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102 Chapter 7

(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 
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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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