms can bind to TF. 
Factor VII becomes fully activated by TF-FVIIa upon binding TF as depicted in Figure 2, 
however the predominant physiological activator of FVII in vivo is nowadays supposed to 
be FXa [6]. Activated FVII has little enzymatic activity to activate its substrates FIX and 
FX unless it is bound to TF. FVIIa thus obtains full proteolytic activity upon binding TF. 
This is illustrated in Figure 2. The FVIIa/TF complex activates small amounts of factor 
IX and factor X. The cofactor FVa of the activated FX is unavailable at this stage, so the 
reaction rate is relatively low. Nonetheless, FXa is able to convert prothrombin (FII) into 
trace amounts of thrombin (FIIa).

Figure 2 Tissue factor serves as receptor for FVII(a). Upon binding of FVII(a) to TF, FVII(a) 
becomes activated. See text for detailed explanation. Abbreviations are explained in the 
abbreviation list. Original figure 13.11 [3], reprinted with permission of Oxford University 
Press.

The amplification phase comprises the functions of the trace amounts of thrombin formed 
on TF-bearing cells in the initiation phase. First, the thrombin formed will activate 
platelets in addition to the already adhered and partially activated platelets as described 
above during primary hemostasis. Secondly, thrombin will activate FV and FVIII which 
serve as a cofactor for FX and FIX respectively. Finally, thrombin also activates FXI which 
in turn can also activate FIX. 

The propagation phase is most effective on the surface of activated platelets and therefore 
shifting the hemostatic process from TF-bearing cells in the endothelial to activated 
platelets is essential for optimal hemostasis. In this phase, FIXa, activated during the 
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initiation phase, will bind to factor VIIIa on the surface of activated platelets. FIXa is not 
rapidly inhibited in solution, so it can freely diffuse from the TF-bearing cells to activated 
platelets. On the other hand, FXa is rapidly inhibited by antithrombin (AT) or tissue factor 
pathway inhibitor (TFPI) and cannot diffuse freely. Bound FIXa/FVIIIa subsequently 
activates FX at the surface of activated platelets, in which the FIXa/FVIIIa/FX complex 
is also known as the intrinsic tenase complex. Additional FIXa to activate the necessary 
FX is supplied by FXI(a) during the amplification phase. The FXa formed will bind to 
FVa on the surface of activated platelets and combines with prothrombin (FII), which 
is also referred to as prothrombinase complex, resulting in activation of prothrombin 
to thrombin (FIIa). The thrombin will convert fibrinogen into fibrin which eventually 
results in a fibrin clot. Furthermore, FXIIIa plays an important role in cross-linking  
fibrin and this improves the resistance of fibrin clots against fibrinolysis (explained in the 
paragraph ‘fibrinolytic system’ below).

Inhibitors of coagulation

There are several inhibitory mechanisms available to limit and control the clotting process, 
all acting on different steps in the coagulation cascade. Three inhibitory mechanisms will 
be described in this introduction. Tissue factor pathway inhibitor (TFPI) is an inhibitory 
protein active in the initiation phase. First, TFPI will bind to the active site of FXa, which 
results in inhibition of its proteolytic activity. Secondly, the TFPI-FXa complex will bind 
to FVIIa bound to TF. This results in the quaternary complex TF-FVIIa-TFPI-FXa, in 
which the enzymatic activities of both FXa and FVIIa are inhibited.

Antithrombin inhibits FIXa, FXa, FXIa, FIIa, as well as FVIIa as it is captured in the  
FVIIa-TF complex, by forming a stable 1:1 complex. The inhibitory effect of antithrombin 
is more efficient in the presence of heparin sulphates, which are present on the surface of 
most eukaryotic cells and in the extracellular matrix.

The protein C anticoagulant system inhibits FVa and FVIIIa. The system is activated 
when thrombin binds to the endothelial receptor thrombomodulin (TM), which inhibits 
the procoagulant activity of FIIa and allows activation of protein C (PC) and thrombin 
activatable fibrinolysis inhibitor (TAFI, explained in the paragraph ‘fibrinolytic system’ 
below). Protein C is localized on the endothelial surface by binding its endothelial protein 
C receptor (EPCR). Activated protein C (APC) inhibits coagulation factors FVa and 
FVIIIa, in the presence of two cofactors protein S (PS) and FV, by cleaving specific 
peptide bonds in these coagulation factors.
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Fibrinolytic system

The fibrinolytic system serves to break down the clot once the endothelial layer has been 
restored. Fibrin is degraded by plasmin, which is formed by activation of plasminogen by 
tissue plasminogen activator (t-PA). The main mechanisms regulating fibrin degradation 
include the presence of plasminogen activator inhibitor-1 (PAI-1) and α2-antiplasmin, 
which are circulating inhibitors of t-PA and plasmin, respectively. In addition, removal 
of the lysine binding sites on fibrin, which facilitate plasminogen and t-PA binding, by 
thrombin activatable fibrinolysis inhibitor (TAFI) regulates fibrinolysis. This inhibitor is 
activated by thrombin, and this process is far more efficient when thrombin is in complex 
with thrombomodulin.

Thrombosis

Abnormalities in the balance of coagulation can result in excessive bleeding (hemorrhage) 
or in clotting of the blood (thrombosis). The formation of an occlusive thrombus can 
both occur within a vein or within an artery.

Figure 3 A blood clot in an artery mainly consists of platelets (left), and a blood clot in a vein 
mainly consist of fibrin and red blood cells (right). Original figure 16.4 [3], reprinted with 
permission of Oxford University Press.
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Arterial thrombosis

Blood clots in an artery mainly consist of platelets (Figure 3, left), and therefore treatment 
or prevention of arterial thrombosis often includes antiplatelet therapy. Examples of such 
antiplatelet drugs are aspirin and clopidogrel. Aspirin inhibits the enzyme cyclooxygenase 
(COX), and as a result there is no production of thromboxane A2 which is an important 
secondary activator of platelets. Clopidogrel irreversibly inhibits the receptor P2Y12, an 
adenosine diphosphate (ADP)-receptor present on the membrane of platelets, which is 
involved in secondary activation of platelets as well. Arterial thrombosis is often preceded 
by atherosclerosis, in which the artery wall thickens through deposits of atheroma (which 
includes lipids, macrophages, and connective tissue). Upon rupture of an atherosclerotic 
plaque there will be a rapid adherence of platelets resulting in a platelet-rich thrombus. 

Venous thrombosis

Blood clots in a vein mainly consist of fibrin and red blood cells (Figure 3, right), and 
therefore treatment or prevention of venous thrombosis includes anticoagulation drugs 
such as vitamin K antagonists (VKA), low molecular weight heparin (LMWH), and 
direct inhibitors of FXa or thrombin. VKAs interfere with the action of vitamin K, which 
is essential for the production of functional vitamin K-dependent clotting factors (i.e., 
FII, FVII, FIX, FX, PC, PS, PZ). A drawback of VKA treatment is the requirement for 
monitoring of the extent of anticoagulation, and if necessary adapting the dosage to obtain 
the desired result. LMWHs do not require laboratory monitoring, but its subcutaneous 
route of administration limits its long-term use. The new generation oral anticoagulants 
including dabigatran, rivaroxaban, and apixaban do not require laboratory monitoring. 
LMWH enhances the inhibitory activity of antithrombin, and thus has multiple targets. 
In contrast, dabigatran inhibits FIIa, and both rivaroxaban and apixaban are inhibitors of 
FXa. The advantage of the latter three oral anticoagulants mentioned is the fact that they 
inhibit a single coagulation factor compared to the other drugs which inhibit multiple 
coagulation factors at once. There is ongoing research for novel anticoagulant strategies, 
as for example investigating glycoprotein (GP) Ibα as an antithrombotic target. GPIbα 
is the most important ligand binding protein of the GPIb-IX-V complex present on 
the membrane of platelets. GPIbα is an interesting option for the development of novel 
antithrombotics, as it is involved in both the binding of platelets to the vessel wall and 
acts as a receptor for several coagulation factors. However, the physiological relevance of 
coagulation factor interaction with GPIbα is yet uncertain.
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Venous thrombosis occurs in 1-3 individuals per 1000 per year [7,8], and the most 
common forms are deep vein thrombosis (DVT) of the leg and pulmonary embolism. 
Venous thrombosis is a multicausal disease for which many risk factors have been firmly 
established [9]. These risk factors may be acquired (environmental) such as bed rest, 
surgery, oral contraceptive use, age or inherited such as a deficiency in protein C or S or a 
mutation in factor V (FV Leiden). A hypofibrinolytic status [10-12] and increased plasma 
levels of several clotting factors or low levels of inhibitors have also been indicated as risk 
factors for venous thrombosis, such as high levels of FVII and FXI, and low levels of TFPI 
[13-15]. Travelling is an established acquired risk factor for venous thrombosis as well, of 
which air travel is associated with a 2-4 fold increased risk of venous thrombosis [16,17]. 
This risk is even higher in individuals traveling by air and using oral contraceptives, 
having the factor V Leiden mutation, being short (<1.60 m) or being tall (>1.90 m), or 
having a high body mass index (>30 kg/m2) [18]. Individuals may have one risk factor 
or encounter the presence of multiple risk factors at once, leading to individualized 
variations resulting in some being at more risk than others.

It has been suggested that the initiation of venous thrombosis is by components within 
the bloodstream, as the endothelial lining of a thrombosed vein appears to be intact 
[19,20]. In contrast to arterial thrombosis, in which exposure of thrombogenic material 
present in atherosclerotic plaques initiates thrombus formation, such lesions are absent in 
veins. The risk factors previously being mentioned generally increase hemostatic potential 
by either enhancing activation of coagulation or by decreasing inhibition of coagulation. 
Having a hemostatic balance is therefore important, as alterations may contribute to the 
development of DVT. The initiating trigger in the development of DVT is, however, at 
present still not known. The exact mechanisms underlying air travel-related thrombosis 
are also incompletely understood. It is proposed in general that venous thrombosis is 
initiated via the extrinsic pathway, in particular via tissue factor-bearing microparticles 
[21-25]. It has been suggested that activation of the venous endothelial lining, for 
example by venous stasis, leads to the recruitment of TF-bearing microparticles via 
P-selectin expressed on the activated endothelium and P-selectin glycoprotein ligand-1 
(PSGL-1) on the TF-bearing microparticles. This process results in accumulation of TF, 
which, possibly after fusion with platelets or endothelial cells, initiates venous thrombus 
formation [13]. In the last part of this thesis, we measured levels of FVII and FVIIa to 
assess the role of the tissue factor pathway in the initiation of air travel-related thrombosis 
(chapter 5) and in the initiation of DVT (chapter 6).
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Hemophilia

Hemophilia A and B are X-chromosome linked bleeding disorders which comprise 
recessive mutations in the genes encoding for factor VIII or factor IX respectively, and 
therefore hemophilia almost exclusively occur in males. Hemophilia A has a prevalence 
of 1 in 10.000 males, and hemophilia B occurs in about 1 in 25.000-30.000 males. 
Hemophilia A can be classified as mild (FVIII levels >5-40%), moderate (FVIII levels 
1-5%) or severe (FVIII levels <1%), which is also coherent with clinical severity and 
bleeding frequency. A similar subclassification in FIX levels is applied for hemophilia B. 
[3]

Factor replacement therapy

Back in the 1950s and 1960s, whole blood and plasma transfusions were the best treatment 
options for hemophilia patients. However, large volumes needed to be administered 
to achieve appreciable increases in FVIII or FIX levels. In 1964, cryoprecipitation 
was introduced which made it possible to make freeze dried concentrates that could 
be administered in relatively small volumes. The freeze-dried concentrates became 
available on large scale and could be easily stored, leading for example to the possibility 
for treatment at home. In the late 1970s and early 1980s it became clear that all that 
time, plasma-derived products were used sometimes containing viral contamination 
with viruses that were yet to be discovered. This unfortunately resulted in many HIV 
and hepatitis C infected hemophilia patients who unknowingly administered these 
contaminated products. Due to the technical developments in the production of plasma-
derived products it became possible to eliminate viruses and pathogens and test for the 
presence of these pathogenic microbes. The risk of blood-borne virus transmission was 
thereafter strongly reduced [26]. At the same time, DNA recombination technology was 
developed to such a level that recombinant proteins could be used for human clinical use. 
In 1984, the human FVIII gene was cloned [27] and recombinant FVIII concentrates 
became commercially available in 1992 [28]. The human FIX gene was cloned in 1982 
[29], and recombinant FIX concentrates became commercially available in 1998 [30].

Inhibitor-complicated hemophilia

The main problem with factor replacement therapy, plasma derived or recombinant, is 
the development of inhibitory antibodies against the supplemented FVIII or FIX. About 
30-50% of hemophilia A patients and 1.5-3% of the hemophilia B patients develop 
inhibitors [31], making continuation of replacement therapy in these patients ineffective. 
Once an inhibitor titer is above 5 Bethesda Units (BU)/ml, bypassing agents are used to 
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treat hemophilia patients with inhibitors. First prothrombin complex concentrates (PCCs) 
were used, followed by activated PCCs, or factor eight inhibitor bypassing agent (FEIBA) 
which contains partially activated coagulation proteins. A decade later, recombinant 
factor VII became clinically available. These bypassing agents has been proven safe and 
effective for the treatment of bleeding episodes in hemophilia patient with inhibitors. The 
overall efficacy and outcome of bleeding episodes, however, were higher for recombinant 
FVIIa compared to the plasma derived FEIBA [32]. The treatment of choice is often 
based on expert opinions and personal experience, with taken individual responsiveness 
of patients into account. The treatment of inhibitor-complicated hemophilia patients has 
significantly improved by the introduction of rFVIIa.

Recombinant activated factor VII

On 24-04-1981 the first hemophilia patient was successfully treated with purified human 
plasma-derived FVIIa [33]. Another few patients subsequently received this plasma-
derived treatment. To proceed with this treatment for further clinical use of FVIIa, 
however, recombinant technology needed to be used for large scale production due to the 
low plasma concentration of FVIIa. This lead to the cloning of the human FVII gene in 
1986 [34], and its transfection in baby hamster kidney cells [35]. It was shown that the 
FVIIa produced by transfected baby hamster kidney cells is very similar to human plasma 
FVIIa [35]. The first hemophilia patient was successfully treated with recombinant FVIIa 
on 09-03-1988 [36]. Clinical studies all showed that rFVIIa is safe and effective for 
the treatment of bleeding episodes as well as for the prevention of surgical bleeding in 
inhibitor-complicated hemophilia A and B [37,38]. rFVIIa was approved in Europe in 
1996, in the United States in 1999, and in Japan in 2000.

Working mechanism of rFVIIa

During the development of rFVIIa the exact working mechanism was not yet completely 
understood. For example it was not clear why relative high plasma concentrations of 
rFVIIa are required for effective hemostasis in hemophilia patients. Research provided 
more insight in molecular mechanisms, but up till today there still is an ongoing debate 
about which working mechanism, the TF-dependent or independent, acts to enhance 
thrombin generation.

TF-dependent mechanism
Initially, it was thought that the mechanism of action of rFVIIa in hemophilia was based 
on tissue factor-dependent enhancement of thrombin generation. In 1993, results from 
an in vivo study in which non-bleeding chimpanzees received a bolus injection of rFVIIa 
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confirmed this hypothesis [39]. After rFVIIa infusion, plasma levels of the activation 
peptides of FIX and FX, and prothrombin fragment 1+2 increased. The elevations of 
these plasma markers could be abolished by infusing an inhibitory antibody against tissue 
factor just before the rFVIIa infusion. The results of these experiments provided evidence 
for the TF-dependent mechanism. However, they did not explain why relative high 
plasma concentrations of rFVIIa are required for effective hemostasis. The dissociation 
constant (Kd) of FVIIa for tissue factor is 0.5 nM, but relatively high concentrations 
of 10-20 nM of rFVIIa are needed for effective hemostasis in hemophilia patients. In 
vitro experiments with purified proteins revealed that, in the absence of FVIII, zymogen 
FVII significantly inhibits TF-initiated thrombin generation [40]. The inhibitory effect 
of FVII could be abolished by adding high concentrations (~10nM) of rFVIIa, resulting 
in thrombin generation as observed in normal plasma containing FVIII. The TF-
dependent mechanism of thrombin generation by rFVIIa was confirmed in whole blood 
models [41], and in a FVII-deficient plasma model together with a mathematical model 
simulating reactions important for FXa-generated [42]. This latter study, however, also 
found evidence for the involvement of a TF-independent mechanism of action.

TF-independent mechanism
In the early phase of development of rFVIIa it was shown that rFVIIa has an effect on the 
activated partial thromboplastin time (APTT), as it shortened the APTT after addition 
of rFVIIa. This result indicated a TF-independent mechanism to activate factor X [43]. 
Experiments using purified coagulation factors showed indeed that rFVIIa is able to 
activate FX in the presence of phospholipid vesicles and Ca2+, however at a much lower 
catalytic efficiency compared to the same reaction in the presence of TF [44].

Research done over the years confirmed a TF-independent mechanism of thrombin 
generation by rFVIIa, as FIX and FX could be activated by rFVIIa on phospholipid 
vesicles, monocytes and activated platelets independently of TF [43,45-47]. Platelets 
expose anionic phospholipids on their surface upon activation. rFVIIa is able to 
bind to these negatively charged phospholipids and subsequently generates thrombin 
independently of TF [46]. 

The need of high plasma concentrations of rFVIIa can be explained by the weak affinity 
of rFVIIa for phospholipids (Kd ~ 90nM). The explanation given by the TF-dependent 
thrombin generation theory elucidating that high doses of rFVIIa are required to 
overcome the endogenous FVII zymogen competition for TF, was rejected by results 
showing (auto) activation of zymogen FVII in the propagation phase of coagulation at 
high doses of rFVIIa [48].
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Besides the inefficient TF-independent activation of FX by rFVIIa bound to the surface 
of platelets, there are differences in binding of wild-type rFVIIa and a TF-independent 
enhanced rFVIIa variant to platelets compared to synthetic phospholipid vesicles. The 
binding to synthetic phospholipid vesicles was similar for both rFVIIa and the rFVIIa 
variant, however the binding of the rFVIIa variant was higher compared to wild-type to 
the surface of activated platelets [49]. In addition, the rFVIIa variant also bound to not 
activated platelets. Therefore it is suggested that besides negatively charged phospholipids 
other components on the platelet surface might be involved in rFVIIa-mediated 
thrombin generation. Further research from our laboratory confirmed the involvement 
of a binding protein, as we identified glycoprotein Ibα as binding protein for rFVIIa 
present on the surface of activated platelets [50]. This interaction resulted in enhanced 
TF-independent thrombin generation on the activated surface of platelets. Recently, it 
was also demonstrated that the endothelial protein C receptor (EPCR) is expressed on the 
surface of activated platelets and contributes to the localization of rFVIIa to the surface 
of activates platelets [51].

In the development to improve treatment outcomes of hemophilia patients with 
inhibitors there is accumulating evidence in favor of rFVIIa variants with increasing TF-
independent activity. In 2001, several FVIIa variants with increased intrinsic activity were 
made [52]. Two of those variants were tested in an in vitro plasma model and showed 
increased procoagulant and antifibrinolytic potential compared to wild-type rFVIIa [53]. 
These two variants, as well as an additional FVIIa variant, were also tested in vivo in a 
hemophilia A mouse model and showed increased hemostatic potential compared to wild-
type rFVIIa [54]. Eventually, one of the tested rFVIIa variants, containing three amino 
acid substitutions (vatreptacog alpha), was further developed and tested in randomized 
clinical trials in hemophilia patients with inhibitors. The results looked very promising as 
the rFVIIa variant was superior over wild-type rFVIIa in secondary outcome measures, 
including the number of doses needed to treat a bleed and sustained bleeding control 1-2 
days after the first dose [55-58]. Unfortunately, the clinical development of this rFVIIa 
variant was terminated due to the development of anti-drug antibodies.

Another rFVIIa variant, BAY 86-6150, was also in clinical development [59]. This 
variant contains six amino acid changes which resulted in increased binding to activated 
platelets as well as a prolonged half-life compared to wild-type rFVIIa. Unfortunately, 
also the clinical development of this rFVIIa variant was terminated due to development 
of antibodies to the drug. 
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Examples of other approaches to improve treatment outcomes of hemophilia patients are 
a glycoPEGylated rFVIIa variant or an albumin-fused rFVIIa variant. Both techniques 
lead to the prolongation of the plasma half-life of rFVIIa. Initial clinical results from 
the glycoPEGylated rFVIIa variant do suggest that this variant is well tolerated and safe, 
however no dose-response in inhibitor-complicated hemophilia patients was established 
and the clinical development of this product has been terminated [60,61]. The albumin-
fused rVIIa variant is in clinical development [62,63].

Mechanism of action of rFVIIa

Recombinant FVIIa enhances thrombin formation via a TF-independent mechanism, 
in which thrombin has several downstream effects such as platelet activation, fibrin 
formation and activation of TAFI as described before. Therefore the working mechanism 
of rFVIIa can be explained following these downstream effects of thrombin in hemostasis. 
First, thrombin generation by rFVIIa results in enhanced platelet activation [64,65]. 
Furthermore, thrombin also has effect on fibrin formation as well as on fibrin structure. 
The quantity and rate of thrombin generation determines the structure of the fibrin clot. 
Fibrin clots composed of thin and highly branched fibrin fibers are less susceptible to 
fibrinolysis, as fibrin clots composed of thick fibrin fibers are more prone to be lysed by 
components of the fibrinolytic system [66]. Hemophilia patients have impaired thrombin 
generation and therefore their fibrin clots consist of thick fibrin fibers and have a high clot 
permeability [67]. Hemophilia patients also have a reduced TAFI activation, resulting in 
premature fibrinolysis [68]. Addition of rFVIIa increases thrombin generation, thereby 
normalizing fibrin structure by means of thinner fibrin fibers and increasing clot stability 
by preventing premature lysing of the fibrin clot by activation of TAFI [67,69-71].

Treatment of rFVIIa

Recombinant factor VIIa (rFVIIa) has been shown in several clinical trials to be safe and 
effective for treatment of bleeding episodes in inhibitor-complicated hemophilia A and B, 
and has been registered for this purpose [72-76]. It is recommended to administer either 
an intravenous bolus injection of 90 µg/kg body weight rFVIIa repeated every second 
hour or a single injection of 270 µg/kg body weight rFVIIa. Both dosing regimens have 
been proven to be equally effective and safe in several clinical trials [77,78]. However, the 
single-dose regimen may be more convenient and may improve patient compliance, in 
particular in the setting of home therapy [79,80].
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Prophylactic treatment of rFVIIa

Besides the use of rFVIIa in the treatment of bleeding episodes in inhibitor-complicated 
hemophilia, recent clinical data demonstrated that rFVIIa is also useful to prevent 
spontaneous bleeding episodes in patients with inhibitors. In 2007, Konkle et al. 
published the first and until now only randomised controlled trial of the prophylactic use 
of 90 or 270 μg/kg body weight rFVIIa [81]. For both dose administrations a reduction 
in the number of bleeding events (27-59%) was observed during and three months after 
the prophylaxis period compared to the pre-prophylaxis period. In these studies, rFVIIa 
appeared to provide hemostatic efficacy for a time frame much longer than expected 
based on the plasma half-life. This prohemostatic effect of rFVIIa during prophylactic 
treatment is difficult to explain given its half-life of 2 hours. The mechanism of action of 
prophylactic administered rFVIIa is at present still not completely understood. In the first 
part of this thesis, mechanisms explaining the prophylactic efficacy of once-daily rFVIIa 
administration are investigated. 
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Aim of this thesis

In this thesis, coagulation factor VIIa plays a central role, in which the aim of the research 
was two-fold. First, potential working mechanisms of recombinant factor VIIa (rFVIIa, 
NovoSeven) were assessed when prophylactically administered to inhibitor-complicated 
hemophilia patients. Second, the use of FVIIa as biomarker for venous thrombosis was 
examined.

The first part of this thesis will focus on the prohemostatic effect of rFVIIa when given 
prophylactically. In chapter 2, potential mechanisms by which rFVIIa may exert a 
prolonged hemostatic effect have been investigated by administering a single bolus 
administration of rFVIIa to six non-bleeding pigs. During the time frame of prophylaxis, 
up to 48 h, plasma was collected and platelets were isolated and both were analysed for 
FVIIa levels and associated hemostatic activity. Chapter 3 describes the uptake of rFVIIa 
by megakaryocytes which subsequently produce platelets which contain hemostatically 
active rFVIIa. 

In chapter 4, the interaction and functional consequence of the binding of FIX(a), a 
homologous protein to rFVIIa, to the GPIb-IX-V receptor is described as part of an 
ongoing study in our laboratory. 

The second part of this thesis will focus on the use of coagulation factor VIIa as biomarker 
for venous thrombosis. In chapter 5, the initiating trigger of coagulation activation after 
air-travel has been investigated. Blood was drawn from individuals before, during, and 
after an 8 h flight, movie marathon or daily life routine and FVII(a) activity and antigen 
levels were measured and used as biomarker for extrinsic coagulation activation. In 
chapter 6, the initiating trigger of venous thrombosis has been investigated. Patients with 
acute deep venous thrombosis and controls were included, and antigen levels of FVII and 
FVIIa were measured to identify the role of the TF pathway.   

In chapter 7, the results described in this thesis are discussed in a broader perspective, 
including the meaning for both patient and physician in clinical practice. Recommendations 
for future research are given.
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Abstract

Background: Recombinant factor VIIa (rFVIIa) is registered for treatment of inhibitor-
complicated haemophilia, and a once-daily prophylactic administration of rFVIIa is 
successful in reducing the number of bleeding events. This suggests that a single rFVIIa 
dose has a pro-haemostatic effect up to 24 hours (h), which is difficult to explain given its 
half-life of 2 h. Methods: In this study, six pigs received a 90 μg/kg rFVIIa bolus. Plasma 
was collected and platelets were isolated at various time-points up to 48 h, and analysed 
for FVIIa levels and associated haemostatic activity. Results: Elevated plasma FVIIa levels 
were detected up to 24 h post-administration (36 (32-56) mU/ml [median (interquartile 
range [IQR]), 24 h] vs 2 (2-14) mU/ml [baseline]). Corresponding prothrombin time 
(PT) values remained shortened compared to baseline until 24 h post-administration 
(9.4 (9.3-9.9) seconds (s) [24 h] vs 10.5 (10.2-11.0) s [baseline], p≤0.01). The lag time 
in thrombin generation testing as well as clotting times in plasma-based assays were 
shortened up to 12 or 24 h post-administration, respectively (lag times 1.8 (1.7-2.1) 
minutes (min) [12 h] vs 2.3 (2.3-2.6) min [baseline], p≤0.01 and clotting times 3.8 
(3.2-3.9) min [24 h] vs 5.2 (4.6-5.5) min [baseline], p≤0.001). Platelet FVIIa levels were 
elevated up to 48 h (7.7 (3.4-9.0) ng VIIa/mg actin [48 h] vs 2.5 (0.7-4.8) ng VIIa/mg 
actin [baseline]). Conclusion: Elevated and haemostatically active plasma and platelet 
FVIIa levels are detectable up to 24-48 h following rFVIIa administration in pigs. This 
prolonged pro-haemostatic effect of FVIIa may explain the prophylactic efficacy of a 
once-daily rFVIIa treatment.



35

2

Introduction

Recombinant factor VIIa (rFVIIa) has been shown in several clinical trials to be safe 
and effective for treatment of bleeding episodes in inhibitor-complicated haemophilia 
A and B, and has been registered for this purpose [1-5]. Infusion of rFVIIa results in 
enhanced local thrombin generation by both tissue factor-dependent and -independent 
mechanisms [6]. Enhanced thrombin generation by rFVIIa not only accelerates the 
formation of fibrin, but also results in enhanced platelet activation and inhibition of 
fibrinolysis [7,8]. These combined mechanisms may be responsible for the mechanism of 
action of rFVIIa in haemophilia.

Besides the use of rFVIIa in the treatment of bleeding episodes in inhibitor-complicated 
haemophilia, it has been repeatedly demonstrated that the prophylactic administration 
of rFVIIa is successful in reducing the number of bleeding events (reviewed in [[9,10]]). 
In 2007, Konkle et al. published the first and until now only randomised controlled 
trial of the prophylactic use of 90 or 270 μg/kg body weight rFVIIa [11]. For both dose 
administrations a reduction in the number of bleeding events (27-59%) was observed 
during and three months after the prophylaxis period compared to the pre-prophylaxis 
period. In 2012, Young et al. performed a retrospective observational study on the daily 
practice of clinicians worldwide when applying prophylaxis with rFVIIa [12]. The study 
confirmed a reduction of bleeding episodes of 50% by rFVIIa prophylaxis. rFVIIa has 
also been shown to be effective for prevention of spontaneous bleeding episodes and 
as prophylactic agent during surgery in patients with a congenital factor VII deficiency 
[13,14]. In these studies, rFVIIa also appeared to provide haemostatic efficacy for a time 
frame that is much longer than expected based on the plasma half-life.

Taken together, these clinical studies suggest that a single dose of rFVIIa has a pro-
haemostatic effect up to 24 hours (h). The efficacy of rFVIIa during this time frame 
of prophylaxis is difficult to explain given its half-life of 2 h. The mechanism of action 
of prophylactically administered rFVIIa is still incompletely understood. The literature 
suggests two possible mechanisms which could explain the prolonged haemostatic effect 
of rFVIIa. First, the prolonged prophylactic effect of rFVIIa may be explained by the 
distribution of rFVIIa into the extravascular space, such as various tissues and bone joints 
[15-18]. This extravascular rFVIIa remains haemostatically active, and may be sufficient 
to raise the local haemostatic potential to such an extent that bleeding can be prevented. 
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A second possible mechanism regards internalisation and storage of rFVIIa by platelets 
[19], which may potentially prolong the rFVIIa half-life. Platelets that have taken up 
rFVIIa in vitro were shown to have increased haemostatic capacity as demonstrated by 
flow-based whole blood assays and thromboelastography [19]. 

To assess potential mechanisms by which rFVIIa may exert a prolonged haemostatic 
effect, we administered a 90 μg/kg body weight bolus administration of rFVIIa to non-
bleeding pigs. During the time frame of prophylaxis, up to 48 h, plasma was collected 
and platelets were isolated and both analysed for FVIIa plasma and platelet levels and 
associated haemostatic activity.

Materials and methods

Study design

Six adult pigs, 80.5 (78.8-82.3) kg [median (interquartile range [IQR])], received a 90 
μg/kg body weight bolus injection of rFVIIa (NovoSeven, Novo Nordisk, Bagsvaerd, 
Denmark), and were followed up for 24 h (n = 3) or 48 h (n = 3). The study was powered 
to detect a 25% difference in rFVIIa half-life in plasma compared to platelets, assuming 
an equal variance in plasma and platelet half-life. Blood was drawn into 3.4% sodium 
citrate (9:1, v/v) at baseline and at 5, 15, 30 min, 1, 2, 4, 6, 8, 12, 16, 24, and 48 h 
post-administration. All samples were successfully collected and processed, except for 
samples of two pigs at 24 h post-administration. Animal welfare was in accordance with 
institutional guidelines of the University of Groningen, and the experiment was approved 
by the local institutional Animal Care and Use Committee.

Plasma samples and platelet preparation

Blood samples were stored at room temperature for a maximum of 1 h after blood 
collection. Blood samples were centrifuged at 200 g for 15 min at room temperature to 
obtain platelet-rich plasma (PRP). To prevent platelet activation and aggregation during 
the platelet isolation, 10% v/v of acid citrate dextrose (ACD) and the prostaglandin 
analogue iloprost (final concentration of 10 ng/ml) were added to the PRP. Subsequently, 
the PRP was centrifuged at 500 g for 15 min at room temperature, and the platelet pellet 
was resuspended in Hepes-Tyrode buffer (10 mM HEPES [N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid], 145 mM NaCl, 5 mM KCl, 0.6 mM NaH2PO4·H2O, 1.0 
mM MgSO4·7 H2O, 5 mM D-glucose, 0.1% w/v bovine serum albumin (BSA), pH 6). 
ACD and iloprost were added to prevent platelet activation during the following washing 
step. The platelets were centrifuged at 500 g for 15 min at room temperature, and the 
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platelet pellet was resuspended in a small volume of Hepes-Tyrode buffer. Platelet lysates 
were obtained by freeze-thawing the samples twice, and the samples were subsequently 
centrifuged at 20,000 g for 10 min at 4°C. Platelet-poor plasma (PPP) was obtained by 
double centrifugation at 2,000 g and 10,000 g both for 10 min at room temperature. The 
platelet lysates and PPP samples were snap-frozen and stored at -80°C until use. 

Plasma FVIIa activity

Plasma FVIIa levels (FVIIa:C) were measured using a commercially available kit according 
to manufacturer’s instructions (STACLOT VIIa-rTF, Diagnostica Stago, Asnieres, 
France). This assay is based on the use of recombinant soluble tissue factor (rsTF) which 
can no longer activate FVII to its activated form, while retaining the ability to serve as 
cofactor for the FVIIa-catalysed activation of FX. A one-phase exponential decay curve 
fitting was applied to calculate the FVIIa plasma half-life, using the GraphPadPrism 
software package (Graphpad Software, Inc., La Jolla, CA, USA).

Prothrombin time

The prothrombin time (PT) was measured on an automated coagulation analyser  
(Behring Coagulation System, BCS) using the manufacturer’s reagents and protocols 
(Siemens Healthcare Diagnostics, Marburg, Germany). 

Thrombin generation assay (TGA)

Plasma haemostatic potential was determined by in vitro thrombin generation using 
calibrated automated thrombography and the manufacturer’s reagents and protocols 
(Thrombinoscope B.V., Maastricht, the Netherlands). Specifically, low PPP-reagent 
containing TF (final concentration 1 pM) and phospholipids (final concentration 4 μM) 
was used. The thrombograms were measured in a 96-well plate fluorometer (Fluoroskan 
Ascent Microplate Fluorometer, Thermo Fisher Scientific Inc., Waltham, MA, USA).

Plasma-based microtitre plate clotting assay

Coagulation was studied by monitoring changes in turbidity during clot formation in 
a 96-well microtitre plate (Immulon 2HB flatbottom microtitre plates, Thermo Fisher 
Scientific Inc., Waltham, MA, USA). A mixture of TF (Innovin [Siemens Healthcare 
Diagnostics], final dilution 105 times), CaCl2 (final concentration of 10 mM) and 
phospholipid vesicles (final concentration of 10 μM) in a volume of 50 μl Hepes buffer 
(25 mM HEPES, 137 mM NaCl, 3.5 mM KCl, pH7.4) was added to 50 μl of citrated 
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plasma in a microtitre plate, and thoroughly mixed. Clot formation was followed by 
monitoring changes in turbidity at 405 nm over time at 37°C in a VersaMax Microplate 
Reader using SoftMax Pro software (Molecular Devices, Sunnyvale, CA, USA). Clotting 
time was defined as the midpoint of clear-to-maximum-turbid transition.

Microtitre plate clotting assay to estimate FVIIa levels in platelet lysates

The FVIIa activity in platelet lysates was studied by the microtitre plate clotting assay 
as described in the previous paragraph with a few adaptations. In short, 5 μl of platelet 
lysate sample was added to 50 μl FVII-deficient plasma (Haematologic Technologies, 
Inc., Essex Junction, VT, USA). Coagulation was initiated by adding 50 μl of a mixture 
of TF, CaCl2, and phospholipid vesicles in Hepes buffer to the plasma, and this was 
mixed thoroughly. Clot-formation was followed by monitoring changes in turbidity at 
405 nm over time at 37°C and clotting times were determined as the midpoint of clear-
to-maximum-turbid transition. A calibration curve of rFVIIa was used to convert clotting 
times to FVIIa concentrations, which were normalised for actin levels of corresponding 
samples. Platelet FVIIa levels in all samples were determined at two separate occasions 
and the mean of these two assays was used.

Actin levels of platelet lysate samples

Actin levels were determined as previously described [20] with minor adjustments. In 
short, 2 μg/ml of a monoclonal antibody to actin (MAB1501R, Millipore, Billerica, MA, 
USA) in phosphate buffered saline (PBS, 10 mM Na2HPO4, 3.2 mM KH2PO4, 120 mM 
NaCl, pH 7.2) was coated in a 96-well plate at 4°C overnight. The next day the plate 
was washed with 0.1% v/v Tween/PBS and subsequently blocked for 2 h with 3% w/v  
BSA/PBS. Samples were diluted in 3% w/v BSA/PBS and incubated for 1 h at 37°C. 
The plate was washed before addition of 800 ng/ml of a biotinylated chicken anti-actin 
antibody (MAB1501R, Chemicon (Millipore), biotinylation kit (Pierce, Rockford, IL, 
USA)) which was incubated for 1 h at 37°C. After washing, 1:200 streptavidin conjugated 
to HRP (Dako, Glostrup, Denmark) was added and incubated for 30 min at 37°C. After 
washing, TMB substrate (Sigma-Aldrich, Zwijndrecht, the Netherlands) was added and 
the reaction was stopped by adding 1 M H2SO4. Colour intensity was measured using a 
VersaMax Microplate Reader, and translated to actin levels using a calibration curve of 
known concentrations of actin (APHL-95, Cytoskeleton, Denver, CO, USA).
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Statistical analysis

To evaluate differences between measurements at various time points post-administration 
and the pre-administration (baseline) measurement, a linear mixed effect model was used. 
This model takes the correlation between the repeated measurements within a single pig 
into account. P-values ≤0.05 were considered statistically significant. All analyses were 
performed using the statistical software package SPSS 20.0 (SPSS Inc., Chicago, IL, 
USA).

Results

Plasma FVIIa levels remain elevated up to 24 h post-administration

When rFVIIa was administered to non-bleeding pigs, plasma FVIIa levels reached a 
maximum level at 5 min post-administration (30306 (29730-31248) mU/ml [median 
(interquartile range [IQR])]) and decreased to pre-administration levels over time with 
a half-life of 2 h (Figure 1). Elevated plasma FVIIa levels were detected up to 24 h post-
administration (36 (32-56) mU/ml at 24 h vs 2 (2-14) mU/ml at baseline), although 
differences measure beyond 6 h did not reach statistical significance.

Figure 1 FVIIa levels of pig plasma samples at various time-points post-administration of a 
90 µg/kg body weight bolus injection of rFVIIa were measured using the STACLOT VIIa-rTF 
assay. FVIIa levels are expressed as mU/ml, in which 30 mU is equivalent to 1 ng FVIIa. Shown 
are medians, and error bars indicate  IQRs. ***p≤0.001, *p≤0.05 vs baseline measurement.
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Enhanced plasma haemostatic potential throughout the time frame of 
rFVIIa prophylaxis

To assess plasma haemostatic potential, plasma samples were analysed using a PT, in vitro 
thrombin generation, and a plasma-based microtitre plate clotting assay. Immediately 
after administration of rFVIIa, PT values decreased and remained shortened compared to 
baseline until 24 h post-administration (9.4 (9.3-9.9) s at 24 h vs 10.5 (10.2-11.0) s at 
baseline, p≤0.01), as shown in Figure 2. However, the clotting times remained shortened 
compared to baseline even at 48 h post-administration (10.0 (9.9-10.0) s at 48 h vs 10.5 
(10.2-11.0) s at baseline), although the difference at the 48h time-point did not reach 
statistical significance. 

Figure 2 Prothrombin times of pig plasma samples at various time-points post-administration 
of a 90 µg/kg body weight bolus injection of rFVIIa. Shown are medians, and error bars 
indicate IQRs. ***p≤0.001, **p≤0.01 vs baseline measurement.

In addition, the plasma haemostatic potential was assessed by in vitro thrombin 
generation. Lag times derived from the thrombin generation curves are shown in Figure 
3. In post-administration plasma samples, lag times were significantly shortened up to 12 
h post-administration (1.8 (1.7-2.1) min vs 2.3 (2.3-2.6) min at baseline, p≤0.01), but 
only returned to pre-administration levels at 48 h.

Finally, plasma haemostatic potential was estimated by a plasma based microtitre plate 
clotting assay, of which the results are shown in Figure 4. Immediately after rFVIIa 
administration the clotting time decreased and remained shortened until 24 h post-
administration (3.8 (3.2-3.9) min vs 5.2 (4.6-5.5) min at baseline, p≤0.001). However, the 
clotting times remained shortened compared to baseline even at 48 h post-administration 
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(4.3 (4.0-5.0) min at 48 h vs 5.2 (4.6-5.5) min at baseline), although the difference at the 
48 h time point did not reach statistical significance.

Figure 3 Pig plasma samples at various time-points post-administration of a 90 µg/kg body 
weight bolus injection of rFVIIa were tested in thrombin generation assays. Shown are  
medians, and error bars indicate IQRs. ***p≤0.001, **p≤0.01 vs baseline measurement.

Figure 4 Pig plasma samples at various time-points post-administration of a 90 µg/kg body 
weight bolus injection of rFVIIa were tested in a plasma-based microtitre plate clotting  
assay. Clotting time was defined as the midpoint of clear-to-maximum-turbid transition. 
Shown are medians, and error bars indicate IQRs. ***p≤0.001 vs baseline measurement.
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Elevated levels of functionally active rFVIIa in platelet lysates throughout 
the time frame of prophylaxis

Concentrations of FVIIa in platelet lysates were determined using a microtitre plate 
clotting assay using FVII-deficient plasma. Prior to administration of rFVIIa, detectable 
levels of FVIIa were present in pig platelets (2.5 (0.7-4.8) ng FVIIa/mg actin). Immediately 
after administration of rFVIIa, levels of FVIIa substantially increased to a maximum of 
7.5 (5.5-19.7) ng FVIIa/mg actin as shown in Figure 5. FVIIa levels in the platelet lysates 
remained elevated compared to baseline levels throughout the experiment (up to 48 h 
post-administration; 7.7 (3.4-9.0) ng FVIIa/mg actin at 48 h vs 2.5 (0.7-4.8) ng VIIa/mg 
actin at baseline), although differences did not reach statistical significance.

Figure 5 FVIIa levels measured in pig platelet lysate samples at various time-points post-
administration of a 90 µg/kg body weight bolus injection of rFVIIa. FVIIa levels were 
normalised for actin levels to correct for enumeration differences between samples. Shown 
are medians, and error bars indicate IQRs. ***p≤0.001 (t = 5 min), **p≤0.01 (t = 15 min, 4 h), 
*p≤0.05 (t = 30 min, 1 h, 16 h) vs baseline measurement.
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Discussion

The present study shows elevated levels of FVIIa in plasma and platelet lysates up to 24 
or 48 h post-administration of a 90 μg/kg body weight bolus injection of rFVIIa in non-
bleeding pigs. Small but detectable amounts of FVIIa are present in plasma at the end of 
the time frame of prophylaxis. Importantly, these low levels of FVIIa detected at the end 
of the time frame of prophylaxis are still haemostatically active as shown by three distinct 
functional tests. In addition, low but detectable levels of FVIIa were found in platelet 
lysates using a functional assay. 

It has been reported previously that small amounts of FVIIa remain detectable in plasma 
for 20-24 h post injection in non-bleeding healthy human subjects. In addition it has been 
demonstrated that the results of clotting tests such as the PT remain shortened for this 
time frame up to 24 h after rFVIIa injection in these individuals [21,22]. Furthermore, 
FVIIa plasma levels appear elevated compared to baseline in patients with haemophilia at 
12 h post-injection [23,24]. Also in these haemophilia patients who experience bleeding 
episodes, the PT was shortened compared to baseline up to 12 h after a 70 μg/kg infusion 
of rFVIIa [24]. However, the authors of these previous studies did not interpret these low 
levels of FVIIa which are still present hours after the infusion as being clinically relevant. 

Lopez-Vilchez et al. showed the in vitro redistribution of rFVIIa into platelets [19], and 
our study is to our knowledge the first study to show an increase in FVIIa levels in platelet 
lysates following rFVIIa administration suggesting in vivo uptake of rFVIIa by platelets. 
The half-life of FVIIa taken up by platelets appears to exceed the plasma half-life, which 
means that the uptake of FVIIa by platelets protects FVIIa against clearance from the 
circulation. Although the platelet FVIIa levels are low, they may be in particular of 
importance when plasma FVIIa levels are low at the end of the time frame of prophylaxis. 
At that point in time, local activation of platelets with concomitant release of platelet 
FVIIa may result in a locally elevated FVIIa concentration.

Taken together, we postulate that both the low levels of FVIIa circulating in the plasma 
and internalised rFVIIa in platelets hours after a bolus injection of rFVIIa are responsible 
for the prevention of bleeding episodes in inhibitor-complicated haemophilia. We 
propose that much lower plasma levels of rFVIIa are required for prevention of bleeding 
than is required for treatment of active bleeds. Although it has been well established 
that treatment of bleeding episodes in patients with haemophilia requires peak plasma 
levels of at least 8-12 nM (20-30 IU/ml) [25], the minimal dose of rFVIIa required 
for prevention of bleeding is unknown. However, the clinical efficacy of a once-daily 
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prophylactic regimen suggests that the FVIIa concentration required for prevention of 
bleeding may be orders of magnitude lower. Studies to substantiate this hypothesis will be 
difficult to accomplish in animal models given the lack of spontaneous joint and muscle 
bleeding, but studies in haemophilia patients may be feasible. Prophylactic studies in 
humans using continuous or semi-continuous infusion of a mini dose of rFVIIa resulting 
in low but detectable rFVIIa plasma levels would show whether our hypothesis is correct. 
Such a study may, for example, be achieved using subcutaneous infusion with an insulin 
pump. Subcutaneous administration of rFVIIa has been demonstrated to be feasible in 
haemophilia patients [26]. In case such a continuous or semi-continuous infusion of a 
mini dose of rFVIIa is as effective in preventing bleeding as a once-daily 90 μg/kg dosage, 
this may lead to significant cost reductions. 

Although we confirmed and extended previous data on the prolonged presence of 
rFVIIa in plasma, and are the first to demonstrate in vivo uptake of rFVIIa by platelets, 
our approach obviously has limitations. First, we studied effects of human rFVIIa in a 
pig model, and although the clearance of plasma rFVIIa in terms of half-life appears 
very similar in pigs compared to humans, effects of species incompatibility on our 
analyses cannot be fully ruled out. Second, we studied haemostatic effects of rFVIIa in 
haemostatically competent and non-bleeding animals. Although we observed clear effects 
of rFVIIa infusion on thrombin generation lag time and clot formation time, rFVIIa did 
not enhance total thrombin generation (data not shown), which is likely already optimal 
in pigs with a fully competent haemostatic system. Studies on the haemostatic effects of 
low plasma concentrations of rFVIIa in models of haemophilia are required, and effects 
in haemophilia models in which spontaneous bleeding occurs are desirable. Third, in this 
study we did not assess the in literature mentioned potential other mechanism which 
may explain the prophylactic efficacy of a once-daily rFVIIa regimen (accumulation of 
rFVIIa in extravascular compartments), but this possibility will be explored and reported 
elsewhere. Finally, the number of animals used in this study was limited which necessitates 
cautious interpretation of the statistical analyses. 

In conclusion, we propose that the low, but haemostatically active, FVIIa plasma and 
internalised rFVIIa platelet levels present hours after a 90 μg/kg infusion could explain 
the haemostatic efficacy of a once-daily prophylactic regimen in humans. Further study is 
required to elucidate whether the success of a once-daily prophylactic regimen of rFVIIa 
is due to a low plasma maintenance level of FVIIa which is sufficient to prevent bleeding 
in patients with inhibitor-complicated haemophilia, or whether other mechanisms are 
involved.
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Abstract

Background: A once-daily prophylactic administration of recombinant factor VIIa  
(rFVIIa) has been shown to reduce the number of bleeding events in patients with 
inhibitor-complicated hemophilia, which is difficult to explain given its plasma half-
life of 2 hours. Redistribution of rFVIIa into the extravascular space, including the 
accumulation of rFVIIa in megakaryocytes has been previously demonstrated, which 
may explain the prophylactic effect of once-daily rFVIIa prophylaxis in hemophilia 
patients. Objective: We studied the uptake of rFVIIa by cultured megakaryocytic cells, 
and assessed whether platelet-like particles produced from these cells contain functionally 
active rFVIIa. Methods: Cultured megakaryocytes (MEG-01 cells) were differentiated 
with valproic acid and subsequently incubated with rFVIIa. Cells were either harvested or 
stimulated to produce platelet-like particles (PLPs). Results: rFVIIa is taken up by MEG-
01 cells, and rFVIIa endocytosis was critically dependent on the endothelial protein C 
receptor. When stimulated, MEG-01 cells produced rFVIIa-containing PLPs, whereas 
rFVIIa is no longer detected in the remnant megakaryocytes. The MEG-01 cell-derived 
PLPs contained relevant quantities of functionally active rFVIIa, as shown by accelerated 
lag times and increased thrombin peaks in thrombin generation assays using NPP,  
FVII- or FVIII deficient plasma when compared to MEG-01 cell-derived PLPs that had 
not been exposed to rFVIIa. Conclusion: Cultured megakaryocytes endocytose rFVIIa in 
an endothelial protein C-dependent manner. rFVIIa within megakaryocytes is transferred 
to platelet-like particles, and these PLPs contain functionally active rFVIIa. The (delayed) 
generation of rFVIIa-containing platelets may (partly) explain the efficacy of once-daily 
rFVIIa prophylaxis in patients with inhibitor-complicated hemophilia.
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Introduction

Recombinant factor VIIa (rFVIIa) has been shown to be safe and effective for the 
treatment of bleeding episodes or prevention of surgical bleeding in inhibitor-complicated 
hemophilia A and B [1,2]. In addition to the treatment of bleeding episodes, recent clinical 
data demonstrated that rFVIIa is also useful to prevent spontaneous bleeding episodes in 
patients with inhibitors [3]. A once-daily prophylactic administration of rFVIIa has been 
shown to reduce the number of bleeding events [3,4]. Surprisingly, one study showed that 
the reduction in bleeding events persisted after the study period of rFVIIa prophylaxis 
had ended [3]. The prohemostatic effect of rFVIIa during prophylactic treatment, and 
its apparent effect after cessation of prophylaxis, is difficult to explain given its plasma 
half-life of 2 hours. 

In literature, four mechanisms explaining the prophylactic efficacy of a once-daily rFVIIa 
administration have been proposed. First, although the half-life of rFVIIa is ~2 hours, 
detectable hemostatic activity is still present 24 hours after infusion [5], and it may be 
that prevention of bleeding requires much lower plasma levels of rFVIIa than required for 
treatment of bleeding. Second, rFVIIa was shown to improve endothelial cell permeability 
in a mouse model of hemophilia [6], which may be relevant in prevention of bleeding. 
Third, rFVIIa can be taken up by platelets, which extends its circulating half-life [5,7]. 
Importantly, rFVIIa which is taken up by platelets remains hemostatically active. Fourth, 
rFVIIa has been shown to enter the extravascular space, with subsequent accumulation 
in various tissues in a rat and mouse models [8-10]. Accumulation of rFVIIa in bone and 
joints may explain the prophylactic activity of rFVIIa. Alternatively, rFVIIa may leak 
back into circulation from these extravascular storage sites. One study suggested that 
rFVIIa was taken up by megakaryocytes within the bone marrow [10].   

We hypothesize that those megakaryocytes that have taken up rFVIIa will produce  
rFVIIa-containing platelets, which will be another way in which rFVIIa may become 
present in circulation at time points distant from initial infusion. Here we examined 
uptake of rFVIIa by cultured megakaryocytic cells, and assessed whether platelet-like 
particles produced from these cells contain functionally active rFVIIa.

Methods

Cell culture 

The megakaryoblastic cell line MEG-01 was cultured and differentiated by valproic acid 
as described earlier [11]. After at least 10 days of differentiation, different concentrations 
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of rFVIIa were added to the culture medium and after 2 h, MEG-01 cells were either 
harvested or stimulated to produce platelet-like particles (PLPs) by addition of 100 ng/ml 
recombinant human thrombopoietin (rTPO) (Life Technologies, Carlsbad, CA, USA) 
for 3 days. Cells or PLPs were harvested by centrifugation, washed, and lysed by freeze-
thawing the samples twice. 

Microtitre plate clotting assay to estimate rFVIIa levels in MEG-01 and 
PLP lysates

FVIIa activity in MEG-01 and PLPs lysates was studied by a microtitre plate clotting 
assay as described earlier [5]. A calibration curve of rFVIIa was used to convert clotting 
times to rFVIIa concentrations. rFVIIa levels were normalized for total protein content of 
the samples to correct for enumeration differences between samples using the Pierce BCA 
protein assay kit (Thermo Scientific, IL, USA).

Flow cytometry

Differentiated MEG-01 cells were detached with 5mM (w/v) EDTA in phosphate-buffered 
saline (PBS) and stained for endothelial protein C receptor (EPCR) or glycoprotein Ibα 
using 10 µg/ml R-Phycoerythrin-labeled rat anti-human CD201 antibody (EPCR, clone 
RCR-401, Biolegend, San diego, CA, USA) or 156 µg/ml R-Phycoerythrin-labeled 
monoclonal mouse anti-human CD42b (GPIb, clone AN51, Dako Denmark, Glostrup, 
Denmark) for 20 min at 37°C. 

Isolated PLPs were fixed with 2% (v/v) formaldehyde in 0.9% NaCl for 10 min at room 
temperature. In selected experiments, PLPs were permeabilized with 0.1% (v/v) triton 
X-100 in PBS for 10 min at room temperature. After washing, samples were stained for 
rFVIIa using 10 µg/ml monoclonal mouse anti-human FVII (ABIN951602, clone AA-3, 
antibodies-online, Germany) for 1 h at room temperature followed by 10 µg/ml Alexa 
Fluor 488-labeled goat anti-mouse antibody (A-11001, Life Technologies, Carlsbad, CA, 
USA) for 30 min at room temperature. Flow cytometry data acquisition was performed 
using FlowJo X (TreeStar, Ashland, OR, USA). 

Thrombin generation assay 

PLPs were counted using a MACS Quant flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA) and added to normal pooled plasma (NPP), FVII- or FVIII deficient plasma 
(Haematologic Technologies, Inc., Essex Junction, VT, USA) at a final concentration of 
10.000 PLPs/µl plasma. Calibrated automated thrombography using the manufacturer’s 
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reagents (Thrombinoscope PRP reagent) and protocols (Thrombinoscope B.V., 
Maastricht, the Netherlands) was performed. 

Immunofluorescence staining

MEG-01 cells or isolated PLPs were permeabilized with 0.1% (v/v) triton X-100 in 
PBS for 10 min at room temperature, and stained with 5 μg/ml monoclonal mouse 
anti-human FVII followed by 5 μg/ml Alexa Fluor 488 goat anti-mouse antibody. 
MEG-01 cell samples were counterstained with 4 units/ml Alexa Fluor 594 phalloidin 
(A12381, Life Technologies, Carlsbad, CA, USA) which stains F-actin. This staining was 
used to indicate the cell membrane, but for clarity the staining itself is not shown in 
the figures. All samples were fixed using Vectashield Hardset mounting medium with  
4′, 6-Diamidine-2′-phenylindole dihydrochloride (DAPI) which stains DNA and is used 
to stain the nuclei (Vector Laboratories Inc., CA, USA). Imaging was performed on a 
Leica DMI4000B LED. Images were captured using Leica Application Suite Advanced 
Fluorescence software (LAS AF). Image processing was performed using Imaris 7.1.1 
(Bitplane Scientific Software, Zurich, Switzerland).

Statistical analysis

To evaluate differences in parameters derived from thrombin generation tests, paired 
t-tests were used. To evaluate differences in rFVIIa content of MEG-01 cells in absence 
or presence of blocking agents, one-way analyses of variance with Dunnett’s post-test 
was used. P values ≤0.05 were considered statistically significant. Statistical analyses were 
performed using the GraphPad Prism 5.1 Software package (La Jolla, CA, USA).

Results and discussion

To investigate uptake of rFVIIa by differentiated MEG-01 cells, cells were incubated with 
different rFVIIa concentrations (0-100 nM). After 2 hours of incubation, MEG-01 cells 
were either harvested or stimulated to produce PLPs. rFVIIa was dose-dependently taken 
up by MEG-01 cells (Fig. 1A). After 3 days of rTPO stimulation, hardly any rFVIIa 
was detected in the MEG-01 cells (Fig. 1B). In contrast, the PLPs produced from these 
MEG-01 cells contained appreciable amounts of rFVIIa (Fig. 1C). 

To confirm that rFVIIa is taken up by MEG-01 cells (and not just associates with the 
cell), we stained MEG-01 cells for rFVIIa. Analysis by fluorescent microscopy showed 
ubiquitous presence of rFVIIa within the vast majority of cells (80-90%) in an apparent 
punctuate pattern at 2 hours after addition of rFVIIa to the culture medium (Fig. 1D i), 
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whereas no staining was detected in cells that had not been exposed to rFVIIa (Fig 1D 
ii). After 3 days of rTPO stimulation, no rFVIIa staining was detected in the MEG-01 
cells (Fig. 1D iii). The MEG-01 cell-derived PLPs harvested at day 3, however, did stain 
positive for rFVIIa (Fig 1D iv). We also used flow cytometry for rFVIIa in presence or 
absence of cell permeabilisation to confirm the presence of rFVIIa within PLPs. rFVIIa 
was predominantly localized within the PLP as 55.6% ± 11.3% [mean ± SD, n = 3] of 
permeabilized cells stained positive for rFVIIa, as compared to 19.9% ± 5.1% [mean ± 
SD, n = 3] of non-permeabilised cells (Fig. 1E).

rFVIIa within PLPs is hemostatically active, as levels were determined in PLP lysates 
with a functional coagulation assay (Fig 1C). To determine whether this functionally 
active rFVIIa contributes to hemostasis in a plasma environment, we performed in vitro 
thrombin generation measurements using plasma to which intact PLPs were added. 
Addition of rFVIIa-containing PLPs resulted in a profound shortening of the lag time of 
the thrombin generation curve in normal, FVII- and FVIII- deficient plasma, compared 
to addition of PLPs generated from MEG-01 cells that had not been exposed to rFVIIa 
(Fig. 1F). rFVIIa-containing PLPs also had a slightly but significantly increased peak 
thrombin generation compared to control PLPs (Fig. 1G). Previous studies have shown 
hemostatically active rFVIIa within platelets after rFVIIa endocytosis by platelets in vitro 
or in vivo [5,7]. In addition, ectopic expression of FVIIa in platelets resulted in correction 
of the bleeding phenotype in a mouse model of hemophilia A [12], which again showed 
that rFVIIa remains hemostatically active within the platelet cytoplasm despite the 
presence of inhibitors such as TFPI in the platelet [13].

We next assessed the mechanism of uptake of rFVIIa by MEG-01 cells. We hypothesized 
a role for negatively charged phospholipids, GPIbα and EPCR, which are all known 
binding partners for rFVIIa [14-16]. GPIbα was hardly detected on the surface of 
differentiated MEG-01 cells; 2.5% ± 0.6% [mean ± SD, n = 3] of cells stained positive 
for GPIbα (Fig. 2A). In contrast, EPCR was abundantly present on MEG-01 cells with 
positive staining on 73.2% ± 11.8% [mean ± SD, n =3] of cells (Fig. 2B), which has to 
our knowledge not been reported before. Uptake of rFVIIa was not affected by Annexin 
A5 excluding a role for negatively charged phospholipids in rFVIIa uptake, but a 76.0 
± 8.7% [mean ± SD] reduction of rFVIIa uptake was observed in the presence of an 
antibody to EPCR (Fig. 2C). Immunofluorescent staining of rFVIIa confirmed these 
results (Fig. 2D). 

The present study shows a dose-dependent uptake of rFVIIa by MEG-01 cells in vitro. 
Stimulation of these MEG-01 cells with rTPO resulted in the production of platelet-like 
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particles containing functionally active rFVIIa. Interestingly, 3 days after rFVIIa addition 
to the culture medium, rFVIIa is almost exclusively present in PLPs, suggesting selective 
transfer of rFVIIa to platelet-like particles. Active selection of agents to be transferred to 
platelets in the process of megakaryocyte maturation has been previously demonstrated 
as megakaryocytes transfer some, but not all, mRNA species examined to platelets [17]. 

Uptake of rFVIIa by megakaryocytes was critically dependent on EPCR, which we, to 
our knowledge, for the first time identify on megakaryocytes. EPCR thus appears to 
fulfill multiple critical features in the mode of action of rFVIIa, including enhancement 
of hemostatic activity in the intravascular space [18], improvement of endothelial barrier 
function [6], transport of rFVIIa to extravascular sites [19], and uptake by megakaryocytes 
in the bone marrow (this study). These interactions may be relevant in the (prophylactic) 
efficacy of rFVIIa variants. Specifically, glycoPEGylated rFVIIa which has a prolonged 
half-life, does not bind to EPCR but activation of FX was not impaired compared to 
unmodified rFVIIa [20]. Initial clinical results do suggest this rFVIIa variant to be well 
tolerated and safe, however no dose-response in inhibitor-complicated hemophilia 
patients was established and the clinical development of this product has been terminated 
[21].

We assessed rFVIIa levels in PLP lysates using a functional assay and found functionally 
active rFVIIa in PLPs generated from MEG-01 cells which were exposed to rFVIIa 3 
days before. Although we have not assessed the exact location of rFVIIa within PLPs, the 
staining pattern suggests it to be stored in granules. Indeed, when added to normal, FVII- 
or FVIII deficient plasma, FVIIa-containing PLPs showed enhancement of thrombin 
generation, suggesting exocytosis of rFVIIa from these PLPs. Whether rFVIIa in platelet-
like particles does not encounter inhibitors (such as TFPI and AT) or whether the rFVIIa 
we measure in our assay only represents a fraction of total rFVIIa in platelet-like particles, 
with the remainder being in complex with an inhibitor requires further study.

Taken together, we demonstrate EPCR-dependent uptake of rFVIIa by megakaryocytes 
with subsequent production of rFVIIa-containing ‘prohemostatic’ platelets. Whether 
this mechanism acts in vivo requires further study, but delayed generation of rFVIIa-
containing platelets appears a plausible mechanism to partly explain the efficacy of once-
daily rFVIIa prophylaxis in inhibitor-complicated hemophilia patients.
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Figure 1 Dose-dependent uptake of rFVIIa by MEG-01 cells with subsequent production of 
PLPs containing functionally active rFVIIa. (A-C) rFVIIa was added in different concentrations 
(0-100 nM) to valproic acid-stimulated MEG-01 cells, which were harvested after 2 hours 
(A), or stimulated with 100 ng/ml recombinant human thrombopoietin to produce PLPs. 
After 3 days, MEG-01 cells (B) or PLPs (C) were isolated by centrifugation. Lysates of MEG-01 
cells and PLPs were tested for rFVIIa content using a microtitre plate-based clotting assay in 
factor VII- deficient plasma and rFVIIa levels in the lysates were expressed relative to the total 
protein content of these lysates. Shown are means of 3 independent experiments, error bars 
indicate standard error of mean (SEM). (D) Immunofluorescent stainings of MEG-01 cells 
(i-iii) or PLPs (iv) using an antibody to factor VII(a). Shown are typical examples of MEG-1 cells 
that were exposed to 100 nM rFVIIa for 2 hours (i) or 3 days (iii), or cells that were exposed 
for 2 hours to vehicle (ii). In addition, PLPs derived from MEG-01 cells exposed to 100 nM 
of rFVIIa harvested at day 3 are shown (iv). rFVIIa is stained in green, nuclei in blue, and the 
cell membrane is represented by the dotted line. Scale bars represent 20 µm (MEG-01 cells) 
or 10 µm (PLPs). Original magnification 1000x. (E) Flow cytometry analysis of PLPs derived 
from MEG-01 cells that have been exposed to 100 nM of rFVIIa using permeabilized (green 
line) or non-permeabilized (blue line) cells. The black line represents PLPs generated from 
MEG-01 cells that not have been exposed to rFVIIa. Data shown is representative of three 
independent experiments. (F,G) PLPs derived from MEG-01 cells exposed to 100 nM rFVIIa 
or vehicle were added to normal pool plasma (NPP), factor VII- or factor VIII deficient plasma, 
which was tested by calibrated automated thrombography using the PRP reagent. Shown are 
lag time values (F) derived from thrombin generation curves and representative thrombin 
generation curves (G). Data represent the mean of three independent experiments. Error 
bars indicate standard deviation. *p≤0.05, **p≤0.01, ***p≤0.001 by paired t-test.
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Figure 2 rFVIIa uptake by MEG-01 cells is mediated by EPCR. (A, B) MEG-01 cells were 
stained for glycoprotein Ibα (A) or EPCR (B) and analyzed by flow cytometry (green lines). 
The black lines represent the background fluorescence of the MEG-01 cells, and the blue 
lines correspond to appropriate isotype controls. Data shown is representative of three 
independent experiments.  (C) MEG-01 cells were incubated with 100 nM of rFVIIa for 2 hours 
in presence or absence of 30 µg/ml Annexin V (AnnV) or 45 µg/ml rat monoclonal anti-EPCR 
antibody (RCR-252, Novus Biologicals, Littleton, CO, USA), and rFVIIa content of cell lysates 
was determined by a microtitre plate-based clotting assay using factor VII- deficient plasma. 
Shown is the quantity of rFVIIa in cell lysates expressed as percentage of control. Data 
represents the mean with error bars indicating SEM (n = 3). *p≤0.01, compared to control (-) 
by one-way analyses of variance with Dunnett’s post-test. (D) Immunofluorescent stainings 
of MEG-01 cells under the conditions of the experiment shown in panel C.  rFVIIa is stained 
in green, nuclei in blue, and the cell membrane is represented by the dotted line. Scale bars 
indicate 20 µm. Original magnification 630x. 
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Abstract

Background: The vitamin K-dependent coagulation factor IX(a) binds to the surface of 
activated platelets. Previous studies have indicated that this interaction is not critically 
dependent on the Gla domain of FIX(a), which suggests that proteins present on the 
surface of platelets are involved. A possible candidate is the GPIb-IX-V complex, which 
is the second most abundant receptor complex on the surface of platelets in which GPIbα 
is the most important ligand binding moiety. Objective: To determine whether the 
GPIb-IX-V complex assists in the binding of FIX(a) to the surface of activated platelets. 
Methods and Results: Activated, but not resting platelets, adhered to immobilized factor 
IX (FIX) and activated factor IX (FIXa) under static conditions. CHO-cells expressing 
the GPIb-IX-V complex, but not wild-type CHO cells, adhered to immobilized FIX(a). 
Proteolysis of the N-terminal region of GPIbα by O-sialoglycoprotein endopeptidase 
(OSE) from the surface of activated platelets did not reduce platelet binding to FIX(a). 
However, FIXa-mediated factor Xa-generation on the activated platelet surface was 
slightly, although not significantly, accelerated by proteolysis of the N-terminal region of 
GPIbα. Conclusion: FIX(a) interacts with the GPIb-IX-V complex expressed on CHO 
cells. Although proteolysis of the N-terminal region of GPIbα did not reduce platelet 
binding to FIX(a), it did appear to accelerate FIXa-mediated factor Xa-generation on 
the surface of activated platelets. Further studies are required to examine the binding site 
of FIX(a) on the GPIb-IX-V complex. Furthermore, our results may indicate that FVIII 
and/or FX interact with the GPIb-IX-V complex as well.
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Introduction

The surface of activated platelets plays a vital role in supporting coagulation reactions. 
At first it was thought that the negatively charged phospholipids at the surface of 
activated platelets were sufficient for the binding of vitamin K-dependent coagulation 
factors. Over the years, however, studies provided evidence for a role of platelet receptors 
in the interaction of coagulation factors with the platelet membrane. A first clue for 
a role of factors other than negatively charged phospholipids in localizing coagulation 
factors to the platelet membrane came from studies showing distinct differences between 
coagulation factor binding to platelets as compared to binding to synthetic phospholipid 
vesicles [1-3]. For example, the binding affinity of coagulation factor IX(a) to synthetic 
phospholipid vesicles is >100 times worse compared to the binding to platelets, and 
critically dependent on the presence of the gamma-carboxyglutamic acid-rich (Gla) 
domain within FIX(a) [1]. The binding of FIX(a) to platelets is not solely dependent on 
the presence of its Gla domain, as des-Gla FIXa binds with a similar affinity to platelets 
than native FIXa [2]. These observations strongly suggests that binding proteins present 
on the surface of platelets are involved. A possible candidate is the glycoprotein (GP)
Ib-IX-V complex, which is the second most abundant receptor on platelets. The GPIb-
IX-V complex consist of the molecules GPIbα, GPIbβ, GPIX and GPV (ratio 2:2:2:1 
respectively), in which the GPIbα subunit is the most important ligand binding molecule. 
The GPIb-IX-V receptor is involved in both primary and secondary hemostasis, which 
includes the binding of the GPIb-IX-V receptor to collagen-bound von Willebrand 
factor and the binding of several coagulation factors respectively. Known ligands of the 
GPIb-IX-V complex are FII(a) [4], FVII(a) [5], FXI(a) [6], FXII(a) [7], high molecular 
weight kininogen (HMWK) [8], and activated protein C (aPC) [9]. Previous work 
from our group showed that proteolysis of GPIbα from the surface of activated platelets 
resulted in a slightly reduced tissue factor-independent thrombin generation by rFVIIa 
[5]. Another study showed that the FXII-GPIbα interaction inhibits thrombin-induced 
platelet aggregation by inhibiting the binding of thrombin to platelets [7]. Thus, besides 
assisting in localizing coagulation factors to the platelet membrane, GPIbα appears to 
modulate coagulation factor function. This unique feature of the GPIb-IX-V complex 
makes the complex an interesting potential therapeutic target for anti-thrombotic drug 
development. The present study is part of an ongoing study in our laboratory in which we 
systematically studying the interaction of coagulation factors with GPIbα and potential 
functional consequences of these interactions. 
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Material and methods

Platelet isolation

Blood was drawn from healthy volunteers who denied ingestion of aspirin or other non-
steroidal anti-inflammatory drugs (NSAIDs) for the preceding 10 days into 3.2% (v/v) 
sodium citrate (9:1) vacuum tubes (Greiner Bio-One B.V., Alphen aan den Rijn, the 
Netherlands). Blood samples were stored at room temperature for a maximum of 1 h 
after blood collection. Blood samples were centrifuged at 200 g for 15 min at room 
temperature to obtain platelet rich plasma (PRP). To prevent platelet activation and 
aggregation during the platelet isolation, 10 ng/ml prostacyclin (PGI-2) was added. 
Subsequently, the PRP was centrifuged at 500 g for 15 min at room temperature, and 
the platelet pellet was resuspended in Hepes-Tyrode buffer (HT buffer; 10 mM HEPES 
[N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid], 145 mM NaCl, 5 mM KCl, 0.6 
mM NaH2PO4·H2O, 1.0 mM MgSO4·7 H2O, 5 mM D-glucose), pH 6). PGI-2 was 
added, and the platelets were centrifuged at 500 g for 15 min at room temperature. The 
obtained platelet pellet was resuspended in Hepes-Tyrode buffer (pH 7.35). 

Cell culture

Wild type Chinese Hamster Ovary (CHO-wt) cells and cells expressing the GPIb-IX-V 
complex (CHO-Ib cells, a generous gift of Dr. J.A. Lopez) were grown in a 1:1 mixture of 
Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F-12 medium (Lonza, Basel, 
Switzerland). The medium was supplemented with 10% (v/v) fetal bovine serum (FBS) 
(Thermo Fisher Scientific Inc., MA, USA). CHO-Ib cells were subjected to selection by 
addition of 400 μg/ml geneticin (G418) (Thermo Fisher Scientific Inc., MA, USA) to the 
medium. Cells were cultured at 37°C in 5% CO2/95% air. 

Binding studies

FIX (Enzyme Research Laboratories, Swansea, United Kingdom), FIXa (Enzyme Research 
Laboratories, Swansea, United Kingdom), rFVIIa (NovoSeven, Novo Nordisk, Bagsvaerd, 
Denmark) were immobilized at a concentration of 1.25 μg/ml (platelet adhesion) or 
2.5 μg/ml (CHO-cell adhesion) on a 96-well Immulon-2B flatbottom microtiter plate 
(Thermo Fisher Scientific Inc., Waltham, MA, USA) for 2 h at 37°C. Subsequently, the 
plate was washed three times with Tris-buffered Saline (TBS; 5 mM Tris, 150 mM NaCl, 
pH 7.5), and blocked with 2% (w/v) BSA in TBS for a minimum of 30 min at 37°C. The 
plate was emptied, washed with TBS, and 20x106 platelets/well in HT buffer (pH 7.35) or 
100x106 CHO- cells/well in a 1:1 mixture of DMEM and Ham’s F12 supplemented with 
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0.5% (w/v) BSA and 3 mM CaCl2 were added for one hour at 37°C. Platelets were pre-
treated with 50 µg/ml O-sialoglycoprotein endopeptidase (OSE, Cedarlane, Burlington, 
Ontario, Canada) or vehicle for 30 min at 37°C. Platelets were activated by addition of 
15 μM Thrombin Receptor Agonist Peptide (TRAP, Bachem, Bubendorf, Switzerland) 
and 200 ng/ml convulxin (GPVI receptor agonist, CVX, Enzo Life Sciences, Antwerpen, 
Belgium). After the incubation, the platelets or cells were removed and the plate was 
washed with TBS. After the final washing step, the plate was emptied and 100 μl 3mg/ml 
p-nitrophenyl phosphate substrate (Sigma-Aldrich, Zwijndrecht, the Netherlands) was 
added in 50 mM acetic acid with 1% (v/v) triton X-100 (pH 5) for 15 min protected 
from light. The substrate conversion was stopped by adding 50 μl of NaOH and the 
optical density was measured at 405 nm using a VersaMax Microplate Reader (Molecular 
Devices, Sunnyvale, CA, USA). 

FACS

Platelets were isolated from whole blood as described earlier. The isolated platelets were 
diluted to 200.000 platelets/µl and incubated with 0 (vehicle), 6.25, 12.5, 25, 50, 80, 
and 100 µg/ml OSE (Cedarlane, Burlington, Ontario, Canada) for 30 minutes at 37°C. 
Proteolysis of GPIbα was measured by binding of a GPIbα-specific antibody (monoclonal 
mouse anti-human CD42b, platelet glycoprotein Ib/RPE clone AN51, Dako, Glostrup, 
Denmark). Platelet activation was monitored by measuring the P-selectin expression 
on the platelet surface using a mouse anti-human CD62P-PE (BD biosciences, Breda, 
the Netherlands). Appropriate negative controls were taken along in every experiment; 
mouse IgG2a-PE (CD42b isotype control, Dako, Glostrup, Denmark) and mouse IgG1-
PE (P-selectin isotype control, BD biosciences, Breda, the Netherlands). Antibodies were 
incubated for 20 min at 37°C. Samples were fixed with 0.2% (v/v) formaldehyde in 0.9% 
NaCl solution. FACS measurements were performed using a BD FACS Calibur (BD 
Biosciences, San Jose, CA, USA).  

Intrinsic tenase activity

Platelets were isolated as described before, and diluted to a final concentration of 200.000/
μl in HT buffer. For the proteolysis of GPIb, 50 μg/ml OSE (Cedarlane, Burlington, 
Ontario, Canada) was added to the platelets and incubated for 30 min at 37°C. Next, 
the platelets pre-treated with OSE or vehicle were activated by addition of 15 μM TRAP 
and 200 ng/ml CVX, and incubated for 15 min at 37°C. Subsequently, 30 μl of activated 
platelets pre-treated with OSE or vehicle were added to 2.5 μg/ml FIXa (Enzyme Research 
Laboratories, Swansea, United Kingdom), 1 U/ml FVIII (ADVATE, Baxter, Newbury, 
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United Kingdom), and to a concentration range of 0-250 nM of FX (Enzyme Research 
Laboratories, Swansea, United Kingdom) in HEPES buffer (25 mM HEPES, 137 mM 
NaCl, 3.5 mM KCl, 3 mM CaCl2, 0.1% v/v BSA, pH 7.4). After 2 min of incubation 
at 37°C, 20 μl of sample was added to 100 μl cold 12 mM (w/v) EDTA in TBS and 
kept on ice. These coagulation reactions were performed in plastic disposables (Greiner 
Bio-One B.V., Alphen aan den Rijn, the Netherlands). Subsequently, 100 μl of this mix 
was added to 20 μl S-2765 (Chromogenix, Instrumentation Laboratory, Bedford, MA, 
USA) in a 96-well Immolin-2B flatbottom microtiter plate (Thermo Fisher Scientific 
Inc., Waltham, MA, USA). Immediately, the substrate conversion was followed at 405 
nm using a VersaMax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). 
Color intensity was translated to FXa levels formed using a calibration curve of known 
concentrations of FXa (Enzyme Research Laboratories, Swansea, United Kingdom). 

Statistical analysis

Statistical differences in the platelet and cell adhesion experiments were analyzed by the 
unpaired Student’s t-test and the paired Student’s t-test, respectively. To make a statistical 
comparison between the FXa formed on the activated platelet in the presence or absence 
of the GPIb-IX-V receptor, the areas under the curve (AUC) were calculated and analyzed 
using the paired Student’s t-test. P values ≤0.05 were considered statistically significant. 
Statistical Analysis was performed using the GraphPad Prism 5.1 Software Inc. package 
(La Jolla, CA, USA).

Results

Binding of activated platelets to immobilized factor IX and IXa

To determine the interaction of factor IX and IXa with platelets, resting and activated 
platelets were allowed to adhere under static conditions to immobilized factor IX and 
IXa. The results are shown in Figure 1. Activated platelets adhered readily to immobilized 
FIX and FIXa, whereas the interaction between resting platelets and FIX(a) was similar to 
background platelet adhesion to immobilized BSA.  

Binding of  CHO cells expressing the GPIb-IX-V complex to immobilized 
factor IX and IXa

CHO-wt and CHO-Ib cells were allowed to adhere under static conditions to 
immobilized factor IX and IXa. The results are shown in Figure 2. CHO cells expressing 
the GPIb-IX-V complex (CHO-Ib cells) adhered readily to immobilized FIX and FIXa, 
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whereas the interaction between wild type CHO cells (CHO-wt) and FIX(a) was similar 
to background cell adhesion to immobilized BSA.

Figure 1 Platelets were isolated from whole blood and allowed to adhere under static 
conditions to control (vehicle), immobilized factor IX and IXa. Activated platelets were 
stimulated with a combination of TRAP and convulxin. Platelet adhesion was quantified by 
measuring the intrinsic phosphatase activity at an optical density of 405 nm, indicated as 
arbitrary units (AU). Shown are means of 5 independent experiments each performed in 
triplicate, and error bars indicate standard deviation. ***p≤0.0001, compared to control.

Figure 2 CHO-wt and CHO-Ib cells were allowed to adhere under static conditions to control 
(vehicle), immobilized factor IX and IXa. Cell adhesion was quantified by measuring the 
intrinsic phosphatase activity at an optical density of 405 nm, indicated as arbitrary units 
(AU). Shown are means of 4 independent experiments each performed in quadruplicate, 
and error bars indicate standard error of the mean. *p≤0.05, compared to control. 
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Proteolysis of GPIb from the platelet surface by OSE 

Activated platelets, as well as CHO-Ib cells, bind to immobilized FIX and FIXa. In order 
to assess whether GPIbα is involved in the binding of platelets to immobilized FIX(a), we 
first determined the concentration of OSE required for full removal of the N-terminal 
part of GPIbα and assessed the extent of platelet activation by OSE. The results are shown 
in Figure 3. An OSE concentration of 50 µg/ml or more resulted in full removal of GPIb 
from the surface of platelets. The P-selectin expression did not appreciably change by 
OSE treatment. 

μ
Figure 3 Platelets were isolated from whole blood and incubated with different 
concentrations of OSE for 30 min at 37°C. GPIb and P-selectin (P-sel) expression were 
assessed by flow cytometry using specific antibodies. Graph shows results of a representative 
single experiment. 

Binding of activated platelets to immobilized factor FIX(a) is not 
mediated by the N-terminal part of GPIbα 

The involvement of the N-terminal region of GPIbα in the binding of FIX(a) to activated 
platelets was assessed by allowing platelets treated with or without OSE, to adhere under 
static conditions to immobilized factor IX and IXa. The results are shown in Figure 4. 
OSE treatment did not affect adhesion of activated platelets to immobilized FIX and 
FIXa.
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Figure 4 Activated platelets were incubated with 50 µg/ml OSE or vehicle and allowed to 
adhere to control (vehicle), immobilized factor IX and IXa. Platelet adhesion was quantified 
by measuring the intrinsic phosphatase activity at an optical density of 405 nm, indicated 
as arbitrary units (AU). Graph shows mean adhesion of 3 experiments each performed in  
triplicate. Error bars indicate standard error of the mean. ns indicates not significant.

Proteolysis of the N-terminal region of GPIbα from the activated platelet 
surface by OSE results in an accelerated FIXa-mediated FXa-generation

Although FIX(a) binds to the GPIb-IX-V complex on CHO cells, we could not 
demonstrate that FIX(a) binds to the N-terminal region of GPIbα on platelets, which is the 
major ligand binding site of the GPIb-IX-V complex. Although we did not demonstrate 
this region to be involved in FIX(a) binding, we examined whether this region is involved 
in FIXa-mediated FXa-generation. The results are shown in Figure 5. Activated platelets 
pre-treated with OSE showed an accelerated FIXa-mediated FXa-generation compared 
to activated platelets without OSE treatment (area under the curve (AUC) of 1589 ± 336 
[mean ± SEM] vs 1365 ± 232 respectively). However, the difference in FXa formation at 
the surface of activated platelets did not reach statistical significance (p = 0.28). 
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Figure 5 Proteolysis of GPIb accelerates FIXa-mediated FXa-generation on the activated 
platelet surface. Platelets pre-treated with 50 µg/ml OSE (platelets -GPIb) or vehicle (platelets 
+GPIb) were activated, and coagulation factors IXa (2.5 µg/ml), FVIII (1 U/ml) and FX (0-250 
nM) were added. FXa generation was followed by means of substrate conversion. Color 
intensity was translated to FXa levels using a calibration curve of known concentrations of 
FXa. Shown are means of six independent experiments, and error bars indicate standard  
error of the mean. 

Discussion 

Previous studies strongly suggests that platelet membrane components other than 
phosphatidylserine are involved in the binding of FIX(a) to the surface of activated 
platelets. The identification of a putative FIX(a) receptor has been a topic of interest for 
many years, but has not yet been identified. In the present study, we investigated the 
hypothesis that the GPIb-IX-V complex is the binding site for FIX(a) on the platelet 
membrane. A number of coagulation proteins have already been shown to interact with 
this platelet receptor complex, in particular with the GPIbα moiety [4-9]. Our results 
show that activated platelets, as well as CHO cells expressing the GPIb-IX-V complex, 
bind to immobilized factor IX and IXa. Nevertheless, we could not definitively show 
that the GPIb-IX-V complex is the FIX(a) receptor on platelets. Experiments in which 
the N-terminal region of GPIbα, to which most GPIb-IX-V complex ligands bind, was 
removed from the platelet surface did not reduce FIX(a) binding to platelets. We also 
investigated the binding of FIX(a) to glycocalicin (GC), the extracellular fragment of 
GPIbα, using a BIAcore2000 biosensor system. Unfortunately, these experiments resulted 
in inconclusive results (data not shown).
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We could not provide evidence that the GPIb-IX-V receptor is involved in the localization 
of FIX(a) to the surface of platelets. However, as it may be that FIX(a) binds to parts of 
the GPIb-IX-V complex not cleaved by OSE, we did proceed in assessing a potential 
effect of GPIbα on FIXa-mediated propagation of coagulation. We showed a slight, 
but consistent, enhancement of FIXa-mediated factor Xa-generation on OSE-treated 
platelets suggesting that binding of FIX(a) to GPIbα reduces procoagulant activity of 
FIXa. Alternatively, the enhancement of intrinsic tenase activity by OSE treatment could 
indicate that factor X and/or FVIII interacts with GPIbα.  

The discrepant results between FIX(a) binding to GPIb-IX-V on CHO cells and lack of 
effect of OSE treatment of platelets on FIX(a) binding may indicate that either the FIXa 
binding site on GPIb-IX-V is outside the OSE-cleaved region, or that the N-terminal 
region of GPIbα is not the only binding protein for FIX(a) on platelets. Other coagulation 
proteins including FXI [6,10], activated protein C [11] and beta 2-glycoprotein I (β2GPI) 
[12,13] have multiple binding partners on the platelet membrane. These multiple 
interactions may be required to bring coagulation factors in close proximity of each 
other. For example, the binding of GPIbα with coagulation factor XI [6]. In addition, 
GPIbα localizes FXI to lipid rafts present on the platelet surface [14], to which GPIbα is 
redistributed upon platelet activation [15]. The binding of FXI to activated platelets is 
further assisted by the platelet apolipoprotein E receptor 2 (ApoER2) [10].

In conclusion, FIX(a) binds to the GPIb-IX-V complex, and this interaction appears to 
modify intrinsic tenase activity. Whether other binding partners for FIX(a) on the platelet 
surface exist, whether FVIII and/or FX also interact with the GPIb-IX-V complex, and 
how the GPIb-IX-V complex affects the complete coagulation cascade requires further 
study. 
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Abstract

Background: While air travel is a well-established risk factor for venous thrombosis, the 
underlying mechanism is still incompletely understood. We previously demonstrated 
coagulation activation during air travel in healthy individuals, as assessed by a rise in 
thrombin-antithrombin complexes. It has been suggested that venous thrombosis is 
initiated via the extrinsic pathway of coagulation, specifically via tissue factor-bearing  
microparticles. Objective: To determine whether coagulation activation during air travel 
proceeds via the extrinsic pathway. Assays that specifically detect the activated form of 
factor VII were used as a marker of extrinsic activation. Methods: We measured activity 
and antigen levels of FVII and FVIIa in 71 individuals before, during, and after an 8 
hour flight, a movie marathon, and daily life routine. Activity levels were determined 
using commercially available assays. Antigen levels were determined using assays recently 
developed in our laboratory. Results: Activity levels of FVII and FVIIa were correlated 
with antigen levels (FVII r = 0.373 (95% confidence interval [CI] 0.301-0.441); FVIIa 
r = 0.265 (95% CI 0.188-0.339). FVII activity and antigen levels did not change during 
or after the flight, movie marathon, or daily life routine. FVIIa activity increased after 
all exposures. In contrast, FVIIa antigen levels decreased during all three exposures and 
normalized thereafter. Activity and antigen levels of FVII and FVIIa were not different in 
individuals who had increased thrombin-antithrombin levels after the flight compared to 
those who had not. Conclusion: Using two distinct assays that specifically detect activated 
FVII, we did not find any evidence for extrinsic coagulation activation during air travel. 
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Introduction

Air travel has already been linked to venous thrombosis in the 1950s [1]. More recently, 
it has been firmly established that air travel is associated with a 2-4 fold increased risk of  
venous thrombosis [2,3]. The mechanisms underlying air travel-related venous thrombosis 
are incompletely understood but likely include immobilization and hypoxia [4-7]. 
However, a recent study showed that neither immobilization nor hypoxia individually 
affect coagulation activation, and thus a combination of factors appears to explain air travel-
related thrombosis [8]. Individuals with genetic or acquired hypercoagulability appear to 
have a particularly increased risk of venous thrombosis after air travel [2,9]. We previously 
demonstrated coagulation activation after air travel in some, but not all, healthy individuals 
[10]. Seventeen percent of these subjects had increased thrombin-antithrombin (TAT) 
complexes after an 8 hour flight, but not after an 8 hour movie marathon, or an 8 hour 
daily life routine. It has not been established how activation of the coagulation system  
occurs in these subjects. Knowledge on the initiating trigger of coagulation activation 
after air travel may give a clue on the mechanism of air travel-related thrombosis.

It has been suggested that tissue factor-bearing microparticles are the initiating trigger 
in venous thrombosis in general [11-14]. We therefore hypothesized that coagulation 
activation after air travel proceeds via the tissue factor pathway. Here we used two distinct 
assays that assess plasma levels of activated (but not zymogen) factor VII as markers for 
extrinsic coagulation activation. As tissue factor-mediated initiation of coagulation starts 
with the conversion of FVII to FVIIa, we assume increased plasma levels of FVIIa to 
reflect TF-mediated coagulation activation. Next to a commercially available activity 
assay, we used an antigen assay that we recently developed which is based on a llama-
derived antibody fragment. Using this latter assay, we recently demonstrated elevated 
levels of FVIIa to be associated with an increased mortality risk in patients with the 
systemic inflammatory response syndrome [15]. Additionally, we measured activity and 
antigen levels of factor VII.

Methods

Study design

Recruitment of volunteers and the procedures of the study were described earlier [10]. 
In short, 71 healthy volunteers were followed for 8 h during a flight and, as two control 
periods, during an 8 h movie marathon, and 8 h during daily life routine. The study 
included participants with the factor V Leiden mutation (n = 11), those who took oral 
contraceptives (n = 15), or both (n = 15), and 30 individuals with no specific risk factors 
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for venous thrombosis. In all three situations blood was drawn into 3.2% sodium citrate 
(9:1, v/v) before, during, and after the exposure. Within 15 min after collecting the 
blood, samples were centrifuged twice at 2500 g for 15 min at 15°C. The plasma samples 
were snap-frozen and stored at -80°C until use.  

Plasma FVII and FVIIa levels

Factor VII activity was determined on an automated coagulation analyser (Behring  
Coagulation System, Siemens Healthcare Diagnostics, Marburg, Germany) with reagents 
and protocols from the manufacturer. Plasma FVIIa activity was measured using a 
commercially available kit according to manufacturer’s instructions (STACLOT VIIa-
rTF, Diagnostica Stago, France). From the 71 volunteers the following numbers of 
samples were available for analysis: flight 71-70-66, movie marathon 70-70-69, daily life 
routine 71-68-70, before-during-after respectively.  

The plasma FVII and FVIIa antigen levels were measured using in-house developed  
enzyme-linked immunosorbent assays (ELISAs) as described earlier [15]. In short, plasma 
levels of FVII and FVIIa were determined using a semi-automated ELISA on a Tecan 
Freedom EVO robot (Tecan, Männedorf, Switzerland). A sheep anti-FVII antibody 
(Stago, Leiden, the Netherlands) or a llama-derived antibody fragment directed against  
FVIIa were immobilised on a 384-well plate (Thermo Fisher Scientific Inc., Waltham 
MA, USA). After blocking, diluted plasma samples were added to the plate and 
incubated. Bound FVII was detected using horseradish peroxidase (HRP) labeled sheep 
anti-FVII (Stago, Leiden, the Netherlands). FVIIa was detected using a chicken anti-FVII 
(Abcam, Cambridge, UK) antibody followed by a HRP-labeled donkey anti-chicken  
antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). 
Subsequently, a chemiluminescent substrate (SuperSignal West Pico Chemiluminescent 
Substrate, Thermo Fisher Scientific Inc., Waltham MA, USA) was added and after 60 
min the luminescence was measured using a Spectramax reader (Molecular Devices, 
MDS Analytical Technologies, Sunnyvale, CA, USA). The luminescence values of the 
plasma samples were translated to FVII or FVIIa levels using an 8 point calibration curve 
of pooled normal plasma (for FVII) or recombinant FVIIa (NovoSeven, Novo Nordisk, 
Bagsvaerd, Denmark). From the 71 volunteers the following number of samples were 
available for analysis: flight 69-70-65 (FVII)/66 (FVIIa), movie marathon 70-62-71, 
daily life routine 71-71-71, before-during-after respectively.  
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Data analysis

Spearman’s correlation coefficient was used to assess the correlation between the activity 
and antigen levels of FVII and FVIIa. The FVII and FVIIa activity and antigen levels of 
all individuals are presented as median plasma levels. In a first analysis, absolute changes 
in the variables for each individual were calculated by subtracting the pre-exposure value 
from the post-exposure value. Medians with 95% confidence intervals (CI) of these 
individual changes are presented. The change in levels of each marker for exposure to 
the flight, to the movie marathon, and to the daily life routine was compared with the 
Friedman test. In a second analysis we specifically looked at those individuals who in a 
previous analysis had showed coagulation activation, as evidenced by increased thrombin-
antithrombin (TAT) complexes (n = 11), which occurred predominantly during the 
flight exposure [9]. These high responders for each assay were identified by using as cut-
off point the 85th percentile for the absolute change in that assay during the daily life 
routine. For the flight situation, absolute changes for each parameter in volunteers with 
an activated clotting system were compared with that of volunteers without an activated 
clotting system by a Mann-Whitney U-test. All statistical analyses were performed with 
IBM SPSS Statistics, PC (release 20, IBM, New York, USA).

Results and discussion

Plasma activity and antigen levels of FVII were correlated as shown in Figure 1A  
(r = 0.373 (95% CI 0.301-0.441)). However, antigen levels of FVII of some individuals 
were discordant with the activity levels. Plasma activity and antigen levels of FVIIa were 
correlated as shown in Figure 1B (r = 0.265 (95% CI 0.188-0.339). The correlation 
between the assays was poor at low levels of FVIIa, which may be related to the sensitivity 
of the antigen assay, since the low antigen levels were close to the detection limit of the 
assay. 

Subsequently, we analysed plasma levels of FVII and FVIIa activity and antigen in samples 
taken of healthy volunteers before, during, and after an 8 hour flight, 8 hour movie 
marathon, and 8 hour daily life routine. Figure 1C shows the median FVII and FVIIa 
activity levels before, during, and after each exposure. Plasma FVII activity levels did not 
change during and after exposure to the flight, movie marathon, and daily life routine. 
The plasma FVIIa activity levels were higher after the flight, movie marathon, and daily 
life routine compared to the FVIIa levels before and during the exposures. Table 1A shows 
the median absolute individual changes after each exposure. The absolute individual 
changes were similar for all exposures. Taken together, these results do not suggest 
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activation of zymogen FVII during and after air travel. Since activation of coagulation via 
the extrinsic pathway of coagulation results in FVII to FVIIa conversion, it appears that 
coagulation activation after air travel does not proceed via extrinsic activation. A lack of 
diurnal variation of FVII has been described previously. However, the increase in VIIa  
activity over time is not in line with a previous study that showed FVIIa activity, measured 
with the same assay, to decline during the day [16].  

Figure 1D shows the median FVII and FVIIa antigen levels. In line with the results of 
the activity assays, FVII antigen levels were equivalent throughout all three exposures. 
In contrast with the results of the activity assays, FVIIa antigen levels dropped during 
all three exposures. FVIIa antigen levels were slightly lower compared to baseline values 
after the flight and movie marathon, but slightly higher than baseline after the daily life 
routine. The reason for the clear discrepancy between the FVIIa activity and antigen tests 
is, at present, unclear. One explanation would be that the antigen test recognizes both 
‘active’ FVIIa and FVIIa in complex with inhibitors. However, we have demonstrated 
that the assay recognizes both free FVIIa and FVIIa in complex with tissue factor, but 
not the FVIIa-antithrombin complex (data not shown). Although the pattern of FVIIa 
activity and antigen levels over time is inconsistent, the results of both assays indicate that 
coagulation activation during air travel does not result from activation of the extrinsic 
pathway.

Finally, we analysed FVII and FVIIa activity and antigen levels in those individuals who 
showed an appreciable increase in TAT complex levels after the flight compared with 
those who did not [10]. FVII and FVIIa activity and antigen levels did not differ between 
those individuals with an activated clotting system after the flight and those without 
evidence of coagulation activation (Table 1B). 
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Figure 1 Correlation between plasma activity and antigen levels of FVII (A) and FVIIa (B). 
Plotted are the FVII and FVIIa activity and antigen levels of all individual samples in the study 
(71 individuals sampled at nine different occasions). Median plasma levels of FVII and FVIIa 
activity (C) and antigen (D) of 71 individuals that were sampled before, during, and after an 
8 hour flight, movie marathon, and daily life routine. FVII:C, factor VII coagulant activity; 
FVII:Ag, factor VII antigen; FVIIa:C, activated factor VII coagulant activity; FVIIa:Ag, activated 
factor VII antigen. 
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Taken together, the results of this study using two distinct assays for FVII and FVIIa do 
not provide evidence for activation of the extrinsic pathway of coagulation during air 
travel. We hypothesized that air travel-related activation of coagulation would proceed 
via TF-bearing microparticles analogous to the proposed role of TF in development of 
venous thrombosis. Nevertheless, previous studies performed in the cohort described in 
this paper are consistent with the alternative scenario, i.e. that the intrinsic pathway is 
responsible for air travel-related activation of coagulation [17]. These previous studies 
showed higher plasma soluble P-selectin and plasminogen activator inhibitor type 1 (PAI-
1) levels in those individuals with elevated TAT levels after the flight. These findings may 
reflect increased platelet activation in the individuals with activated coagulation after air 
travel. Platelet activation results in the release of polyphosphates which, among other 
procoagulant effects, activate the intrinsic pathway of coagulation [18]. 

The increased levels of P-selectin and PAI-1 may also reflect endothelial cell activation, 
which may initiate thrombus formation both via direct (TF-mediated) activation 
of coagulation or via platelet recruitment and activation. Thus, although the exact 
mechanisms of initiation of coagulation during air travel need to be established, the 
results of the present study strongly suggest that activation via the extrinsic pathway of 
coagulation does not play a major role.
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Abstract

Background: The initiating trigger in the development of deep vein thrombosis (DVT) 
remains unidentified. It has been suggested that tissue factor-bearing microparticles play a 
key-role, which indicate a role for the tissue factor (TF)-pathway in the initiation of DVT. 
Objective: To assess the role of the TF-pathway in the initiation of venous thrombosis, we 
measured plasma levels of factor VII and VIIa in patients with acute DVT and in controls. 
Methods: we included 148 patients diagnosed with acute DVT and 179 controls in this 
study. Antigen levels of FVII and FVIIa were measured using assays recently developed in 
our laboratory. Results: Median FVII levels in patients were 109.8% (interquartile range 
[IQR] 86.0-153.2) compared with 102.2% (IQR 76.1-141.7) in controls. Individuals 
with FVII levels in the upper quartile had a 1.6-fold increased risk for the presence of a 
DVT (odds ratio 1.6, 95% confidence interval 0.8-3.1). Median FVIIa levels in patients 
were 50.2 ng/ml (IQR 25.2-86.1) compared with 96.6 ng/ml (IQR 69.9-168.9) in 
controls. Individuals with FVIIa levels in the lowest quartile had a more than 5-fold 
increased risk for the presence of a DVT (odds ratio 5.5, 95% confidence interval 2.8-
10.6). Both risks did not change substantially after adjustment for potential confounders. 
Conclusion: Decreased plasma levels of FVIIa in patients with deep vein thrombosis may 
indicate ongoing consumption of FVIIa and suggest a contributory role for TF in venous 
thrombus formation. 
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Introduction

Venous thrombosis is a multi-causal disease for which many genetic and acquired risk 
factors have been firmly established (reviewed in [1]). These risk factors generally increase 
hemostatic potential by either enhancing activation of coagulation or by decreasing 
inhibition of coagulation [2]. In addition, a hypofibrinolytic status has been repeatedly 
shown to increase the risk for venous thrombosis [3-5]. Although it is clear that alterations 
in the hemostatic balance may contribute to the development of venous thrombosis, 
the initiating trigger remains unidentified. In contrast to arterial thrombosis, in which 
exposure of thrombogenic material present in atherosclerotic plaques initiates thrombus 
formation, such lesions are absent in veins. Remarkably, the endothelial lining of a 
thrombosed vein appears to be intact, suggesting that initiation of thrombus formation 
proceeds via components present within the bloodstream [6,7]. It has been suggested that 
tissue factor (TF)-bearing microparticles present in the circulation play a key-role in the 
initiating of deep vein thrombosis (DVT) [8-12]. It has been proposed that activation 
of the venous endothelial lining, for example by venous stasis, leads to the recruitment 
of TF-bearing microparticles via P-selectin expressed on the activated endothelium and  
P-selectin glycoprotein ligand-1 (PSGL-1) on the TF-bearing microparticles. This process 
results in accumulation of TF, which, possibly after fusion with platelets or endothelial 
cells, initiates venous thrombus formation [13]. Because high plasma levels of FVII 
and low levels of TFPI are risk factors of venous thrombosis [14,15], a role of the TF 
pathway in the initiation of coagulation during venous thrombosis is plausible. Recently, 
however, a clinical study suggested a pivotal role for the intrinsic pathway in venous 
thrombosis. A novel anticoagulant strategy using antisense nucleotides toward FXI was 
effective in venous thrombosis prevention after knee replacement surgery [16]. It has, 
however, not yet been established whether this central role of FXI in venous thrombosis 
relates to FXIIa- or thrombin-mediated activation of FXI. It is tempting to speculate that 
thrombin-mediated activation of FXI is the dominant mechanism because elevated FXI 
levels are a risk factor for venous thrombosis [17], whereas FXII levels are not associated 
with venous thrombosis risk [18]. The latter scenario, again, is compatible with the TF 
pathway as the initiator of venous thrombus formation. To assess the contribution of 
TF in the initiation of venous thrombosis, we measured plasma levels of factor VII and 
VIIa in patients with acute DVT and in controls. Because TF-mediated activation of 
coagulation starts with the conversion of zymogen to activated FVII, we hypothesized 
that there would be increased plasma levels of FVIIa in patients with DVT, which would 
be indicative of a major role of the TF-pathway in the initiation of thrombus formation.

 



92 Chapter 6

Methods

Study design

The study design was described earlier [19]. In short, patients (≥18 years old) with 
suspicion of acute symptomatic DVT who were between September 1999 and May 2006 
referred to the Academic Medical Center in Amsterdam, the Netherlands, were eligible 
for the study. We included 148 patients diagnosed with acute proximal DVT and 179 
patients in whom DVT was objectively excluded (controls) in the present study. DVT 
was diagnosed with compression ultrasound. DVT was ruled out in patients with a low 
pretest probability as assessed by the Wells score in combination with a negative D-dimer 
test and in patients with a negative serial compression ultrasound. In addition, controls 
did not have a history of previous venous thromboembolism, and controls with alternative 
diagnoses that may be associated with activation of coagulation (thrombophlebitis, calf 
vein thrombosis, calf muscle vein thrombosis, venous insufficiency, erysipelas, baker’s 
cyst, and muscle bleeding) were excluded from the study. Patients with DVT were selected 
regardless of the presence of thrombophilia or provoking comorbidities. All patients gave 
written informed consent, and collection of blood was approved by the Medical Ethical 
Committee of the Academic Medical Center, Amsterdam, the Netherlands.  

Blood collection and plasma preparation

Blood was drawn into 3.2% sodium citrate (9:1, v/v) prior to the initiation of anticoagulant 
treatment. Platelet-poor plasma was obtained by double centrifugation at 1500 g for 15 
min at room temperature. Plasma was aliquoted and stored at -80°C until use.

Plasma FVII and FVIIa levels

The plasma FVII and FVIIa levels were measured using in-house developed assays 
as described earlier [20]. Briefly, plasma levels of FVII and FVIIa were determined 
using a semi-automated ELISA on a Tecan Freedom EVO robot (Tecan, Männedorf, 
Switzerland). A sheep anti-FVII antibody (1 µg/ml; Stago, Leiden, the Netherlands) or 
a llama-derived antibody fragment directed against FVIIa (2 µg/ml) was immobilised on 
a 384-well plate (Thermo Fisher Scientific Inc., Waltham MA, USA) at 4°C overnight. 
After blocking, diluted plasma samples were added to the plate and incubated on a shaker 
set at 180 rpm for 2 h at room temperature. Bound FVII was detected using horseradish 
peroxidase (HRP)-labeled sheep anti-FVII antibody (0.5 µg/ml; Affinity Biologicals, 
Ancaster, Canada). FVIIa was detected using a chicken anti-FVII (0.16 µg/ml; Abcam, 
Cambridge, UK) antibody followed by a HRP-labeled donkey anti-chicken antibody 
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(2.2 µg/ml; Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). 
Subsequently, a chemiluminescent substrate (SuperSignal West Pico Chemiluminescent 
Substrate, Thermo Fisher Scientific Inc., Waltham MA, USA) was added, and after 60 
min the luminescence was measured using a Spectramax reader (Molecular Devices, MDS 
Analytical Technologies, Sunnyvale, CA, USA). The luminescence values of the plasma 
samples were translated into FVII or FVIIa levels by using an 8 point calibration curve 
of pooled normal plasma or recombinant FVIIa (NovoSeven, Novo Nordisk, Bagsvaerd, 
Denmark). The intra-assay and interassay coefficients of variation of the ELISA were:  
<10% (n = 40) for FVIIa and <8% for FVII (n = 40). The FVII and FVIIa levels were 
determined in 144 (FVII) and 148 (FVIIa) patients diagnosed with acute DVT and 
in 174 (FVII) and 177 (FVIIa) controls as insufficient plasma was available for some 
patients. 

Plasma FVIIa-antithrombin complex levels

The plasma FVIIa-antithrombin (AT) complex levels were measured using an in-house 
developed assay, adapted from the previously described assay to measure FVIIa levels. In 
short, after diluted samples were added to plates coated with a llama-derived antibody 
fragment directed against FVIIa (2 µg/ml), FVIIa-AT complexes were detected with 
0.5 µg/ml HRP-labeled sheep anti-human antithrombin (Affinity Biologicals, Ancaster, 
Canada). The assay was calibrated using a standard, which was generated by incubating 
recombinant FVIIa and human AT (Enzyme Research laboratories, South Bend, IN, 
USA) in the presence of TF (Innovin, Siemens Healthcare Diagnostics, Marburg, 
Germany) and fondaparinux (Arixtra, GlaxoSmithKline, Zeist, the Netherlands) for  
1 h at 37°C. The standard was diluted in FVII-deficient plasma (Precision Biologic Inc., 
Dartmouth, NS, USA) to obtain a 15-point calibration curve. The plasma FVIIa-AT 
complex levels were determined in 145 patients diagnosed with acute DVT, and in 176 
controls as insufficient plasma was available for some patients.

Statistical analysis

The FVII, FVIIa and FVIIa-AT levels in patients diagnosed with acute DVT and in the 
control group are shown as median values. We present differences between median values 
with corresponding 95% bootstrap confidence interval (CI). The associations between 
plasma levels of FVII or FVIIa and the presence of DVT were analysed by means of 
logistic regression analysis and are expressed as odds ratios (ORs) with corresponding 
95% CIs. Levels were grouped into quartiles based on the distribution among controls. 
The lowest quartile of FVII and the highest quartile of FVIIa were taken as the reference 
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group. The influence of potential confounders (age, sex, smoking status, malignancy,  
paralysis, paresis or recent plaster immobilization of the lower extremities, recently 
bedridden >3 days and/or major surgery within 4 weeks and hospitalization <6 months) 
on the association between plasma levels of FVII or FVIIa and DVT were analysed by 
means of multivariable logistic regression models. For the analyses, we used the software 
package R (version 3.1.1, R Foundation for Statistical Computing, Vienna, Austria) and 
IBM SPSS Statistics, PC (release 20, IBM, New York, USA).

Results and discussion 

Table 1 shows the characteristics of the patients diagnosed with acute DVT (n = 148) and 
patients in whom this diagnosis was excluded (n = 179, controls). Established risk factors 
for DVT were present more frequently in patients compared with controls.

Antigen levels of FVII and FVIIa in patients and controls are shown in Figure 1. FVII 
levels were comparable between patients and controls (Figure 1A). Median FVII levels 
were 109.8% (interquartile range [IQR] 86.0-153.2) in patients compared to 102.2% 
(IQR 76.1-141.7) in controls (a difference of 7.6%, 95% CI -4.6-20.2). 

FVIIa levels were substantially lower in patients compared to controls (Figure 1B). 
Median FVIIa levels were 50.2 ng/ml (IQR 25.2-86.1) in patients compared to 96.6 ng/
ml (IQR 69.9-168.9) in controls (a difference of 46.4 ng/ml, 95% CI 29.6-69.7).

Figure 1 Plasma levels of FVII antigen (A) or FVIIa antigen (B) in patients diagnosed with DVT 
or in the control group. Horizontal lines indicate median values. 

High levels of FVII were associated with a slightly increased risk for the presence of a 
DVT as shown in table 2. Individuals with FVII levels in the upper quartile had a 1.6-
fold increased risk (OR 1.6, 95% CI 0.8-3.1) for the presence of a DVT compared with 
individuals with FVII levels in the lowest quartile, and this risk did not change after 
adjustment for potential confounders.
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Table 1 Characteristics of Study Population.*

n (acute DVT/ 
controls)†

Acute DVT Controls  
(no DVT)

Mean age, y (range) 148/175 58 (19-90) 59 (19-100)

Male sex, n (%) 148/179 69 (47) 81 (45)

Body mass index, kg/m2 (SD) 146/172 26.6 (4.5) 28.6 (5.8)

Malignancy (on treatment/
recently treated), n (%)

141/172 24 (16) 22 (12)

Smoking, n (%)  148/177 39 (26) 39 (22)

Paralysis, paresis, or recent 
plaster immobilization lower 
extremities, n (%)

147/173 15 (10) 14 (8)

Recent immobilization  
(bedridden >3 days, major 
surgery <4 wk), n (%)

147/171 26 (18) 13 (7)

History of recent trauma  
(<60 d), n (%)

146/172 18 (12) 20 (11)

Hospitalization (<6 mo), n (%) 147/173 35 (24) 24 (13)

Oral contraceptives use,  
n females (%)

148/179 21 (14) 11 (6)

* Parameters are at time of blood sample collection. † Some variables were not available for 
all patients. Indicated are the numbers of patients for whom values were available. 

Low levels of FVIIa were associated with an increased risk for the presence of a DVT. 
Individuals with FVIIa levels in the lowest quartile had a more than 5-fold increased 
risk for the presence of a DVT (OR 5.5, 95% CI 2.8-10.6) compared with individuals 
with FVIIa levels in the highest quartile, and this risk did not substantially change after 
adjustment for potential confounders.

We found substantially decreased levels of FVIIa in patients in the acute phase of a DVT, 
which at first glance is paradoxical since it has been well established that there is active 
coagulation activation in such patients, as indicated by, for example, elevated levels of 
prothrombin fragment 1+2 and thrombin-antithrombin (TAT) complexes [21-23]. 
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We thus hypothesized to find elevated levels of FVIIa as a result of TF-mediated FVII 
to FVIIa conversion similar to previous findings on elevated FVIIa levels in sepsis and 
acute coronary syndromes [20,24]. The decreased FVIIa levels in patients, however, may 
indicate ongoing consumption of FVIIa.

We detected FVIIa-antithrombin complexes only in a minority of patients (n = 16, 
11%) and controls (n = 58, 33%). In those individuals in whom detectable levels of the 
FVIIa-AT complex were detected, levels were substantially higher in patients compared to 
controls. Median levels were 25.8 pM (IQR 9.1-54.9) in patients compared to 7.2 (IQR 
5.3-12.5) in controls (a difference of 18.6 pM, 95% CI 1.9-38.5). 

Our results, thus, do not exclude that active, TF-mediated FVII to FVIIa conversion takes 
place in patients during an acute venous thrombosis, as it may be that the FVIIa does 
drive coagulation activation but is rapidly inhibited and/or cleared by the AT-dependent 
mechanisms as increased FVIIa-AT complex levels were measured in these patients. In 
line with our results, Spiezia et al. also showed reduced levels of FVIIa in patients with 
acute venous thrombosis [25]. In contradiction to our results, this study showed that 
FVIIa-AT complex levels were decreased in these patients, which led these authors to 
conclude that in acute thrombosis the formation of TF-FVIIa-FXa-TFPI complexes 
may be the preferred inhibitory route, which results in decreased levels of FVIIa-AT 
complexes. Although we find elevated levels of FVIIa-AT complexes in patients compared 
to controls, the proportion of controls in whom detectable levels were measured was more 
than 3-fold higher compared to patients with detectable levels. This latter finding may 
be in line with the findings of Spiezia et al. Notably, another study with a similar design 
found no difference in FVIIa levels between patients and controls [26]. 

The combined results of our study suggest the TF pathway to be activated during venous 
thrombus formation. Since levels of FVII, TFPI and FXI are, and levels of FXII are 
not associated with the risk of venous thrombosis, a role of FXIIa-mediated activation 
of coagulation in the development of venous thrombosis appears minor. We therefore 
hypothesize that initiation of venous thrombus formation proceeds via the TF pathway. 
Subsequent thrombin-mediated activation of FXI appears vital in propagation of venous 
thrombus formation given the profound antithrombotic effect of a pharmacological 
decrease in FXI levels.
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(recombinant) Factor VIIa plays a central role in the studies described in this thesis, 
in which the aim of the research was two-fold. First, potential working mechanisms of 
rFVIIa when given prophylactically to inhibitor-complicated hemophilia patients were 
assessed. Second, the use of FVIIa as biomarker for venous thrombosis was examined. 
In this chapter, the contribution of our main findings to the current knowledge on the 
working mechanisms of rFVIIa prophylaxis as well as the initiating trigger of venous 
thrombosis will be discussed in a broader perspective.     

Working mechanisms of rFVIIa 

In chapter 2, we assessed potential other working mechanisms of prophylactically 
administered rFVIIa by administering a bolus doses of 90 µg/kg body weight rFVIIa 
to non-bleeding pigs [1]. During the time frame of prophylaxis, up to 48 hours, we 
collected plasma and platelets and determined FVIIa levels and associated hemostatic 
activity. Twenty-four hour post-administration, we found small but detectable levels of 
rFVIIa in the plasma. Low levels of FVIIa hours post injection have been reported before 
[2-5], although the authors of these previous published results did not recognize these 
low levels as being clinically significant. Furthermore, to our knowledge, we are the first 
to show in vivo uptake of rFVIIa by platelets. The FVIIa taken up by platelets is protected 
from clearance from the circulation and also appears to have a longer half-life compared 
to FVIIa in plasma. We hypothesize that these low, but hemostatically active levels of 
rFVIIa in both plasma and platelets at the end of the time frame of prophylaxis, may be 
responsible for the prevention of bleeding episodes in inhibitor-complicated hemophilia 
patients. The low levels of FVIIa in platelets may be in particular important at that point 
in time when local activation of these platelets with concomitant release of the FVIIa may 
result in a locally elevated FVIIa concentration. 

Another working mechanism that may explain the prolonged efficacy of rFVIIa is 
the distribution of rFVIIa into the extravascular space, with accumulation in various 
tissues, bone and joints [6-8]. One study also suggested that rFVIIa was taken up by 
megakaryocytes within the bone marrow [8]. Megakaryocytes are the precursor cells of 
platelets and therefore we hypothesized that the uptake of rFVIIa in megakaryocytes may 
result in the production of rFVIIa-containing platelets. The experiments described in 
chapter 3 showed uptake of rFVIIa by cultured megakaryocytes, and after stimulation 
these cells produced platelet-like particles containing hemostatically active rFVIIa. 
Whether this mechanism acts in vivo remains to be elucidated, but delayed generation of 
rFVIIa-containing platelets appears a plausible mechanism to partly explain the efficacy 
of once-daily rFVIIa prophylaxis in hemophilia patients with inhibitors. 
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In both chapter 2 and 3 the experiments showed an important role of platelets in 
explaining the duration of rFVIIa prophylaxis, which substantially exceeds its circulating 
half-life of 2 hours. 

Role of platelets

Platelets are traditionally known for their role in hemostasis, thrombosis, and wound 
healing. The role of platelets is, however, much more dynamic than that of a simple  
aggregate forming cell fragment as described in the explanation of the prophylactic  
efficacy of rFVIIa in chapter 2 and 3. Furthermore, it is known that platelets are involved 
in inflammation [9], host defense [10], liver regeneration [11,12], sepsis [13] and cancer 
[14]. 

Platelets contain three types of storage compartments; alpha-granules, dense bodies, and 
lysosomes. These storage compartments contain various constituents which are involved in 
processes that in part may contribute to these dynamic roles of platelets as described above 
[15,16]. Alpha-granules contain, among many other constituents, coagulation factors 
(e.g., FV and fibrinogen), membrane proteins (e.g., GPIIbIIIa, GPIb, and P-selectin), as 
well as growth factors involved in liver regeneration (e.g., platelet-derived growth factor 
(PDGF), hepatocyte growth factor (HGF), insulin-like growth factor (IGF), and vascular 
endothelial growth factor (VEGF) [17]). Dense bodies contain proteins such as serotonin 
(involved in vasoconstriction and liver regeneration) and ADP (weak platelet activator). 
Lysosomes are storage compartments containing various digestive enzymes. The proteins 
stored in these compartments are carried to the cell surface and released upon platelet 
activation. 

It is well known that platelets are able to endocytose proteins stored in alpha granules 
(e.g., fibrinogen) [18]. In this thesis we showed that platelets are also capable of taking 
up rFVIIa as described in chapter 2 and the transfer of rFVIIa from MEG-01 cells to 
platelets as described in chapter 3. In these studies platelets were identified as a potential 
hiding place and/or storage unit, which may explain the prolonged prophylactic effect of 
a once-daily administered bolus injection of rFVIIa. Although we have not assessed the 
exact storage location of the rFVIIa taken up by platelets, the alpha-granules are a likely 
candidate considering the results of the staining pattern of the selectively transferred 
rFVIIa stored in platelet-like particles (chapter 3). 

In the process of megakaryocyte maturation and biogenesis of platelets, selective transfer 
of agents from megakaryocytes to platelets has been described before [19]. Cecchetti et 
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al. showed that megakaryocytes selectively transferred some, but not all of the examined, 
messenger RNAs (mRNAs) to platelets. Platelets themselves, however, are upon 
stimulation also capable of transferring mRNA to other cell types such as monocytic and 
endothelial cells [20]. Recently, research from our laboratory demonstrated that platelets 
stimulate proliferation of HepG2 cells, which requires internalization of platelets in these 
liver cells and transfer of mRNA from platelets to HepG2 cells [21]. This may contribute 
to platelet-mediated liver regeneration, which is an example of the multi-dynamic role of 
platelets as previously mentioned.

Besides the transfer of mRNA from megakaryocytes to platelets, platelets may also take up 
mRNA from the plasma environment. Recently, it was demonstrated that platelets from 
patients with cancer contain tumor-derived RNA, which may be used as a biomarker 
for the presence of cancer [22]. Cancer cells can secrete membrane vesicles containing 
tumor-derived RNA, which is subsequently taken up by platelets. This means that these 
‘tumor-educated platelets’ (TEP) contain an mRNA profile similar to that of a tumor. 
This phenomenon is an emerging concept for a blood-based cancer classification method. 
This method will include the isolation of blood platelets, which is a relatively fast and 
simple procedure, followed by the isolation and gene expression of the platelet RNA. 
A recently published study showed the ability to distinguish between mRNA profiles 
of healthy individuals and cancer patients [23]. Moreover, the platelet mRNA profile 
quite accurately identified the localization of the primary tumor of the cancer patients, 
including six different types of tumors. 

In conclusion, the knowledge regarding the various roles of platelets has developed 
massively over the years, and studies showed that platelets have functions far beyond 
their traditional role in hemostasis, thrombosis, and wound healing. More research 
about potential roles, abilities, and capabilities of platelets may provide more insight to 
help develop novel medical treatments and diagnostic methods such as the promising 
blood-based cancer classification method. For current medical treatments such as the 
prophylactic treatment of rFVIIa, the research presented in this thesis will already provide 
a better insight in previously unrecognized roles of platelets. 

Relevance for clinical practice

It is almost thirty years ago that rFVIIa became available on the market. Looking back 
over that period of time shows us that we gained a huge amount of knowledge about for 
example treatment options, safety, mode of action, and therapeutic response regarding 
rFVIIa. It has given us more insight how to treat a patient, and how to improve their 
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lives. Early treatment is an important example, but also the development in given rFVIIa 
prophylactically to prevent bleeding episodes. The results described in the first part of 
this thesis extends the knowledge on the mode of action of rFVIIa given prophylactically 
to inhibitor-complicated patients. Our results will not directly be beneficial for clinical 
practice at this point in time, but it might be in the future. Further experiments are 
required to confirm our hypothesis whether lower concentrations of rFVIIa can indeed 
be used for the prevention of bleeding episodes. Lower concentrations of rFVIIa being 
effective for a much longer time frame would be beneficial for clinical practice and would 
result in cost reductions. 

Next paragraphs will discuss the role of rFVIIa in a broader perspective. All research done 
over the last thirty years, including the research described in this thesis, was to optimize 
the treatment and improve the quality of life of inhibitor-complicated hemophilia 
patients. What did the hemostatic drug and development in treatment options mean for 
inhibitor-complicated hemophilia patients? Were we able to improve the lives of these 
patients? The following paragraphs will discuss these topics from the patient’s perspective, 
and indicates the contribution of the results described in this thesis. Finally, we will give 
insight in the costs of hemophilia care and speculate what the results of this thesis may 
mean for this in future.  

The treatment of inhibitor-complicated hemophilia patients has been significantly 
improved by the introduction of rFVIIa. Before 1988, the year in which the first patient 
was treated with rFVIIa, treatment of inhibitor-complicated hemophilia patients 
was suboptimal compared with non-inhibitor complicated patients, leading to the 
development of an alternative treatment [24,25]. At the time recombinant FVIIa became 
available on the market, it suddenly became possible for inhibitor-complicated patients 
to treat themselves at home. This home treatment allowed patients to initiate early 
treatment, which resulted in less pain and morbidity, and thereby improving quality of 
life (reviewed in [26]). Home treatment has shown to be safe, effective and well tolerated 
in a multicenter phase III study [27]. The originally marketed rFVIIa required storage at 
4°C. In 2008, rFVIIa became available in a room temperature stable formulation and was 
shown to be bioequivalent to the originally developed rFVIIa [28,29]. This new room 
temperature stable product is much more user-friendly regarding its transport and storage 
and much more convenient in the daily practice of patient treatment. The importance 
of early treatment was demonstrated by analyzing the HemoRec registry, which included 
hemophilia data regarding initiation of treatment within 2 hours (early treatment) or 
after 2 hours (late treatment) counted from the onset of bleeding [30]. It was shown that 
rFVIIa treatment started within 2 hours counted from the onset of a bleeding episode 



106 Chapter 7

reduces the incidence of re-bleeding by more than half, compared to rFVIIa treatment 
started more than 2 hours after bleeding [30]. The effect of various doses of rFVIIa on the 
incidence of re-bleeding did not differ in the early treatment group (≤2 h), whereas higher 
doses of rFVIIa were required to control re-bleeding in the late treatment group [30]. 

Quality of life

The higher the classification of hemophilia (mild, moderate, or severe), the more 
hemorrhage, spontaneous or upon trauma, the patient might experience despite repeated 
treatment with factor replacement therapy or bypassing agents in case of inhibitor 
complicated patients. These (re)-bleedings often occur in joints, muscles or soft tissue, in 
which hemophilic arthropathy is a long-term consequence of these bleedings in joints. 
Hemophilia has an appreciable impact on the quality of life of these patients, and this 
impact has been shown to be more severe in inhibitor-complicated hemophilia patients 
compared with patients who did not develop inhibitors [31]. It was also shown that 
the health-related quality of life of inhibitor-complicated hemophilia patients is mainly 
associated with their orthopaedic status rather than other physical or mental components 
(e.g., mobility and social functioning) [32]. In order to improve the quality of life of 
hemophilia patients, it is important to prevent and/or adequately treat the orthopaedic 
problems in these patients.  

Prevention of bleeding episodes would be possible by means of prophylactic treatment. 
Currently, short-term episodic prophylaxis could be used to optimize treatment outcomes 
for hemophilia patients with inhibitors [33]. The treatment consists of on-demand 
treatment with rFVIIa to diminish the bleeding and reducing the pain in the joint. 
Thereafter, rFVIIa prophylaxis will be given for at least 3 days to stop the hemorrhage 
completely, to prevent re-bleeding and by means of that to prevent and/or delay the 
development of target joints and on the long-term arthropathy. Konkle et al. studied 
the effect of rFVIIa prophylaxis for a longer period of time. In 2007, they published the 
first and until now only randomized controlled trial of the prophylactic use of 90 or 270 
μg/kg body weight rFVIIa [34]. Both doses have been shown to be safe and effective in 
the reduction of bleeding episodes both during prophylactic treatment and long after 
the last dose was administered compared to on-demand treatment. Patients included 
in this randomized trial were also interviewed regarding their health-related quality 
of life comparing on-demand treatment (pre-prophylaxis period) versus prophylactic 
treatment (including post-prophylaxis period) [35]. It was shown that prophylaxis with 
rFVIIa improved the health-related quality of life of inhibitor-complicated patients, 
with some effects even remaining effective during the post-prophylaxis period. A few 
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examples of the improvement of the health-related quality of life of inhibitor-complicated 
hemophilia patients are a reduction in bleeding-related hospitalization (9.5 days (on-
demand treatment) vs 1.5 days (prophylaxis)), reduction in the days absent from school 
or work (18.5 days (on-demand treatment) vs 4.5 days (prophylaxis) and 8.5 days 
(post-prophylaxis)), reduction in pain (40.9% of patients, end of post-prophylaxis vs 
on-demand treatment), and an improvement in patient mobility (27.3% of patients, 
end of post-prophylaxis vs on-demand treatment) [35]. In addition, a systematic review 
of prospective interventional studies was recently published in which the efficacy of 
prophylaxis in hemophilia patients and in patients who developed inhibitors was examined 
[36]. In the majority of trials examined, prophylaxis resulted in the improvement of 
health-related quality of life for hemophilia patients and inhibitor-complicated patients. 
In conclusion, rFVIIa prophylaxis results in a significant reduction in bleeding episodes 
and in important improvements in the quality of life of inhibitor-complicated hemophilia 
patients. These results underline the importance of prophylactic treatment with rFVIIa 
for patients. The research presented in this thesis provides more insight in the working 
mechanisms of rFVIIa prophylaxis.  

Cost of hemophilia care

Many studies have assessed the cost-effectiveness of hemophilia treatment, including 
on-demand versus prophylactic treatment with factor replacement concentrates [37-39] 
or with bypassing agents (activated prothrombin complex concentrate [APCC] and/
or rFVIIa) for inhibitor-complicated patients [40-44]. These cost analyses are based on 
clinical experience and trials, in which the mean number of (re)-bleeding episodes and 
the mean number of injections needed to control the bleeding are known. Subsequently 
the mean of the total dosage given per patient per year can be calculated. Other costs 
taken into account are the mean amount of hospitalization days and days missing at 
school and work, and for example surgery costs. An example of a calculation of the cost of 
care of inhibitor-complicated patients in Italy showed that 47,3% of the monthly health 
care costs for inhibitor-complicated hemophilia patients consist of rFVIIa treatment, 
mainly used for surgical intervention such as joint replacements [40]. This indicates the 
high economic burden of rFVIIa treatment for patients with hemophilia, which means 
that the cost-effectiveness should be managed and evaluated well. Prophylactic treatment 
of rFVIIa will not directly lead to cost-reductions, as still significant amounts of rFVIIa 
need to be administered (90 or 270 μg/kg body weight rFVIIa). However, Konkle et 
al. showed that prophylactic treatment remains effective for a much longer period of 
time, even after prophylactic administration of rFVIIa was terminated [34]. For the long 
term, prophylactic treatment will therefore be much more cost effective as the amount 
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of bleeding episodes will be reduced, and maybe less surgery will be needed. In addition 
it improves the quality of life of inhibitor-complicated hemophilia patients which covers 
indirect health care costs. Furthermore, based on our findings described in chapter 2, 
we postulate that the low, but hemostatically active levels of rFVIIa found hours after 
the last bolus administration of rFVIIa would be responsible for the prevention of 
bleeding episodes. The prophylactic regimen of 90 μg/kg body weight once-daily given, 
may therefore be reduced substantially, which would lead to even more significant cost 
reductions.  

Role of GPIbα

The GPIb-IX-V complex is the second most abundant receptor complex on the surface 
of platelets. This receptor is important in the primary hemostatic response to vessel wall 
injury, as it serves as main receptor for VWF and facilitates platelet adhesion to the 
damaged vessel wall. The GPIb-IX-V complex is also involved in secondary hemostasis, 
as several coagulation factors can bind to the N-terminal region of GPIbα which is the 
most important ligand binding moiety of this complex [45-50]. An example of a known 
ligand is FVII(a), and it was previously shown that the binding of rFVIIa to the GPIb-
IX-V complex contributes to the tissue factor-independent thrombin generation on the 
surface of activated platelets [46]. Besides the localization of coagulation factors to the 
surface of platelets, GPIbα appears to modulate coagulation factor function. Therefore 
the GPIb-IX-V complex is an interesting potential therapeutic target for anti-thrombotic 
drug development. Current marketed anti-thrombotic drugs target mainly platelets or 
coagulation factors, and are prescribed for the prevention and/or treatment of arterial 
and venous thrombosis, respectively. Targeting the GPIb-IX-V complex would be a 
novel antithrombotic strategy, as it will target both platelets and coagulation at once. 
The experiments described in chapter 4 are part of an ongoing study in our laboratory to 
identify which coagulation factors bind GPIbα, to localize the exact binding site, and to 
identify the role of GPIbα in coagulation reactions. 

In the experiments presented in chapter 4 we assessed whether the GPIb-IX-V complex 
assists in the binding of FIX(a) to the surface of activated platelets, and studied the 
potential effect of GPIbα on FIXa-mediated propagation of coagulation. We could not 
provide evidence that the N-terminal region of GPIbα is involved in the binding of FIX(a) 
to the surface of activated platelets. However, the N-terminal region of  GPIbα modulates 
FIXa-mediated FXa-generation as it seems to reduce the procoagulant activity of FIXa. 
Several questions remained unanswered, for example whether FIX(a) might bind the 
GPIb-IX-V complex outside the N-terminal region of GPIbα and/or whether the effect 
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on the coagulation reaction could be explained by the binding of the other coagulation 
factors involved (i.e., FVIII and/or FX) rather than FIX(a). 

Future experiments will continue with systematic screening of coagulation factors to 
identify which factors bind GPIbα, the binding site on GPIbα, and to determine the effect 
of this interaction in coagulation reactions. Eventually, coagulation factors with unique 
binding sites will be preferred candidates for further development of this novel type of 
antithrombotic drugs. This drug (e.g., nanobodies) should be designed to specifically 
inhibit the binding of such coagulation factor with GPIbα. This would result in a 
specifically targeted platelet-mediated coagulation antithrombotic effect, without affecting 
other functions of GPIbα. Being more specific, without affecting functions of GPIbα 
in primary hemostasis (GPIbα-mediated platelet adhesion) and in secondary hemostasis 
(GPIbα-independent coagulation as well as GPIbα-dependent coagulation in which the 
binding is not interfered by the nanobody). An example of such targeted antithrombotic 
drug is anti-VWF aptamer ARC1779, developed and tested in clinical trials in patients 
with congenital thrombotic thrombocytopenic purpura (TTP). This aptamer binds to 
the A1 domain of VWF, thereby preventing the interaction of VWF with GPIb. Phase  
I/II clinical trials showed a dose-dependent inhibition of VWF-dependent platelet 
function and stabilized or even improved platelet counts in TTP patients who tolerated 
this drug well [51,52]. 

Venous thrombosis

Previously, it has been demonstrated that coagulation activation occurs in 17% of a group 
of healthy individuals after an 8 h flight, whether this was only 3% and 1% in the control 
situations of an 8 h movie marathon and an 8 h daily life routine, respectively [53]. In 
addition, these results were mainly found in women using oral contraceptives and/or 
having the factor V Leiden mutation. It is not known why activation of the coagulation 
system, measured by increased TAT complexes, occurred in these individuals. Knowledge 
on the initiating trigger of coagulation activation after air travel may give a clue on the 
mechanism of air travel-related thrombosis and may point toward the best preventive 
action to be taken. Currently, anticoagulant drugs (e.g., LMWH), elastic stockings and 
exercises are proposed for deep venous thrombosis prophylaxis dependent on the risk one 
individual might encounter. To assess the effect of these interventions, several randomized 
controlled trials have been conducted. The majority of these trials have been conducted by 
one research group, and showed that both LMWH and elastic stockings have been proven 
effective in reducing the incidence of DVT during long-haul flights [54-57]. However, 
the methodology behind these trials is disputable and the scientific integrity of the named 
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authors was questioned by the Medical Research Council, which not contribute to the 
plausibility of these trials [58]. One trial conducted from outside the previous mentioned 
research group, showed a reduction in symptomless DVT when elastic stockings were 
worn [59]. However, wearing these elastic stockings caused superficial vein thrombosis 
in 3% of the patients which not occurred in passengers not wearing elastic stockings. 
Therefore it has been debated whether such prophylactic measures have an acceptable 
risk/benefit ratio [60]. A better understanding on the mechanism of air travel-related 
thrombosis might lead to more insight which preventive action can be taken best to reduce 
the incidence of thrombosis. Moreover, more insight might lead to the development of 
novel antithrombotic drugs. With an estimated number of over 2 billion passengers 
flying each year, air travel might cause over 150.000 extra cases of venous thrombosis 
[61]. Air travel-related thrombosis is affecting a lot of people, so many studies are eager 
to identify the exact mechanism behind air travel-related thrombosis. The WRIGHT 
(WHO Research Into Global Hazards of Travel) project is an initiative which combines 
several studies analyzing risks, mechanisms and prevention of travel-related thrombosis. 
The results described in chapter 5 are part of the cohort studies of the WRIGHT project. 
In chapter 5, we hypothesized that the coagulation activation seen in 17% of the healthy 
individuals after air travel is initiated via the tissue factor pathway. We measured activity 
and antigen levels of FVII and FVIIa of all 71 healthy individuals in all three situations (8 
h flight, movie, daily life routine), and we used these as marker of extrinsic activation [62]. 
The FVII and FVIIa activity and antigen levels measured did not provide evidence for 
air travel-related coagulation activation via the extrinsic pathway. Even in the individuals 
with an activated clotting system after the flight compared with individuals without an 
activated clotting system, we did not find differences between activity and antigen levels 
of FVII and FVIIa. Whether the intrinsic pathway is activated during air travel remains 
to be elucidated.

In chapter 6, we assessed the role of the tissue factor pathway in the initiation of venous 
thrombosis [63]. We measured FVII and FVIIa plasma levels in 148 patients diagnosed 
with acute DVT and in 178 controls. Median levels of FVII in patients with acute DVT 
and in controls were similar, and individuals with FVII levels above 141.7%  had a 1.6-
fold increased risk for the presence of a DVT compared to controls. Median levels of 
FVIIa in patients with acute DVT were substantially lower compared to controls, and 
individuals with FVIIa levels below 69.9 ng/ml had a 5.5-fold increased risk for the 
presence of a DVT compared to controls. The decreased levels of FVIIa in patients with 
acute DVT may indicate ongoing consumption, as in a minority of patients we measured 
higher FVIIa-AT complex levels compared to controls. However, measuring lower FVIIa 
levels in patients compared to controls might also be explained by the time blood was 
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collected from these individuals. We hypothesized to find elevated levels of FVIIa as a 
result of TF-mediated FVII to FVIIa conversion, as it has been well established that there 
is active coagulation activation in patients in the acute phase of a DVT. In our study, 
patients with suspicion of acute DVT were referred to the hospital and upon confirmation 
of the diagnosis of DVT, patients were included in the study and blood was drawn before 
the start of anticoagulant treatment. It is possible that higher levels of FVIIa would be 
measured in patients when blood was drawn earlier. Nevertheless, both situations suggest 
a contributory role for tissue factor in the initiation of venous thrombosis. Knowing the 
initiation trigger in the development of venous thrombosis would be specifically of interest 
to be able to develop novel antithrombotic strategies to prevent venous thrombosis. An 
example of such novel strategy is using antisense nucleotides towards FXI, which was 
effective in the prevention of venous thrombosis after a knee replacement surgery [64]. 
Elevated levels of FXI are an established risk factor for venous thrombosis [65]. It has 
however not yet been determined whether elevated levels of FXI form a risk because of 
enhancement of FXIIa- or thrombin-mediated activation of FXI, which is compatible 
with the intrinsic or the extrinsic pathway as initiating trigger respectively.
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Recombinant factor VIIa (rFVIIa, NovoSeven) is geregistreerd voor de behandeling van 
bloedingen of als chirurgische profylaxe in patiënten met hemofilie die door remmende 
antistoffen niet meer met suppletie van factor VIII of IX behandeld kunnen worden. 
Recente klinische studies laten zien dat rFVIIa ook effectief is als profylaxe voor niet-
chirurgische bloedingen. Een eendaagse toediening van rFVIIa vermindert het aantal 
bloedingen in deze patiënten, wat suggereert dat rFVIIa een pro-hemostatisch effect heeft 
van 24 uur. Dit is lastig te verklaren, omdat de halfwaardetijd van rFVIIa ongeveer 2 uur 
is en daarmee veel korter dan de duur van het klinische effect. 

Het werkingsmechanisme van profylactisch toegediend rFVIIa is tot op heden nog 
niet volledig bekend. Eerder onderzoek resulteerde in twee hypotheses voor het 
werkingsmechanisme van rFVIIa in een profylactische setting. 

Ten eerste heeft in vitro onderzoek laten zien dat rFVIIa opgenomen wordt door 
bloedplaatjes, waarin rFVIIa hemostatisch actief blijft. rFVIIa in bloedplaatjes zou 
beschermd kunnen zijn tegen klaringen, en een (veel) langere halfwaardetijd dan rFVIIa 
in plasma kunnen hebben. Wij hebben in een in vivo onderzoek gekeken naar de 
concentratie en klaring van rFVIIa in plasma en bloedplaatjes. De resultaten van deze 
studie zijn in hoofdstuk 2 beschreven. In dit onderzoek hebben varkens een eenmalige 
dosis rFVIIa toegediend gekregen, en zijn ze tot 48 uur na deze toediening gevolgd waarbij 
op gezette tijden bloed is afgenomen. Tot 48 uur na toediening van rFVIIa hebben we 
verhoogde levels van functioneel actief rFVIIa gemeten in bloedplaatjes en bloedplasma 
ten opzichte van baseline levels. Ook leek de halfwaarde tijd van rFVIIa in bloedplaatjes 
langer dan de halfwaardetijd in plasma. In deze studie hebben we niet alleen bevestigd 
dat rFVIIa ook in vivo wordt opgenomen door bloedplaatjes, maar laten we ook zien 
dat rFVIIa opgenomen door bloedplaatjes functioneel actief blijft. De lage concentraties 
rFVIIa in bloedplaatjes en plasma uren na toediening zouden het pro-hemostatische 
effect van rFVIIa in een profylactische setting kunnen verklaren. We stellen voor dat 
voor de preventie van bloedingen veel lagere concentraties rFVIIa nodig zijn dan voor het 
behandelen van actieve bloedingen.   

Ten tweede kan het profylactische effect van rFVIIa verklaard worden door de relocatie van 
rFVIIa vanuit de bloedbaan naar diverse weefsels zoals spieren, gewrichten en beenmerg. 
Het rFVIIa wat opgenomen is door weefsels blijft hemostatisch actief, en dit zou 
mogelijk lokaal de stollingsactiviteit kunnen verhogen waardoor bloedingen voorkomen  
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kunnen worden. Studies in muizen suggereren dat rFVIIa opgenomen wordt door  
megakaryocyten in het beenmerg. Megakaryocyten zijn de voorlopercellen van 
bloedplaatjes, en wij hypothetiseerden dat deze megakaryocyten rFVIIa bevattende  
bloedplaatjes kunnen produceren. Onze bevindingen beschrijven we in hoofdstuk 3. We 
laten zien dat megakaryocyten in vitro rFVIIa opnemen en na stimulatie bloedplaatjes 
produceren die hemostatisch actief rFVIIa bevatten. Het proces van opname tot productie 
van bloedplaatjes duurt 3 dagen, en we stellen voor dat dit proces van rFVIIa relocatie 
naar megakaryocyten, gevolgd door productie van rFVIIa bevattende bloedplaatjes naast 
directe opname van rFVIIa door bloedplaatjes zelf, het langdurige profylactische effect 
van rFVIIa verklaart. 

Het eiwit glycoproteïne Ibα (GPIb) op het oppervlak van bloedplaatjes heeft een 
belangrijke rol in het hechten van bloedplaatjes aan een beschadigde vaatwand. Daarnaast 
is GPIb een belangrijke receptor voor de binding van diverse stollingsfactoren, waaronder 
FVIIa. Binding van stollingseiwitten aan GPIb moduleren stollingsreacties zoals we al 
eerder hebben laten zien voor binding van rFVIIa aan GPIb. In hoofdstuk 4 beschrijven 
we ons onderzoek naar de binding van factor IX aan GPIb en daarin de betekenis van de 
aan- of afwezigheid van deze receptor in de FIX gemedieerde bloedstolling. Deze studie 
is een onderdeel van een lopend onderzoek in ons laboratorium waarin we geïnteresseerd 
zijn in de interactie van stollingsfactoren met GPIb.

Naast recombinant FVIIa als pro-hemostatisch medicijn, hebben we ook onderzoek 
gedaan naar factor VIIa als biomarker voor veneuze trombose. Er is nog weinig bekend 
over hoe een veneuze trombus ontstaat. In tegenstelling tot arteriële trombose, is bij  
veneuze trombose de vaatwand intact, en lijkt de stollingsactivatie te ontstaan 
door componenten aanwezig in het bloed. Uit onderzoek blijkt dat tissue factor-
dragende micropartikels hierin een belangrijke rol spelen. Tissue factor-gemedieerde 
stollingsactivatie (extrinsieke stolling) begint met de omzetting van factor VII naar factor 
VIIa, en het lijkt daarom aannemelijk dat verhoogde plasmaspiegels van FVIIa actieve 
trombusvorming reflecteren. 

In hoofdstuk 5 beschrijven we onze resultaten over het ontstaan van stollingsactivatie 
na een vliegreis. Eerdere studies hebben stollingsactivatie laten zien in gezonde 
proefpersonen na een vliegreis, maar het is nog onduidelijk via welk mechanisme het 
stollingssysteem geactiveerd wordt. Uit onze studie waarin we plasma spiegels van FVII 
en FVIIa hebben gemeten in dezelfde gezonde proefpersonen, kunnen we concluderen 
dat deze stollingsactivatie niet via de extrinsieke route plaatsvindt. 
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In hoofdstuk 6 hebben we FVIIa plasma spiegels gemeten in patiënten met diep veneuze 
trombose en controles. Tot onze verbazing vonden we verlaagde FVIIa levels in patiënten 
met diep veneuze trombose, wat wellicht verklaard zou kunnen worden doordat er wel 
actieve FVII naar FVIIa omzetting in deze patiënten plaatsvindt, maar dat het gevormde 
FVIIa snel geïnactiveerd wordt. We concluderen dat de extrinsieke route mogelijk een rol 
speelt in het ontstaan van diep veneuze trombose.
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hebben we zo veel mogelijk restaurantjes in Groningen uitgeprobeerd. Op 20 oktober 
2014 mocht ik paranimf zijn tijdens jouw promotie en ik ben heel blij dat jij dit nu bent 
tijdens mijn promotie. 
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Djoke, je was mijn labmaatje. We zaten nog wel eens samen te pipeteren in de celkweek. 
Het was heel bijzonder om op jouw bruiloftsfeest erbij te zijn geweest. Ik ben blij dat jij 
paranimf bent tijdens mijn promotie; op naar jouw promotie!

Fari en Renee, jullie hebben me als echte vriendinnen altijd gesteund en in me geloofd.

Joke en Jalb, jullie hebben altijd in me geloofd en me door dik en dun gesteund. Ik 
wil daarom heel graag mijn proefschrift aan jullie opdragen. Jalb, we hebben menig 
keer wetenschappelijke discussies gevoerd en dat vond ik altijd erg fijn en waardevol. 
Ondanks je carrièreswitch blijf je toch altijd onze bioloog en heb ik van jou toch wel de 
genen meegekregen om verder te gaan in de wetenschap. Ik ben heel trots dat ik in jouw 
voetsporen heb kunnen treden, met een succesvolle promotie als resultaat. Joke, de inhoud 
van onze wetenschappelijke discussies gingen jou vaak boven de pet, maar desalniettemin 
was jouw blik erop altijd heel verhelderend. Aan de start van mijn promotie ben ik van 
Oxford naar Groningen verhuisd. Het was altijd nog een heel eind, maar er lag in ieder 
geval geen water meer tussen. Groningen was toch wel onze stad. Ver weg wonen had dan 
toch het voordeel dat jullie meteen een heel weekend gezellig overkwamen. We houden 
onze favoriete plekjes. Joke, ik ben super trots op jou hoe jij je er het afgelopen jaar 
doorheen hebt geknokt en dat je er nu bij bent om dit samen groots te kunnen vieren.

Hanneke en Daan, jullie waren er altijd voor mij. Hanneke, ik ben je nog steeds heel erg 
dankbaar voor het meedenken en de goede adviezen. Die hebben me erdoorheen gesleept 
in de tijden dat ik wel wat hulp kon gebruiken.

Sander, lieverd, wij hebben elkaar leren kennen in mijn laatste jaar in Groningen. Al 
snel brak de periode aan dat ik mijn proefschrift moest gaan schrijven. Jij bent diegene 
die hier het dichtste bij stond en ik ben je heel erg dankbaar voor al je geduld, steun, 
motivatie, hulp en liefde. Je hebt altijd in mij geloofd. Dat waren best pittige jaren, maar 
het is gelukt! Inmiddels ben je zelf expert in het wereldje van promoveren geworden. 
We hebben samen de lay-out en cover gemaakt van dit boekje en ik ben supertrots op 
ons dat we dit werk hebben kunnen neerzetten. Een kers op de taart! Sander, we hebben 
hoogtepunten zoals geaccepteerde publicaties gevierd en frustraties meegemaakt, maar nu 
is het af. Nooit meer in de avonden en weekenden eraan te hoeven denken, een heerlijk 
vooruitzicht!
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ACD acid citrate dextrose

ADP adenosine diphosphate

AnnV Annexin A5

APC activated protein C

APCC activated prothrombin complex 

concentrate

ApoER2 apolipoprotein E receptor 2

APTT activated partial thromboplastin 

time

AT antithrombin

BU Bethesda Units

bsa bovine serum albumin

Ca calcium

CHO Chinese Hamster Ovary

CI confidence interval

COX cyclooxygenase

CVX convulxin

DMEM Dulbecco’s Modified Eagle’s 

Medium

DNA deoxyribonucleic acid

DVT deep vein thrombosis

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent 

assay

EPCR endothelial protein C receptor

FACS fluorescence activated cell sorting

FBS fetal bovine serum

FEIBA factor eight inhibitor bypassing 

agent

FII coagulation factor II or  

prothrombin

FIIa activated coagulation factor II or 

thrombin

FV coagulation factor V

FVa activated coagulation factor V

FVII coagulation factor VII

FVII:Ag factor VII antigen

FVII:C factor VII coagulant activity

FVIIa activated coagulation factor VII

FVIIa:Ag activated factor VII antigen

FVIIa:C activated factor VII coagulant 

activity

FVIII coagulation factor VIII

FVIIIa activated coagulation factor VIII

FIX coagulation factor IX

FIXa activated coagulation factor IX

FX coagulation factor X

FXa activated coagulation factor X

FXI coagulation factor XI

FXIa activated coagulation factor XI

FXII coagulation factor XII

FXIIa activated coagulation factor XII

FXIII coagulation factor XIII

FXIIIa activated coagulation factor XIII

GC glycocalicin

Gla gamma-carboxyglutamic acid-rich

GP glycoprotein

GPIb-IX-V GPIb-IX-V complex

HGF hepatocyte growth factor

HMWK high molecular weight kininogen

HRP horseradish peroxidase

IGF insulin-like growth factor

IQR interquartile range

K kallikrein

Kd dissociation constant

LMWH low molecular weight heparin

MEG-01 megakaryoblastic cell line

mRNA messenger RNA

NPP normal pooled plasma
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NSAID non-steroidal anti-inflammatory 

drug

OR odds ratio

OSE O-sialoglycoprotein endopeptidase

PAI-1 plasminogen activator inhibitor 

type 1

PBS phosphate buffered saline

PC protein C

PCC prothrombin complex concentrate

PDGF platelet-derived growth factor

PGI-2 prostacyclin

PK prekallikrein

PLP platelet-like particle

PPP platelet-poor plasma

PRP platelet-rich plasma

PS protein S

P-sel P-selectin

PSGL-1 P-selectin glycoprotein ligand-1

PT prothrombin time

PZ protein Z

rFVIIa recombinant activated factor VII

RNA ribonucleic acid

rsTF recombinant soluble tissue factor

rTPO recombinant human  

thrombopoietin

SD standard deviation

SEM standard error of mean

TAFI thrombin activatable fibrinolysis 

inhibitor

TAT thrombin-antithrombin

TBS tris-buffered saline

TEP tumor-educated platelets

TF tissue factor

TFPI tissue factor pathway inhibitor

TM thrombomodulin

t-PA tissue plasminogen activator

TRAP thrombin receptor agonist peptide

TTP thrombotic thrombocytopenic 

purpura

VEGF vascular endothelial growth factor

VKA vitamin K antagonist

VWF von Willebrand factor

WHO World Health Organization

WRIGHT WHO Research Into Global  

Hazards of  Travel

wt wild type

List of Abbreviations
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