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THE BLOOD COAGULATION CASCADE 

 

Blood coagulation, which has evolved as an important defense mechanism against 

bleeding, proceeds via a complex cascade 
1,2

, which involves enzymes and cofactors that 

circulate as inactive precursors (or zymogens) in blood. A small trigger causes the activation of 

the first zymogen of the coagulation cascade into an active enzyme by limited proteolysis. 

Subsequently, this active enzyme activates the next blood coagulation zymogen and a cascade 

occurs that leads to thrombin formation. Thrombin is the key enzyme of the coagulation 

cascade, that performs many biologically important functions such as the activation of 

platelets, feedback amplification of coagulation and conversion of fibrinogen to fibrin which 

subsequently forms a network that stabilizes the platelet plug 
3
.  

Most of the coagulation enzymes belong to the serine protease family. For a number 

of coagulation factors the γ-carboxylation of N-terminal glutamic acid residues to γ-

carboxyglytamic acid (Gla) catalysed by the vitamin K-dependent carboxylase is of crucial 

importance. In vivo, coagulation is thought to occur in sequential phases; initiation, 

propagation and termination. 

 

The initiation phase 

Activation of blood coagulation is initiated in vivo when the sub-endothelial protein 

tissue factor (TF) is exposed to the flowing blood as a consequence of a damaged vessel wall 

4,5
. The tissue factor-dependent activation of coagulation has traditionally been referred to as 

the ‘extrinsic’ pathway 
6-8

. TF binds both the zymogen and activated forms of the serine 

protease, factor VII(a) present in blood 
9,10

. The resulting membrane-bound TF-factor VIIa 

complex converts the circulating zymogens factor X and factor IX to their active forms (Xa and 

IXa) 
6,11

. Factors IXa and Xa diffuse into the blood and bind to the surface of activated platelets 

12
. Activation of platelets results in the exposure of negatively charged phospholipids 

(phosphatidylserine) at the platelet membrane, enabling binding of coagulation factors and 

assembly of enzyme-cofactor complexes important for efficient propagation of coagulation 
13

. 

Factor Xa and its cofactor activated factor V (factor Va) assemble on the activated platelets to 

form the prothrombinase complex that efficiently activates prothrombin to thrombin 
14-16

. 

Circulating factor V can be activated by factor Xa on the platelets but the majority of factor V 

is activated by the first thrombin molecules that are generated during the coagulation process 

17,18
.  
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The Propagation Phase 

Thrombin amplifies its own generation by a positive feedback through activating not 

only factor V but also factor XI and factor VIII in the so-called propagation loops 
19-21

. 

Activation of coagulation factor XI by thrombin results in the generation of additional factor 

IXa 
20

. Next, factor IXa and factor VIIIa assemble into the intrinsic tenase complex. Factor VIII 

circulates bound to von Willebrand factor, which is an adhesive protein important for the 

generation of the platelet plug 
22

. After activation by thrombin, factor VIIIa dissociates from 

von Willebrand factor and forms the ‘tenase’ complex on the negatively charged 

phospholipids surface with factor IXa. This ‘tenase’ complex subsequently activates factor X. 

When sufficient thrombin is generated fibrinopeptides A and B are cleaved from fibrinogen 

which results in the polymerization of fibrin monomers to a fibrin network 
23,24

. The fibrin clot 

is stabilized by factor XIIIa, which is activated by thrombin 
25-27

. 

 

The Termination Phase 

Regulation of coagulation takes place at each phase, either by enzyme inhibition or by 

modulation of the activity of the coagulation cofactors. The major anticoagulant pathways are 

controlled by four plasma proteins (antithrombin, TFPI, protein C and protein S), which 

inactivate either serine proteases or their cofactors. 

Most of the enzymes generated during activation of coagulation are inhibited by the 

serine-protease inhibitor antithrombin 
28

, previously known as antithrombin III. Antithrombin 

preferentially inhibits free enzymes of the coagulation system, whereas enzymes that are part 

of the tenase or prothrombinase complexes are protected for inhibition by antithrombin 
29

. 

The physiological role of antithrombin is to limit the coagulation process to sites of vascular 

injury and to prevent the unwanted circulation of coagulation enzymes. The activity of 

antithrombin is greatly stimulated by heparin and heparin-like molecules 
30

. 

Tissue factor pathway inhibitor (TFPI) targets factor Xa and the lipid-bound factor VIIa-

TF-factor Xa complex and thereby regulates the initiation phase of coagulation 
31-33

 . Inhibition 

of factor Xa by TFPI is accelerated by its cofactor, protein S 
34

. No deficiency states have been 

described in humans, suggesting that deficiencies of TFPI are not compatible with life 
35

. 
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Figure 1.1:  Schematic representation of the reactions of blood coagulation and the protein 

C anticoagulant system. The exposure of TF to blood and the subsequent binding of factor VIIa to TF 

result in the initiation of blood coagulation. The factor VIIa-TF complex activates factor IX and factor X. 

Factor IX is alternatively activated by factor XIa, which can be generated as a result of activation of the 

contact system or by feedback activation of factor XI by thrombin. Factor IXa and factor VIIIa form the 

tenase complex in the presence of calcium and negatively-charged phospholipid membranes and factor 

Xa and factor Va form the prothrombinase complex. Thrombin feedback activates coagulation by 

activation of factor VIII and factor V. Thrombin has multiple procoagulant functions such as activation of 

platelets, conversion of fibrinogen to fibrin and activation of factor XIII. In the presence of intact 

endothelium, thrombin binds to thrombomodulin and activates protein C. Endothelial protein C 

receptor (EPCR) stimulates the activation of protein C. Activated protein C inhibits coagulation by 

cleaving and inactivating the cofactors factor Va and factor VIIIa. The free form of protein S in blood 

serves as cofactor to activated protein C. (Figure taken from Dahlbäck B, Journal of Internal Medicine, 

2005; 257: 209-223) 

 

The protein C system down-regulates coagulation by modulation of the activity of 

factors VIIIa and Va 
36

. Protein C is activated on the surface of endothelial cells by thrombin 

bound to the membrane receptor thrombomodulin 
37

. In this way, thrombin has the capacity 

to express both procoagulant and anticoagulant functions depending on the situation under 

which it is generated. Activated protein C (APC) inactivates the membrane-bound cofactors 

VIIIa and Va through proteolytic cleavage, which results in inhibition of thrombin generation 

38
. Protein S, a vitamin-K-dependent cofactor, stimulates the anticoagulant activity of APC. It 

has been proposed that APC and protein S form a membrane bound complex, in which protein 

S stimulates cleavage of factors VIIIa and Va, even when they are part of fully assembled 

tenase and prothrombinase complexes 
39,40

. APC does not cleave intact factor VIII in vivo, but 
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can cleave the intact form of factor V. Cleaved factor V functions in synergy with protein S as 

an APC cofactor in the inactivation of factor VIIIa 
41,42

. 

The physiological importance of the protein C/protein S system is shown by the severe 

thrombotic disease that is associated with homozygous deficiency of protein C  or protein S 

known as Purpura Fulminans that manifests shortly after birth 
43-45

. 

 

 

PROTEIN S 

 

Synthesis of protein S 

Protein S is a vitamin K-dependent plasma glycoprotein which has a molecular weight 

of ~75 kDa 
46

. In humans, protein S is mainly synthesized by hepatocytes, but also by 

megakaryocytes, endothelial cells, Leydig cells of testis, osteoblasts and vascular smooth 

muscle cells 
47-52

. 

 Human protein S is expressed from the gene PROS1 that is located near the 

centromere on chromosome 3 (region 3q11.2) 
53,54

. The genomic sequence of PROS1 currently 

encompasses exons 1 to 15 and exhibits 97% homology with the pseudogene PROS2, which is 

present at 3p21-cen. 
55,56

. Only the gene PROS1 is transcribed, while pseudogene PROS2 lacks 

the 5’ exon containing the initiation methionine, it has a splice site mutation, several stop 

codons and a frame shift mutation 
56

. 

 Protein S, which is homologous to the other vitamin K-dependent coagulation factors 

57,58
, is synthesized as a precursor of 676 amino acids of which 41 N-terminal residues are 

represented as the ‘proleader’. The proleader contains a signal peptide and a propeptide. 

During posttranslational modification, the signal peptide directs the protein to the lumen of 

the endoplasmic reticulum. After signal peptide cleavage, the propeptide, containing the γ-

carboxylation recognition site, binds to the vitamin K dependent carboxylase associated within 

the endoplasmic reticulum. Specific glutamic acids are converted to γ-carboxyglutamic acids 

and the propeptide is proteolytically removed before secretion 
58

. 

 After synthesis protein S is subjected to additional posttranslational modifications, 

including disulfide bond formation, N-linked glycosylation and β-hydroxylation of asparagine 

and aspartic acid residues, required for anticoagulant function 
59

.  

 Protein S circulates in plasma at a concentration of approximately 350 nM. 60 % of 

protein S is tightly bound in a 1:1 complex to C4b-binding protein (C4BP) 
60

, the remaining 

protein S circulates as a free form 
61

. 
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Structure of protein S 

 To date, protein S has not yet been crystallized and a complete three dimensional 

structure has not yet been reported. Mature protein S is a single-chain molecule and has a 

modular structure consisting of a Gla domain (residues 1-46) containing a short aromatic stack 

(residues 38-46), a region sensitive to cleavage by thrombin and factor Xa (TSR; residues 47-

75), 4 epidermal growth factor (EGF)-like domains (EGF 1-4, residues 76-242) 
62

, and a sex 

hormone binding globulin (SHBG)-like region, containing 2 laminin G-type repeats (LGR; 

residues 243-635) 
63

.  

 The Gla-domain of protein S contains 11 γ-carboxylated glutamic acid (Gla) residues. 

These Gla-residues are able to bind to multiple Ca
2+

-ions and the Ca
2+

-stabilized structure has 

a high affinity for negatively charged phospholipid membranes 
64,65

. Ca
2+

-ions have been 

shown to induce conformational changes in Gla-domains 
66

 and mediate a regulated exposure 

of hydrophobic resides for membrane interactions in various ways 
67

, which lead to increased 

binding to phospholipids 
68

. Incomplete carboxylation of the Gla-domain or mutations in the 

Gla domain will lead to dysfunctional protein S 
69,70

. 
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Figure 1.2: Modular structure of protein S. Protein S consists of 635 amino acids which are 

organized in the following modules. The phospholipid-binding Gla domain (Gla) (a.a.1-46), a thrombin 

sensitive region (TSR) (a.a.47-73), four EGF-like domains (EGF 1-4) (a.a.74-242) and a sex hormone 

binding globulin-like domain (SHBG) containing two laminin G (LG)-type domains (a.a.243-635). 

 The Gla-domain is followed by the thrombin sensitive region (TSR) containing a 

disulfide-bridge (residues 46-75). Two peptide bonds in the TSR (Arg
49

 and Arg
70

) are sensitive 

to proteolysis by thrombin 
71-73

. After cleavage of these bonds, the Gla-domain remains 

attached to the rest of protein S via a disulfide bond, but its affinity for Ca
2+

-ions is decreased 

71
. Thrombin-cleaved protein S and intact protein S have comparable affinities for negatively 
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charged phospholipid membranes 
74

. The TSR of protein S is required for the Gla-domain of 

protein S to bind to phospholipids. Deletion of the TSR in a recombinant protein S variant 

leads to defective phospholipid binding 
75,76

. The anticoagulant activity of protein S is lost 

when protein S is cleaved at Arg
49

 by thrombin 
77,78

. The TSR domain can also be cleaved by 

factor Xa at Arg
60

 in the presence of Ca
2+

-ions, and APC-cofactor activity is lost
79

. Factor Xa-

cleaved protein S has been detected in plasma 
80,81

. 

 Protein S contains four epidermal growth factor (EGF)-like modules (residues 73-242), 

which are directly involved in protein-protein interactions 
82

. The EGF-like domains of protein 

S contain Ca
2+

-binding sites 
83

. The third and fourth EGF modules in protein S have very high 

affinity Ca
2+

-binding sites in the nanomolar range and are involved in the interaction with 

factor X 
84-86

. Binding of Ca
2+

 to EGF module 4 of protein S is important for the maintenance of 

the conformation of protein S 
87

. EGF-like modules 1 and 2 are important for APC-cofactor 

activity and are involved in interaction between protein S and APC 
88-90

. 

 The carboxy-terminus SHBG domain of protein S, which shows 30% sequence identity 

with plasma sex hormone binding globulin, is unique because this domain replaces the serine 

protease domain found in other vitamin K-dependent coagulation factors  and appears to be 

devoid of enzymatic activity 
63

. The SHBG domain of protein S contains two laminin G-like 

domains each containing an internal disulfide bridge. Protein S is related to other Laminin G-

like domain consisting proteins such as Gas6 
91,92

, which is the ligand of receptor tyrosine 

kinases of the Axl/Tyro3 family. 

 Approximately 60% of the protein S present in plasma is bound to the β-chain of C4b-

binding protein (C4BP) 
93-95

, a member of the classical complement pathway. C4BP is a high 

molecular weight plasma protein of 570 kDa with a plasma concentration of 200nM. C4BP was 

found to have an unusual spider-like structure 
96

, it consists of seven α-chains and one β-

chain, which are held together by disulfide bonds in a central core 
97,98

. The α-chains (Mw 70 

kDa) are composed of eight homologous domains called short consensus repeats (SCRs) 
99

. 

The β-chain (Mw 45 kDa) of C4BP is composed of three SCR units. The protein S binding site is 

localized in the central core of C4BP 
100

, studies have shown that protein S binds to the N-

terminal SCR unit (SCR-1) of the β-chain 
95,101-104

. In addition the second SCR unit contributes 

to the interaction of C4BP with protein S 
105

. Protein S binds to C4BP with a very high affinity 

and forms a  1:1 complex which has a KD of 0.9 � 10
-9

 M 
60,101,106

. Residues 423-429 
101,102

 and 

residues 453-460 
107

of protein S are involved in binding to C4BP.  
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Anticoagulant functions of protein S. 

 Protein S has multiple anticoagulant functions. The best known and studied function 

of protein S is its ability to act as a cofactor of APC. More recently it has been reported that 

protein S also expresses cofactor activity for TFPI. 

 

APC-cofactor activity of protein S. 

The protein C pathway exerts its anticoagulant effect by down-regulating the activity 

of factor VIIIa and factor Va, the cofactors of factor IXa and factor Xa, respectively 
108

. 

 Protein C is a vitamin K-dependent glycoprotein (62kDa) 
109

 which circulates as a 

precursor of the serine protease, activated protein C (APC) 
110,111

. The plasma protein C 

concentration is 70 nM, while plasma also contains 40 pM of the activated form APC 
112

. APC is 

a multi domain protein, composed of a light chain and a heavy chain, linked by a disulfide 

bond 
109

.  

Protein C is activated by thrombin bound to the receptor protein thrombomodulin 

(TM), which is expressed on endothelial cells 
113

. The thrombin-TM mediated activation of 

protein C on the endothelial cell surface is stimulated by the endothelial protein C receptor 

(EPCR) 
114-116

 that binds to the Gla-domain of protein C. The activation peptide of protein C is 

released during the activation by the thrombin-TM-EPCR complex, and the serine protease 

domain is converted to its active conformation. Protein C activation is down-regulated by the 

thrombin inhibitor antithrombin, which efficiently inhibits TM-bound thrombin 
37,117

. In 

addition, APC and APC bound to EPCR 
113

 are down regulated by plasma protease inhibitors 

(protein C inhibitor, α1-antitrypsin) with a half-life of ~15 minutes 
118,119

. It was reported that 

the EPCR-APC complex activates protease activated receptor (PAR-1) causing cell signaling and 

gene expression alteration 
120

. 

Activated protein C (APC) anticoagulant activity involves the proteolytic inactivation of 

coagulation factors VIIIa 
121,122

 and Va 
123-125

, which results in the down-regulation of 

coagulation. The loss of cofactor activity of factor Va is associated with peptide bond 

cleavages in the heavy chain of factor Va at Arg
306

, Arg
506

 and Arg
679

 
126,127

. Factor Va 

inactivation by APC proceeds via biphasic reaction; a rapid proteolysis at Arg
506 

that results in 

the formation of an intermediate which expresses a reduced cofactor activity in prothrombin 

activation, followed by a slow proteolysis at Arg
306

 which leads to full inactivation of factor Va. 

The slow rate of cleavage at Arg
679

 is not considered to be of physiologic relevance 
128

. The 

rate of inactivation of factor Va by APC is greatly enhanced by the presence of calcium ions, 

negatively charged phospholipids 
124,129

 and its cofactor protein S 
39,125,130

.  
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APC resistance was discovered as an in vitro phenomenon that is characterized by a 

poor anticoagulant response of plasma to APC. This phenomenon was first reported by 

Dahlbäck et al., who found that plasmas of a group of patients with a family history of venous 

thrombosis showed reduced anticoagulant response to the addition of APC 
131

. About one 

year later a number of laboratories 
132-134

showed that a common polymorphism, which is 

characterized by the replacement of Arg
506

 by glutamine, is responsible for APC resistance. The 

inactivation of the mutated molecule (called factor VLeiden) by APC is impaired and proceeds 

exclusively through proteolysis at Arg
306

. 

 APC-mediated proteolysis at Arg
306

 of factor Va and factor VaLeiden is enhanced 

approximately 20-fold by protein S, while proteolysis at Arg
506

 is not affected 
135

. However, 

effects of protein S on Arg
506

 cleavage by APC that have been reported later are most likely 

explained by different phospholipid compositions 
40,136

. Factor Xa is known to inhibit the APC-

mediated inactivation of factor Va 
124,126,137

, which on its turn is counteracted by protein S 
39

. 

The mechanism by which protein S stimulates APC is still not yet fully understood. Optimal 

proteolysis of factor Va by protein S requires the presence of a negatively charged 

phospholipids surface 
130,138

. In addition, a functional Gla module, intact TSR and EGF1 of 

protein S interact with APC and increase the affinity of APC for phospholipid surface 
139,140

. It 

was also reported that protein S relocates the active site of phospholipid-bound APC above 

the membrane surface, by binding of the first epidermal growth factor domain of protein S to 

APC 
89,141,142

.  

When protein S is cleaved by thrombin or factor Xa in the TSR domain, no cofactor 

activity for APC is observed 
71,72,79,80

. It was reported that binding of C4BP to protein S resulted 

in loss of cofactor activity for APC 
143-146

 and that C4BP also inhibited inactivation of factor Va 

by APC in the absence of protein S 
147

.  

 Limited proteolysis of factor VIIIa by APC occurs at amino acid positions Arg
336

, Arg
562

 

and Arg
740

 
148

. In addition to its procoagulant function in prothrombin activation, factor V acts 

together with protein S as synergistic cofactors in the degradation of factor VIIIa 
149-151

. To 

express APC cofactor activity, factor V must retain the B-domain and must be cleaved by APC 

at Arg
506

 
149,152-154

. In contrast, APC-mediated cleavage at position Arg
306

 and Arg
679

 does not 

result in the expression of factor V anticoagulant activity 
42

. Protein S enhances the 

inactivation of purified factor VIIIa by APC 
155,156

 and C4BP had no effect on the protein S 

cofactor activity in APC-mediated inactivation of factor VIIIa 
157

.  
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APC-independent cofactor activity of protein S. 

 In the first report of the APC-independent anticoagulant activity of protein S, direct 

inhibition of prothrombin activation by purified protein S was described 
158

. Protein S was 

reported to inhibit prothrombin activation through direct interactions with factor Va and 

factor Xa 
159-161

. In addition, it was shown that protein S competes with prothrombin for 

binding to factor Va 
159

. C-terminal residues 621-635 of protein S were reported to be essential 

for binding to factor Va 
162

. Protein S cleaved by factor Xa has still APC-independent activity, 

while protein S cleaved by thrombin does not express APC-independent anticoagulant activity 

163
.  

 The ability of protein S to bind to phospholipids is crucial for the expression of 

anticoagulant activity in the absence of APC 
161,164,165

. This was demonstrated by the 

observation that a monoclonal antibody directed against the γ-carboxyglutamic acid (Gla) 

module of protein S inhibited its APC-independent anticoagulant activity 
138,164

. At limiting 

phospholipids, protein S can also directly inhibit prothrombinase activity by competing for 

phospholipid surface 
165

. This was later explained by the presence of multimeric forms of 

protein S that bind with a high affinity to negatively charged phospholipid surfaces 
166

. 

  Differences in APC-independent anticoagulant activities between different protein S 

preparations 
158-161

 are caused by different amounts of multimeric protein S forms in the 

purified protein S purifications. These protein S multimers are generated during purification of 

protein S from plasma 
166

. Protein S multimers are absent in plasma 
167

, although a 

contradictory report exists 
168

. These multimeric forms of protein S, which constitute a small 

fraction of total protein S (2-5%), have a 100-fold higher APC-independent anticoagulant 

activity than the monomeric form of protein S 
166

.  

 APC-independent activity of protein S was also observed in plasma. When plasma 

protein S was neutralized with antibodies against protein S, thrombin generation was 

markedly increased 
169-171

. Furthermore, it was shown that the APC-independent anticoagulant 

activity of protein S in plasma is reduced in women using oral contraceptives 
172

 and in 

patients with the prothrombin G20210A mutation 
170

. Recently, it was reported that protein S 

acts as a cofactor for TFPI in the down-regulation of factor X-activation 
34

. 

 

TFPI-cofactor activity of protein S. 

 Tissue factor pathway inhibitor (TFPI) is a multivalent Kunitz-type inhibitor of 276 

amino acids, including 18 cysteines that are all involved in disulfide bonds. TFPI consists of a 
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highly negatively charged N-terminal domain, 3 Kunitz-type domains and a lysine rich C-

terminal tail 
173

. Despite the variability in mRNA size and sequence due to multiple alternative 

transcriptional start sites, the primary product is the well-characterized full length TFPI 

protein that is translated from what is now referred to as the TPFIα transcript 
174

. An 

alternative spliced variant of TFPI has been identified as TFPIβ and has a different C-terminal 

tail, a GPI anchor that associates with the endothelial cell surface 
175,176

. 

TFPI-2 is a 32 kDa matrix-associated Kunitz-type serine protease inhibitor consisting of 

a short amino-terminal region. Human TFPI-2 was referred to as placental protein 5 (PP5) 
177

 

and is thought to play a role in the regulation of extracellular matrix digestion and remodeling 

178
. 
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Figure 1.3: Structure of TFPI. Full length TFPI is a Kunitz-type inhibitor of 276 amino acids and 

consists of N-terminus, three Kunitz domains and a posively charged C-terminus. Each Kunitz domain 

contains three disulfide bridges and the arrows indicate the location of the presumed P1 residues of the 

active-site clefts for the Kunitz domains. (Figure taken from Girard TJ et al, Nature, 1989; 338: 518-520). 

 

 

TFPI in plasma 

The majority of TFPI in plasma is produced by and bound (70-80%) to endothelial cells, 

which constitutively express the protein 
179

. TFPI is also expressed by vascular smooth muscle 
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cells, platelets and monocytes 
180,181

. Both TFPIα and TFPIβ are glycophosphatidylinositol (GPI-) 

linked at the membrane surface, but through different mechanisms. TFPIβ is directly anchored 

via a specific C-terminus signal for GPI attachment. In contrast, TFPIα appears to be indirectly 

GPI-anchored via an unidentified GPI-anchored co-receptor 
182-184

. Treatment with 

phosphatidylinositol specific phospholipase C (PI-PLC), which cleaves GPI membrane-anchors, 

releases approximately 80% of total surface-TFPI and the remaining 20% TFPI is released by 

subsequent heparin treatment 
176

. Small amounts of TFPI may associate ionically with the cell 

surface proteoglycans via its Kunitz 3 domain and basic C-terminus 
185

. Plasma TFPI levels are 

increased 1.5 to 3-fold after administration of heparin, representing the release of TFPI from 

endothelial heparan sulfate proteoglycans 
186,187

. In addition, TFPIα release is induced by 

heparin from intracellular stores in vitro 
188

. 

 TFPI secreted by endothelial cells circulates in plasma at a concentration of ~2.5 nM 

189,190
. The majority (70-80%) of the TFPI plasma pool circulates in association with lipoproteins 

through disulfide binding with Kunitz-3 
191,192

. Most of the TFPI bound to lipoproteins is 

associated with low-density lipoproteins (LDL), some with high-density lipoproteins (HDL), and 

only traces with very low-density lipoproteins (VLDL) 
191,193

. TFPI is found in plasma in different 

molecular forms, the predominant ones being the 34 kDa and 41 kDa forms associated with 

LDL and HDL, respectively, as well as various truncated forms 
191,194

. This size heterogeneity 

appears, in part, to be the result of C-terminal truncation 
191

. Only 10% of plasma TFPI 

circulates in a full-length free 43-kDa form. Truncated forms of TPFI lack most of their C-

terminal tail and often also most of Kunitz-3 
195

. Although it remains to be established how the 

truncated forms of TFPI are generated physiologically, in vitro data have demonstrated that 

TFPI is cleaved into truncated forms by various plasma proteases. These include thrombin, 

plasmin and leukocyte elastase 
196-198

. Factor Xa, the natural target for TFPI, also cleaves TFPI, 

but only when present in molecular excess 
199

. Of the total TFPI in blood, between 2% and 5% 

is present within circulating/resting platelets 
200

. TFPI is located within intraplatelet stores that 

can be released upon their full activation 
200,201

. 
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Total TFPI =          Vessel wall + Blood

1. Blood 20%

2. Vessel wall 80%

1. TFPIββββ (GPI anchor) 20%

2. TFPIα 0-5%

3. TFPIαGPI receptor 75-80%

3
1

2

2

1

1
2

3

4
65

1. LDL-bound 55%

2. HDL-bound 20-25%

3. VLDL-bound 5-10%

4. Platelet 0-5%

5. Free truncated 0-5%

6. Free full length 10%

Figure 1.4: Schematic overview of TFPI forms. The majority TFPI is bound to the vessel wall. TFPIβ 

(20%) is directly anchored via a specific C-terminus signal for GPI attachment. The majority of TFPIα is 

indirectly GPI-anchored via an unidentified GPI-anchored co-receptor and a small amount of TFPIα is 

ionically associated with the cell surface proteoglycans. The majority of circulating TFPI is bound to 

lipoproteins. Most is associated with low-density lipoproteins (LDL), some with high-density 

lipoproteins (HDL) and traces are associated with very low-density lipoproteins (VLDL). Of total TFPI in 

blood between 2% and 5% is present in platelets. Only 10% of plasma TFPI circulates in a full length free 

form, also truncated free TFPI circulates in traces in plasma. 

 

Anti-coagulant function of TFPI 

 The anticoagulant function of TFPI involves the factor Xa-dependent inhibition of 

TF/factor VIIa. By targeting this serine protease, TFPI directly inhibits the initiation phase of 

coagulation. This process consists of 2 steps: in the first step factor Xa binds to TFPI and in the 

second step a quaternary complex is formed between TFPI/factor Xa and TF/factor VIIa. 

Consequently, the amount of factor Xa that escapes inhibition is directly related to the 

concentration/availability of TF. 

  Kunitz-2 TFPI binds to factor Xa at or near its serine active site 
31,202

, and this 

interaction has a 1:1 stoichiometry and does not require the presence of Ca
2+

-ions 
203

. 

However, Ca
2+

-ions augment the potency of factor Xa inhibition by TFPI in the presence of 

phospholipids surfaces 
204

. The C-terminal tail of TFPI is important for interaction with anionic 

membrane surfaces 
205-207

. 

 The second stage in the inhibition of TF-dependent coagulation involves the binding of 

the TFPI/factor Xa to TF/factor VIIa, resulting in the formation of an inactive (TFPI/factor 

Xa/TF/factor VIIa) quaternary complex on the plasma membrane. The Kunitz-1 domain of TFPI 

interacts with the active site of factor VIIa in a Ca
2+

 dependent manner 
31,202

.  
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 Protein S stimulates the binding and inhibition of factor Xa by TFPI. Recently it has 

been shown that in a model system using purified components, protein S increases the affinity 

of full length TFPI for factor Xa 10-fold 
34,208

. In contrast, protein S was unable to stimulate the 

interaction between factor Xa and truncated (1-161) TFPI 
34

. 

 Low levels of TFPI have shown to increase the risk of venous thrombosis 
209,210

 and 

several assays have been designed to determine levels and activities of TFPI forms in plasma 

209,211
. Commercially available ELISA’s are available to measure free TFPI or total TFPI, which 

also includes lipoprotein bound TFPI 
209

. In addition, TFPI activity tests were designed based on 

chromogenic substrate conversion 
212,213

 and on coagulation (clotting assays), which reflect 

activity of all TFPI forms 
214,215

. Truncated TFPI1-161 
216

 or TFPI bound to lipoproteins 
190,217

 has 

less anticoagulant activity than free TFPI and Kunitz-3 and the C-terminal tail are necessary for 

optimal inhibition of factor Xa 
205,218,219

. 

 

Protein S deficiency 

Since the anticoagulant activity of APC is dependent on protein S, the lack of 

functional protein S is associated with thrombotic disease 
220

. Hereditary deficiency of protein 

S is a well-established risk factor of familial thrombosis 
143,221

. Protein S-deficient patients 

experience a 5-10 fold higher risk of thrombosis as compared to their normal relatives 
222

, the 

exact risk depends on the severity of the impairment of protein S expression and/or function 

223
. Based on protein S antigen level and APC-cofactor activity, three different types of protein 

S deficiency have been described: type I is characterized by a reduction in both free and total 

protein S 
143,220,221

, type II by a functional protein defect 
224,225

 and type III by a selective 

deficiency of free protein S 
220,226

.  95% of protein S deficient patients show a quantitative 

deficiency (2/3 type I and 1/3 type III), the remaining 5% have a functional defect. Since type I 

and type III often occur together in the same family, they have been suggested to be 

phenotypic variants of the same genetic defect 
227,228

. Pure type III deficiency often co-

segregates with the protein S Ser
460

Pro mutation, known as protein S Heerlen 
229,230

. 

Protein S Heerlen contains a Ser to Pro substitution at amino acid residue 460, 

resulting in the loss of the N-linked glycosylation consensus sequence (Asn-Xxx-Ser), and thus 

N-linked glycosylation at Asn 458. The prevalence of the Ser460Pro mutation among the 

healthy population was estimated at approximately 0.5% and it was initially considered a 

neutral polymorphism 
229

. Later it was shown, however, that the Ser460Pro mutation is 

associated with quantitative protein S deficiency showing low free protein S levels 
230

. 
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Because protein S deficiency is rare, it usually appears partial (heterozygous). Protein 

S deficiency has been identified in 1-7% of patients with deep vein thrombosis (DVT) 
231

, but 

the prevalence of heritable protein S deficiency in the general population remains unknown. 

There is an inter-and intra-individual variation in protein S levels 
232

. Levels are related to age, 

gender, hormonal status and genetic factors 
231

. Women have lower protein S levels than men 

and in women increasing age has been associated with rising levels of total protein S antigen 

233,234
. Total and free protein S antigen levels decrease during pregnancy 

226,235
 and oral 

contraceptive use 
236,237

. 

Protein S deficiency is inherited, almost 200 mutations have been characterized in 

PROS I and approximately 30% of them have been characterized in vitro, clarifying the 

mechanisms leading to protein S deficiency 
238

. Furthermore, recent studies on the presence 

of large deletions have increased the number of protein S deficiencies 
239,240

. 

 

 

AIM OF THIS STUDY 

Protein S is an essential anticoagulant protein that down-regulates thrombin 

generation via two mechanisms: Protein S is a cofactor for APC in the inactivation of factor Va 

and factor VIIIa and protein S is a cofactor for TFPI in the inhibition of factor Xa. In this study 

we re-evaluate and validate the cofactor activities of protein S for both anticoagulant proteins 

APC and TFPI. 

 The APC-cofactor activity of protein S has been investigated since 1980. Until now, it 

was generally accepted that only free protein S expressed APC-cofactor activity and that 

protein S-C4BP has no APC-cofactor activity. The contribution of protein S-C4BP during the 

inactivation of factor Va and factor VaLeiden by APC was investigated in this study (Chapter 2). 

 With respect to the TFPI-cofactor activity of protein S there is still limited insight in the 

mechanism by which TFPI/protein S down-regulates thrombin generation. In a model system, 

protein S enhances the inhibition of factor Xa by TFPI 10-fold. However, until now, little is 

known about the in vivo relevance of TFPI-cofactor activity of protein S. The physiological role 

of the TFPI/protein S system was investigated with thrombin generation-based assays that 

were developed to determine the activity of this anticoagulant pathway in plasma (Chapter 3). 

The relation between anticoagulant activity of the TFPI/protein S system and plasma levels of 

TFPI and protein S were investigated in populations of healthy individuals and heterozygous 

protein S-deficient individuals (Chapter 4) and in women using oral contraceptives (Chapter 5).  
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Re-evaluation of the role of the protein S-C4b binding protein complex in activated protein 

C-catalyzed factor Va-inactivation 
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SUMMARY 

 

Protein S expresses cofactor activity for activated protein C (APC) by enhancing the APC-

catalyzed proteolysis at R
306

 in factor Va. It is generally accepted that only free protein S is 

active, and that complex formation with C4b-binding protein (C4BP) inhibits the APC-cofactor 

activity of protein S. However, the present study shows that protein S-C4BP expresses APC-

cofactor activity, and stimulates APC-catalyzed proteolysis at R
306

 more than 10-fold, but 

instead inhibits proteolysis at R
506

 by APC 3- to 4-fold. Free protein S stimulates APC-catalyzed 

cleavage at R
306

 approximately 20-fold, and has no effect on cleavage at R
506

. The resulting net 

effect of protein S-C4BP complex formation on APC-catalyzed factor Va inactivation is a 6 to 8-

fold reduction in factor Va inactivation when compared to free protein S, which is not 

explained by inhibition of APC-cofactor activity of protein S at R
306

, but by generation of a 

specific inhibitor for APC-catalyzed proteolysis at R
506 

of factor
 
Va. These results are of interest 

for carriers of the factor VLeiden mutation (R
506

Q), as protein S-C4BP effectively enhances APC-

catalyzed factor Va (R
306

) inactivation in plasma containing factor VLeiden.  
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INTRODUCTION. 

 

Protein S is a vitamin K-dependent glycoprotein of 75 kDa that expresses multiple 

anticoagulant activities.
1
 Protein S circulates in plasma at a concentration of 350 nM of which 

60% is tightly bound in a  non-covalent complex with C4b-binding protein (C4BP).
2
 C4BP is a 

high molecular weight plasma protein of 570 kDa with a plasma concentration of 200 nM. 

C4BP is a regulator of the classical pathway of the complement system and consists of seven 

α-chains and one β-chain, which are held together by disulfide bonds in a central core.
3
 The β-

chain of C4BP binds with high affinity to the sex hormone-binding globulin homology region of 

protein S in a 1:1 stoichiometry.
4,5

 

It was reported that only free protein S functions as a non-enzymatic cofactor for 

activated protein C (APC) which accelerates APC-catalyzed inactivation of factor Va and factor 

VIIIa.
6-8

 Protein S also exhibits anticoagulant activity in the absence of APC in that direct 

interactions between protein S, factor Va, factor Xa, and phospholipids were reported to 

inhibit prothrombin activation. However, many of these observations were later explained by 

the presence of in vitro generated protein S multimers in purified protein S preparations.
9-13

 

More recently, it was reported that protein S is a cofactor for TFPI in the down regulation of 

tissue factor activity by stimulating the inhibition of factor Xa by full length TFPI.
14

 

Inactivation of  factor Va by APC occurs by limited proteolysis in the heavy chain of 

factor Va at residues R
306

, R
506

 and R
679

.
15

 Factor Va inactivation by APC proceeds via biphasic 

reaction; a rapid proteolysis at R
506 

that results in the formation of an intermediate with 

partial cofactor activity, followed by a slow proteolysis at R
306

 which leads to full inactivation 

of factor Va.
16

 Due to its relatively low rate constant, proteolysis at R
679

 is not considered to be 

physiologically relevant. Factor VLeiden
17

 is characterized by an arginine to glutamine mutation 

at position 506 and as a result, inactivation of factor VaLeiden proceeds exclusively through 

proteolysis at R
306

.
17,18

 

Optimal proteolysis of factor Va by APC requires the presence of negatively charged 

phospholipids and the cofactor protein S.
19-21

 In the presence of protein S, APC-catalyzed 

proteolysis at R
306

 of factor Va and factor VaLeiden is enhanced approximately 20-fold, while the 

proteolysis at R
506

 in general is not affected, although a 4-5 fold stimulation of the proteolysis 

at R
506 

by APC in the presence of protein S can be achieved, depending on the experimental 

design.
22,23

 It was reported that the APC-cofactor activity of protein S is inhibited by 

proteolysis of the thrombin-sensitive region of protein S 
24

 or by complex formation with C4BP 

25-27
. In addition, it was observed that protein S relocated the active site of phospholipid-
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bound APC to a position above the membrane surface that favors factor Va inactivation, 

offering a rationale for APC-cofactor activity expression of protein S.
28,29

 More recently, it was 

shown that C4BP directly inhibits APC-catalyzed inactivation of factor Va
30

 both in the 

presence and absence of protein S. 

In line with the fact that C4BP in complex with protein S acts as cofactor in APC-

catalyzed factor VIIIa inactivation 
31

, we demonstrate in the present study that protein S-C4BP 

enhances APC-catalyzed factor Va inactivation at R
306

. It was observed that C4BP did not 

completely inhibit the APC-cofactor activity of protein S in plasma, whereas polyclonal 

antibodies against protein S did fully block the APC-cofactor activity of protein S. The absence 

of inhibition of APC-cofactor activity of protein S by C4BP was most pronounced in plasma 

containing factor VLeiden. More detailed kinetic analysis demonstrated that protein S-C4BP is a 

cofactor for APC that stimulates APC-catalyzed proteolysis at R
306

 of factor Va more than 10-

fold and inhibits cleavage at R
506

 ~ 4-fold. 

 

 

METHODS 

 

Materials  

Hepes, Tris and ovalbumin were purchased from Sigma, bovine serum albumin from 

ICN. The chromogenic substrate S2238 was supplied by Chromogenix, Instrumentation 

Laboratory, Milan, Italy. Fluorogenic substrate I-1140 was from Bachem, Switzerland. 1,2-

Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-Dioleoyl-sn-glycero-3-phosphoserine 

(DOPS) and 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were obtained from 

Avanti Polar Lipids (Alabaster, Alabama, USA). Phospholipids vesicles (20% DOPS, 20% DOPE, 

60% DOPC and 10%DOPS, 90% DOPC) were prepared as described previously.
32

  

Polyclonal antibodies against protein S were purchased from DAKO (Glostrup, 

Denmark). Monoclonal antibody 9H10 against C4BP was a kind gift of Prof. B.N. Bouma. 

Inhibitory antibodies against factor VIII were a kind gift of Baxter (Vienna, Austria). Protein S 

was purified as described previously 
13

. Human normal factor V and factor VLeiden
32

, human 

prothrombin
6
, bovine factor Xa

33
 and human C4BP

34
 were purified as described. Preparation 

of recombinant factor V (R
506

Q/R
679

Q and R
306

Q/R
679

Q) has been described previously
21

. 

Activated protein C was obtained from Enzyme Research Laboratories (ERL, South Bend, IN) 

and tissue factor (TF) was from Dade Innovin (Behring, Germany). Thrombin calibrator was 
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from Thrombinoscope BV (Maastricht, The Netherlands). Thrombin was obtained from Kordia 

Lab Supplies (Leiden, the Netherlands). 

 

Calibrated Automated Thrombin  generation (CAT) assay. 

The anticoagulant activity of protein S and protein S-C4BP in plasma (0.32% sodium 

citrate) was measured using thrombin generation assays. In normal pooled plasma and in 

plasma from a homozygous carrier of the factor VLeiden mutation, thrombin generation was 

initiated with 6.8 pM TF, 240 μM phospholipid vesicles (20/60/20 DOPS/DOPC/DOPE) and 16 

mM CaCl2 (final concentrations). Thrombin formation was monitored with the fluorogenic 

substrate I-1140. Prior to initiation of thrombin generation, normal pooled plasma or factor 

VLeiden plasma (80 µl) was incubated at 37°C during 15 min with or without 10 μl of purified 

C4BP or antibodies against protein S with or without antibodies against factor VIII. In normal 

plasma, 1.87 µM anti-protein S antibodies completely inhibited the APC-cofactor activity of 

protein S. Thrombin generation was measured in the presence or absence of APC (final 

concentration 4 nM in normal plasma and 35 nM in factor VLeiden plasma, respectively).  

 Thrombin generation in clotting plasma was monitored by CAT assays, where 

conversion of the low affinity fluorogenic substrate by thrombin is followed in time in a 

Fluoroskan Ascent reader (Thermo Labsystems, Helsinki, Finland) with filter sets 390 nm-

excitation and 460 nm-emission 
35

. Thrombin generation curves and the area-under-the-curve 

(endogenous thrombin potential, ETP) were calculated using the Thrombinoscope software 

(Synapse B.V., Maastricht, The Netherlands) 
35

.  

 

Normal factor Va and factor VaLeiden inactivation in a model system. 

Purified human factor V (100 µl 12 nM) in Hepes-buffered saline (HBS: 25 mM Hepes, 

pH 7.7, 175 mM NaCl) containing 5 mM CaCl2 and 0.5% BSA was activated with thrombin (3 

nM) and after 15 minutes PPACK (3.5 nM) was added. Factor Va (at a final concentration of 

1.2 nM) was incubated at 37° in a mixture containing 50 μM phospholipids (20/60/20 

DOPS/DOPC/DOPE) and 5 mM CaCl2 with or without 200 nM protein S or 200 nM protein S-

C4BP. At time zero, APC was added (final concentration 125 pM) and at different time points 

samples were taken from the incubation mixture. The factor Va concentration in these 

aliquots was determined with a prothrombinase-based factor Va assay: 10 μl of the 

inactivation mixture was added to a mixture (240 μl) containing 5 nM bovine factor Xa, 1 μM 

human prothrombin, 40 μM phospholipids (10/90 DOPS/DOPC) and 2.5 mM CaCl2. After one 

minute prothrombin activation was stopped by a 40-fold dilution in an ice cold buffer 
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containing 50 mM Tris-HCl, pH 7.4, 175 mM NaCl, 20 mM EDTA and 0.5% ovalbumin. The 

amount of thrombin formed was quantified using the chromogenic substrate S2238 as 

described before.
36

 Time courses of factor Va inactivation were fitted to a biphasic 

exponential equation according to Nicolaes et al.
16

 Protein S-C4BP complex was prepared by 

incubation of 2 µM protein S with 2.2 µM C4BP in HBS containing 3 mM CaCl2 for 15 minutes. 

After 10-fold dilution in the reaction mixture, a final concentration of 200 nM protein S-C4BP 

was reached. Confirmation of complex formation was performed after the inactivation 

experiments using Superose-6 size-exclusion chromatography. 

 

Size-exclusion chromatography. 

50 µl normal plasma or normal plasma with a molar excess of C4BP (450 nM) over free 

protein S or 150 µl of the factor Va inactivation mixtures described above were applied to a 

Superose-6 size-exclusion chromatography column at a flow rate of 0.25 ml/min in Hepes-

buffered saline (HBS: 25 mM Hepes, pH 7.7, 175 mM NaCl) containing 1 mM CaCl2. Fractions 

(0.25 ml) were collected and immediately diluted 1:1 in HBS containing 30 mg/ml BSA. Protein 

S and protein S-C4BP in the eluting fractions were quantified by ELISA. 

 

Protein S and protein S-C4BP ELISA 

Protein S ELISA was performed as described. 
13

 Protein S-C4BP in the elution fractions 

was quantified by ELISA using the following procedure. Microtiter plate wells were coated 

with capturing monoclonal antibodies 9H10 against the α-chains of C4BP diluted 1/750 in 0.1 

M Na2CO3, pH 9.0 at 4°C overnight. Wells were washed and blocked with blocking buffer (HBS 

containing 3% BSA and 3 mM CaCl2) for 2 h. Column elution fractions were applied at several 

dilutions in HBS containing 0.5% BSA and 3 mM CaCl2 and left incubating for 1h. Wells were 

washed 3 times with washing buffer (HBS containing 3 mM CaCl2 and 0.03% Tween-20), 

followed by incubation with a 1:1000 dilution of horseradish peroxidase (HRP)-conjugated 

polyclonal antibodies against protein S for 1h. After washing of the wells 5 times with washing 

buffer, detection of bound HRP-labeled antibodies was performed with a HRP-substrate kit 

(Pierce). 

 

 

Inactivation of recombinant factor Va (R
506

Q/R
679

Q and R
306

Q/R
679

Q). 

Recombinant factor V (R506Q/R679Q or R306Q/R679Q) was activated by thrombin (2 

nM) and after 15 min PPACK was added to a final concentration of 2.5 nM. Recombinant 
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factor Va (R
506

Q/R
679

Q or R
306

Q/R
679

Q) at a final concentration of 20 pM was incubated at 37° 

with phospholipids (50 µM 20/60/20 DOPS/DOPC/DOPE), protein S, protein S-C4BP (200 nM) 

or C4BP (200nM), in HBS containing 5 mM CaCl2 and 0.5% BSA. At time zero, APC (0.1 nM) was 

added and samples were taken at different time points. The time course of factor Va 

inactivation was monitored with the following prothrombinase-based factor Va assay: 115 µl 

inactivation mixture of recombinant factor Va (R
506

Q/R
679

Q and R
306

Q/R
679

Q) was added to 10 

µl of a prothrombin/bovine factor Xa mixture yielding final concentrations of 5 nM bovine 

factor Xa and 1 µM prothrombin or 0.1 nM bovine factor Xa and 1 µM prothrombin, 

respectively. After one minute prothrombin activation was stopped by a 40-fold dilution in an 

ice cold buffer containing 50 mM Tris-HCl, pH 7.4, 175 mM NaCl, 20 mM EDTA and 0.5% 

ovalbumin and the amount of thrombin formed was determined with the chromogenic 

substrate S2238. 
36

 Time courses of factor Va inactivation were fitted as described.
16
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RESULTS 

 

Regulation of APC-cofactor activity of protein S by C4BP. 

Homozygous factor VLeiden plasma was used to study the APC-cofactor activity of protein S in 

plasma. Because the possibility of rapid R
506

-cleavage by APC in factor VLeiden was absent, 

optimal differences in factor Va-inactivation by APC were detected in the absence compared 

to the presence of protein S due to the 20-fold enhancement of the slow cleavage at R
306

 by 

protein S.
19-21

 When coagulation in factor VLeiden plasma was initiated with tissue factor, 

phospholipids and CaCl2, a typical thrombin generation curve was obtained (Fig 2.1). After a 

lag time representing the clotting time of plasma, thrombin generation was observed before 

reaching a peak, followed by inactivation of thrombin by the natural anticoagulants 

antithrombin and α2-macroglobulin. The area under the thrombin generation curve, called the 

endogenous thrombin potential (ETP), was used as a measure for the total amount of 

thrombin generated during the coagulation process. In factor VLeiden plasma the ETP was 

determined to be 854 nM IIa.min (Fig 2.1A). When APC was present during thrombin 

generation, the ETP was reduced due to the proteolytic inactivation of factors Va and VIIIa by 

APC and its cofactor protein S (Fig. 2.1A).  
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FIGURE 2.1: The effect of C4BP and antibodies against protein S on thrombin generation in 

plasma with factor VLeiden. (A): Thrombin generation curves in factor VLeiden plasma without APC (�), 

with 35 nM APC (�), and with 35 nM APC with 3.1 µM antibodies against protein S (�).Insets: 

percentage of endogenous thrombin potential (ETP) as a function of anti-protein S antibody 

concentration in factor VLeiden plasma in the absence of APC () or in the presence of APC (�). (B): 

Thrombin generation curves in plasma with factor VLeiden, without APC (�), with APC (�), and with 35 

nM APC and 500 nM C4BP (�). Insets: percentage of ETP as a function of C4BP concentration in plasma 

with factor VLeiden in the absence of APC () or in the presence of APC (�) 
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In these experiments an APC concentration was chosen that resulted in a residual ETP in the 

presence of APC that was around 10% (104 nM IIa.min) of the ETP determined in the absence 

of APC (Fig. 2.1). 

Addition of antibodies against protein S in factor VLeiden plasma in the presence of APC 

resulted in a dose-dependent increase of the ETP to a level that was > 95% of the ETP 

determined in the absence of APC (Fig. 2.1A, insert). This experiment confirmed that the 

anticoagulant effect of APC in plasma was for more than 95% dependent on the presence of 

its cofactor protein S. 
37

  

Next, titration experiments were performed with C4BP in plasma from the same 

factor VLeiden homozygous individual (Fig. 2.1B). Varying amounts of C4BP were added to factor 

VLeiden plasma followed by incubation for 15 min at 37 °C prior to the initiation of thrombin 

generation. Titration with C4BP resulted in a dose-dependent increase of the ETP in the 

presence of APC (Fig 2.1B; insert). However, at the highest concentration of C4BP added 

(500nM), in the absence of free protein S, APC was still able to reduce the ETP by more than 

50% in the presence of protein S-C4BP (Fig. 1B), which would not have been observed if 

complex formation with C4BP had inhibited the APC-cofactor activity of protein S. Complex 

formation of free protein S in plasma with the added C4BP was verified by size-exclusion 

chromatography (Fig. 2.2). Addition of C4BP to plasma resulted in the complete disappearance 

of free protein S eluting at ~ 17 ml.  
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FIGURE 2.2: Verification of plasma protein S-C4BP in factor VLeiden plasma by Superose-6 size-

exclusion chromatography. (A): Superose-6 size-exclusion chromatography of factor VLeiden plasma: 

protein S was measured with a protein S ELISA (�) and with a protein S-C4BP complex (�)ELISA. (B): 

Superose-6 size-exclusion chromatography of factor VLeiden plasma saturated with C4BP: protein S was 

measured with a protein S ELISA (�) and with a protein S-C4BP complex (�)ELISA. Vo: void column 

volume; Vt: total column volume. 
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Because antibodies against protein S normalized the ETP of factor VLeiden plasma in the 

presence of APC for more than 95%, this suggested that antibodies against protein S inhibited 

the cofactor activity of both free protein S and protein S-C4BP. To demonstrate that the 

remaining 50% of the ETP in the presence of APC and excess C4BP (Fig. 2.1B) was due to the 

cofactor activity of protein S-C4BP for APC, antibodies against protein S were added in the 

presence of C4BP, which caused the ETP to be restored for more than 95% compared to the 

absence of APC (Fig. 2.3A). This indicated that in factor VLeiden plasma, the 50% reduction of 

the ETP in presence of APC was caused by the APC-cofactor activity of protein S-C4BP complex 

in factor VaLeiden inactivation at R
306

.  
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FIGURE 2.3: Effect of protein S and protein S-C4BP on thrombin generation in factor VIII-

neutralized plasma factor VLeiden plasma. (A): Thrombin generation in factor VLeiden plasma was 

measured without APC (�), with 30 nM APC (�), with 30 nM APC and 1.87µM antibodies against 

protein S () and 30 nM APC and 500 nM protein S-C4BP (�), and with 30 nM APC, 500 nM protein S-

C4BP, and 1.87µM antibodies against protein S (n ). (B): Thrombin generation in factor VIII-neutralized 

factor VLeiden plasma was measured without APC (�), with 30 nM APC (�), with 30 nM APC and 1.87µM 

antibodies against protein S () and 30 nM APC and 500 nM protein S-C4BP (�). 

 

Effect of protein S and protein S-C4BP on thrombin generation in factor VIII-neutralized factor 

VLeiden plasma 

At 6.8 pM TF used in our experiments, the factor VIII(a)-route contributes to thrombin 

generation, and regulation of thrombin formation by APC might therefore include inactivation 

of FVIIIa. To study the possibility that observed effects were caused by cofactor activity of 

protein S-C4BP in the APC-catalyzed inactivation of FVIIIa 
31

, we performed an experiment in 

factor VLeiden plasma to which inhibitory antibodies against factor VIII(a) were added that 

completely inhibited intrinsically-activated thrombin generation in plasma. In the presence of 

these antibodies, the effect of protein S-C4BP was studied by adding 500 nM C4BP. As a 
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control, factor VIII-neutralized factor VLeiden plasma was incubated for 15 minutes with anti 

protein S antibodies prior to initiation of thrombin generation in the presence or absence of 

30 nM APC (Fig. 2.3B). In factor VIII(a)-neutralized factor VLeiden plasma, protein S-C4BP was 

able to reduce thrombin generation in the presence of APC to a similar extent as in plasma 

without anti-factor VIIIa antibodies, indicating that the observed protein S-C4BP cofactor 

activity for APC was located at the FVa-inactivation level (Fig. 2.3B).  

The differences in inhibition of protein S anticoagulant activity by antibodies against 

protein S and by C4BP indicated that the protein S-C4BP complex was active as a cofactor for 

APC and prompted us to further investigate the reported inhibition of APC-cofactor activity of 

protein S by C4BP. 
25-27

 

 

APC-catalyzed inactivation of purified factor Va and factor VaLeiden. 

To characterize the APC-cofactor activity of protein S-C4BP, purified factor VaLeiden or 

normal factor Va was inactivated by APC in the absence or presence of protein S or protein S-

C4BP in model systems containing purified proteins. In the absence of protein S or protein S-

C4BP, factor VaLeiden, which cannot be cleaved at R
506

, was slowly inactivated by APC via a 

monophasic inactivation reaction (Fig. 2.4A: open triangles). Addition of protein S or protein S-

C4BP resulted in an increased rate of inactivation of factor VaLeiden which indicated that both 

protein S and protein S-C4BP stimulated APC-catalyzed proteolysis at R
306

 (Fig. 2.4A: circles). 

In the absence of protein S or protein S-C4BP, inactivation of normal factor Va by APC 

showed the typical biphasic pattern representing rapid cleavage at R
506 

yielding a factor Va 

intermediate with reduced factor Xa cofactor activity followed by slow cleavage at R
306

 and 

complete inactivation of factor Va (Fig. 2.4B: open triangles). The presence of protein S as well 

as protein S-C4BP accelerated factor Va inactivation by APC resulting in an apparent 

monophasic inactivation curve (Fig. 2.4B). In a control experiment it was observed that C4BP 

alone had no effect on the inactivation of factor Va by APC (data not shown). Notably, close 

inspection of the factor Va inactivation curve in the presence of protein S-C4BP complex (Fig 

4B, filled circles) shows an enhancement of the second slow phase inactivation of factor Va by 

APC (R
306

-cleavage) but an inhibition of the first rapid phase of factor Va inactivation (R
506

-

cleavage). 
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FIGURE 2.4: Effect of protein S and protein S-C4BP on APC-mediated inactivation of factor 

Va and factor VaLeiden in a reconstituted model system. (A): Inactivation of factor VaLeiden by APC 

(�),APC and 200 nM protein S () and APC and 200 nM protein S-C4BP (�). Loss of factor Va activity 

(stability) in the absence of APC (�). (B): Inactivation of factor Va with APC (�), with APC and 200 nM 

protein S () and with APC and 200 nM protein S-C4BP (�). Loss of factor Va Leiden activity (stability) 

in the absence of APC (�). (C): Superose-6 size-exclusion chromatography of incubation mixtures from 

B: factor Va, APC and 200 nM protein S: protein S was measured by ELISA (�); factor Va, APC and 200 

nM protein S-C4BP: protein S-C4BP (�) and protein S (�) were measured by ELISA. 

 

To quantitate the effect of protein S-C4BP complex on APC-catalyzed factor Va 

inactivation, the curves from figure 4 were fitted according to the model proposed by Nicolaes 

et al
16

, and the second-order rate constants for cleavage at R
506

 and R
306

 obtained in the 

absence and presence of protein S and protein S-C4BP are presented in Table 2.1. At 200 nM 

protein S-C4BP complex, an 11-fold stimulation of the APC-catalyzed cleavage at R
306

 was 

observed. While protein S had only minor influence on the proteolysis at R
506

, protein S-C4BP 

(200 nM) inhibited APC-catalyzed proteolysis at R
506

 3-4-fold (Table 2.1). In addition, analysis 

of factor VLeiden inactivation revealed a 13-fold stimulation of APC-catalyzed inactivation by 

protein S-C4BP compared to 26-fold by protein S. 

From these experiments, especially those with purified factor VaLeiden in which only the 

cleavage site at R
306

 is available, we can conclude that protein S-C4BP acts as a cofactor for 

APC and that it stimulates APC-catalyzed proteolysis at R
306

.  

To verify that the added protein S-C4BP complex did not dissociate during the time 

course of factor Va inactivation (Fig. 2.4B) the reaction mixtures remaining at the end of factor 

Va inactivation were quantitatively subjected to Superose-6 size-exclusion chromatography 

and the fractions eluting from the column were tested for the presence of protein S and 

protein S-C4BP complex with specific ELISA’s (Fig. 2.4C). The reaction mixture containing only 

free protein S was analyzed by a protein S ELISA and the retention volume of free protein S 

was approximately 18 ml. In the inactivation mixture to which protein S-C4BP complex was 

added, all protein S appeared to be associated with C4BP because protein S and protein S-

C4BP co-eluted at a retention volume of 9 ml just after the void volume of the Superose-6 
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column, and no protein S was detected in the subsequent column fractions indicating that the 

during factor Va inactivation in the presence of protein S-C4BP, no free protein S was present 

(Fig. 2.4C). 

 

Table 2.1: Rate constants of proteolysis at R506 and R306 in plasma factor Va by APC 

 

Normal factor Va  k506 (mol
-1

 sec
-1

) Fold-

Stimulation 

k306 (mol
-1

 sec
-1

) Fold-

Stimulation 

APC 3 8.03 ± 1.50 * 10
7
 - 3.77 ± 1.27 * 10

6
 - 

APC + protein S 4 6.56 ± 0.44 * 10
7
 0.82 6.76 ± 0.25 * 10

7
 18 

APC + protein S-C4BP 4 2.31 ± 0.89 * 10
7
 0.29 4.25 ± 0.58 * 10

7
 11 

Factor VaLeiden n k506 (mol
-1

 sec
-1

) Fold-

Stimulation 

k306 (mol
-1

 sec
-1

) Fold-

Stimulation 

APC 6 - - 2.79 ± 1.04 * 10
6
 - 

APC + protein S 6 - - 7.38 ± 2.94 * 10
7
 26 

APC + protein S-C4BP 6 - - 3.62 ± 1.13 * 10
7
 13 

 

Concentrations of protein S and protein S-C4BP were 200 nM. Rate constants were determined as 

described.
16

 Data are presented as means ± S.D. 

 

Inactivation of recombinant factor Va (R
306

Q/R
679

Q and R
506

Q/R
679

Q). 

Kinetic analysis of inactivation of factor Va by APC in the presence of protein S-C4BP 

showed that the protein S-C4BP complex inhibited cleavage at R
506

 in factor Va and stimulated 

cleavage at R
306

 in factor Va. To confirm the effects of protein S-C4BP on APC-catalyzed 

proteolysis of R
506

 and R
306

, recombinant factor Va R
306

Q/R
679

Q and factor Va R
506

Q/R
679

Q, 

were used in which arginines at positions 306/679 and 506/679 were replaced by glutamines, 

respectively. These factor Va variants could only be inactivated by APC via cleavage at either 

R
506

 (in factor Va R
306

Q/R
679

Q) or R
306

 (in factor Va R
506

Q/R
679

Q). The recombinant factor Va 

molecules were inactivated by APC in the absence and presence of protein S or protein S-C4BP 

(Fig. 2.5). Time courses of factor Va inactivation were fitted as described in methods. 
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FIGURE 2.5: Effect of protein S and protein S-C4BP on APC-mediated inactivation of 

recombinant factor Va (R
306

/R
679

Q and R
506

Q/R
679

Q) in a reconstituted model system. (A): 

Inactivation of recombinant factor Va (R
306

Q/R
679

Q) with APC (�),with APC and 200 nM C4BP (� 

dashed line) with APC and 200 nM protein S (), with APC and 200 nM protein S-C4BP (�) and without 

APC (�). (B): Inactivation of recombinant factor Va (R
506

Q/R
679

Q) with APC (�), with APC and 200 nM 

C4BP (� dashed line) with APC and 200 nM protein S (),with APC and 200 nM protein S-C4BP (�), 

and without APC (�). 

 

For R
306

Q/R
679

Q factor Va, protein S hardly influenced the rate constant of cleavage at 

R
506

 (Fig. 2.5A; Table 2.2). 
21

 In contrast, the proteolysis at R
506

 by APC was inhibited 3-fold by 

protein S-C4BP (Fig. 2.5A; Table 2.2). Experiments performed with recombinant factor Va 

(R
506

Q/R
679

Q), in which APC can only cleave the peptide bond at R
306

, showed that protein S 

and protein S-C4BP stimulated APC-catalyzed proteolysis at R
306

 31-fold and 14-fold, 

respectively (Fig. 2.5B; Table 2.2). Addition of C4BP alone to APC had no influence on the 

inactivation of recombinant factor Va (R
506

Q/R
679

Q and R
306

Q/R
679

Q) (Fig. 2.5).  

Finally, the effect of C4BP was tested in normal pooled plasma. After initiation of 

coagulation with tissue factor, the ETP in normal pooled plasma was determined to be 588 nM 

IIa.min. When APC was present during thrombin generation, the ETP was reduced to 

approximately 10% of the ETP determined in the absence of APC (51 nM IIa.min). Addition of 

antibodies against protein S in normal pooled plasma in the presence of APC resulted in a 

dose-dependent increase of the ETP to a level that was > 95% of the ETP determined in the 

absence of APC (data not shown). Addition of C4BP to normal pooled plasma in the presence 

of APC resulted in a dose-dependent inhibition of APC anticoagulant activity, shown by an 

increase in ETP in the presence of APC to more than 75% (452 nM IIa.min) compared to the 

ETP in the absence of APC. (Fig. 2.6: filled circles; insert). However, C4BP was unable to 

restore the ETP to values that were observed in titrations with polyclonal antibodies against 

protein S in the presence of APC.  



Chapter 2 

54 

 

 

Table 2.2: rate constants of proteolysis at R
306

 or R
506 

in recombinant factor Va by APC 

 

FVa  

(R306Q/R769Q) 

k506 

(mol
-1

 sec
-1

) 

Fold-  

stimulation 

FVa  

(R506Q/R679Q) 

k306 

(mol
-1

 sec
-1

) 

Fold-  

stimulation 

APC 1.89 * 10
8
 - APC 2.41 * 10

6
 - 

APC + protein S 2.40 * 10
8
 1.27 APC + protein S 7.58* 10

7
 31 

APC + protein S-

C4BP 

6.72 * 10
7
 0.36 APC + protein S-

C4BP 

3.39 * 10
7
 14 

 

Concentrations of protein S and protein S-C4BP were 200 nM. Average rate constants from two 

separate experiments were determined as described.
16
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DISCUSSION 

 

It has long been accepted that the complex of protein S and C4BP is inactive as a 

cofactor for APC in the inactivation of factor Va in model systems containing purified proteins 

or in plasma.
26,30

 In contrast, the data presented in the current paper show that protein S-

C4BP complex constitutes a cofactor for APC that enhances APC-catalyzed proteolysis at R
306

 

more than 10-fold. In addition, complex formation between protein S and C4BP resulted in the 

generation of a specific inhibitor of APC-catalyzed cleavage at R
506

 of factor Va.  

These observations offer a rationale for why it was originally concluded that C4BP 

inhibited the APC-cofactor activity of protein S. The assumption that C4BP inhibited the APC-

cofactor activity of protein S could still be supported at first sight by the observation that 

addition of C4BP to normal plasma reversed the inhibition of thrombin generation by 

APC/protein S, apparently by counteracting the APC-cofactor activity of free protein S (Fig. 

2.6). However, further observations offer an alternative explanation. Addition of C4BP to 

plasma still results in factor Va cleavage at R
306

 by APC, but specifically results in inhibition of 

factor Va cleavage at R
506

 by APC.  The inhibition of the fast cleavage at R
506

 by protein S-C4BP 

and stimulation of the slow cleavage at R
306

 by protein S-C4BP creates a situation in which the 

initial rate of factor Va inactivation by APC is decreased (Fig. 2.4B; 2.7).  
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FIGURE 2.6: The effect of C4BP on thrombin generation in normal pooled plasma. Thrombin 

generation curves in normal pooled plasma without APC (�), with 4 nM APC (�), and with 4 nM APC 

and 500 nM C4BP (�). Inset: percentage of ETP as a function of C4BP concentration in normal pooled 

plasma in the absence of APC () or in the presence of APC (�). 

When factor VIII in plasma was neutralized by inhibitory antibodies, the APC-cofactor 

activity of protein S-C4BP remained, identifying APC-catalyzed factor Va-inactivation at R
306

 as 

the target for the anticoagulant activity of the protein S-C4BP complex.  



Chapter 2 

56 

 

It should be realized that differences between previous findings and new data can be 

explained by different experimental conditions under which experiments were performed. 

Original findings were done using APTT based clotting-assay to study the effect of protein S 

and protein S-C4BP on thrombin generation. APTT clotting times correspond to the lag times 

of CAT assay thrombin generation curves, on top of which the CAT assay allows interpretation 

of coagulation processes beyond initial clot formation. It is possible that the fast cleavage of 

factor Va at R
506

 might play a role in the initial phase of thrombin generation i.e. clot 

formation, whereas cleavage at R
306

 might be important after clot formation. In this case, 

inhibition of APC-catalyzed cleavage at R
506

 by protein S-C4BP might be responsible for the 

observed inhibitory activity of C4BP added to plasma in clotting assays. 

In a previous study it was suggested that C4BP alone protects factor Va from 

inactivation by APC. 
30

 However, the conditions of these experiments were different from our 

experimental conditions. Especially the low phospholipid concentrations used in the study 

might have contributed to the observed protective effect of C4BP-α and C4BP-ß in factor Va-

inactivation by APC.  It has been proposed that for binding of coagulation proteins of ~ 75 kDa 

to phospholipid vesicles (20/80 PS/PC), approximately 1% of total phospholipid concentration 

represents the available protein binding sites (ratio protein/PL = 1.0 w/w). 
38

 In the mentioned 

study, a phospholipid concentration of 5 µM PS/PC was used, which will result in a 

concentration of total protein binding sites of 50 nM for 75 kDa proteins. If C4BP (570 kDa) 

binds to phospholipids, even less binding sites will be available, and concentrations of 200 nM 

C4BP and more could easily inhibit phospholipid-dependent reactions in general, in the 

present case caused by competition for phospholipid binding sites with factor Va and APC. It 

was reported that C4BP can bind to phospholipid surfaces through protein S 
39-41

, but also in 

the absence of protein S 
40

. Using ellipsometry studies 
13

, we also have observed that C4BP 

alone is able to bind to 20/80 PS/PC phospholipid vesicles (unpublished results). Taken 

together, we propose that the use of low phospholipid concentration will promote non-

specific inhibition of phospholipid surface-dependent enzymatic processes, which might offer 

an explanation for the fact that in the previous report inhibition of APC-catalyzed factor Va-

inactivation at low phospholipid concentrations was not observed in an activated partial 

thromboplastin time-based plasma clotting assay (at high phospholipid concentrations). 
30,42

 

The size of C4BP might contribute to inhibition of proteolysis at R
506

 by APC. Protein S 

is a cofactor for APC-catalyzed inactivation of factor Va and it reportedly causes a 

translocation of the active site of APC by binding to APC near the R
506

 site of factor Va, which 

has been proposed to optimize factor Va-inactivation. 
28,43

 If binding of C4BP to protein S does 
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not alter the binding properties of protein S-C4BP to factor Va, it might result in hindrance of 

the docking of APC to the FVa/protein S/C4BP complex, resulting in less effective proteolysis 

at R
506

 by APC. In line with this, it has been reported previously that interaction between APC 

and FVa around R
506

 is different from that around R
306

, with the interaction at R
506

 requiring 

more pronounced molecular contacts between APC and factor Va than the interaction at R
306

. 

44
 Covering of these molecular contact sites at R

506 
by protein S-C4BP might well offer a 

rationale for the observed inhibition of APC-catalyzed factor Va-inactivation by protein S-

C4BP. 

We propose that protein S-C4BP is a cofactor for APC that, although at a 2-fold lower 

activity than free protein S, stimulates proteolytic inactivation of factor Va at R
306

 more than 

10-fold. In contrast, protein S-C4BP specifically inhibits proteolysis at R
506

 by APC, most likely 

explained by interfering with R
506

 susceptibility for APC by C4BP. However, the net effect of 

C4BP on protein S-enhanced APC-catalyzed factor Va-inactivation will be a 2-fold inhibition of 

R
306

 cleavage, and a 3- to 4-fold inhibition of R
506

 cleavage, resulting in an overall 6- to 8-fold 

inhibition of factor Va inactivation by APC (Fig. 2.7). 

These results are of interest for carriers of the factor VLeiden mutation, the most 

common inherited risk factor for venous thrombosis, in which factor V is characterized by a 

R
506

 to Q replacement. 
17,45

 In this case, an inhibitory effect of protein S-C4BP on APC-cleavage 

at amino acid position 506 is absent, and especially in the case of homozygotes, effective 

concentrations protein S will be closer to that of total protein S concentrations instead of 

established free protein S concentrations.  

 

R306 R506

APC

APC

protein S à 18 x ~

protein S-C4BP à 11 x 3-4 x

FVa heavy chain

+ -

+

R306 R506

APC

APC

protein S à 18 x ~

protein S-C4BP à 11 x 3-4 x

FVa heavy chain

+ -

+

 

FIGURE 2.7: Effects of protein S and protein S-C4BP on APC-mediated proteolysis of factor 

Va at R
306

 and R
506

. Both protein S and protein S-C4BP are cofactors for APC that stimulate APC-

mediated proteolysis at R
306

 in factor Va 18-fold and 11-fold, respectively. While protein S has no effect 

on APC-mediated inactivation at R
506

 in factor Va, the protein S-C4BP complex specifically inhibits APC-

mediated cleavage at R
506

 3-4-fold. 
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In conclusion, our observations indicate that C4BP cannot be simply be considered as 

an inhibitor of APC-cofactor activity of protein S anymore. The reason that free protein S is a 

better cofactor for APC than protein S-C4BP lies in the fact that protein S-C4BP selectively 

impairs proteolysis at R
506

 by APC, and not by inhibition of the protein S-dependent 

enhancement of APC-catalyzed proteolysis at R
306

. The selective impairment of APC-catalyzed 

proteolysis at R
506

 by protein S-C4BP will be the main reason for the observed effects of 

addition of C4BP to plasma. This suggests an active role for the protein S-C4BP complex in the 

regulation of thrombin formation, which is in concert with an observation in which protein S-

C4BP is active as a cofactor for TFPI in the regulation of tissue factor activity. 
14
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Chapter 3 

 

 

A thrombin generation-based assay for measurement of the activity of the TFPI-protein S 

pathway in plasma; TFPI activity is decreased in heterozygous Type-I protein S-deficient 

individuals. 
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SUMMARY  

 

Background: Protein S has recently been shown to act as a cofactor for full-length tissue factor 

pathway inhibitor (TFPI) in the down-regulation of thrombin formation. Objectives: To develop 

a functional test to measure the activity of the TFPI/protein S system in plasma. 

Methods/Patients: Using calibrated automated thrombography we quantified the activity of 

the TFPI/protein S system in plasma by measuring thrombin generation in the absence and 

presence of neutralizing antibodies against protein S or TFPI. The assay performance was 

examined in 85 normal individuals and in 35 members of protein S-deficient families. Results: 

The ratio of thrombin peaks determined in the absence and presence of anti-protein S 

antibodies (protein S-ratio=0.5 in normal plasma) is a measure of the TFPI-cofactor activity of 

protein S. The ratio of the thrombin peaks determined in the absence and presence of anti-

TFPI antibodies (TFPI-ratio=0.25 in normal plasma) is a measure of the overall activity of the 

TFPI/protein S system. Protein S- and TFPI-ratios were markedly elevated in protein S-

deficient individuals, indicating impairment of the TFPI/protein S system. Both ratios 

correlated well with full-length TFPI levels determined by a newly developed ELISA, which 

were significantly lower in protein S deficient patients (67 U/dl) than in normal family 

members (104 U/dl). Correlation with protein S levels was only apparent in the protein S-

deficient individuals. Conclusions: With newly developed functional assays for the 

TFPI/protein S system we have shown that, due to the combined reduction of protein S and 

TFPI levels, the TFPI/protein S anticoagulant pathway is impaired in patients with 

heterozygous Type-I protein S deficiency. This impairment might contribute to the increased 

risk of venous thrombosis associated with protein S deficiency. 
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INTRODUCTION 

 

Protein S, a vitamin K-dependent protein (75 kDa) that circulates in plasma at a 

concentration of 350 nM 
1
, down-regulates blood coagulation by multiple mechanisms. 

Protein S is a cofactor for activated protein C (APC) which accelerates APC-mediated 

inactivation of factor Va and factor VIIIa 
2,3

. Protein S also exhibits APC-independent 

anticoagulant activity 
4-8

, which was recently explained by its ability to stimulate the 

inactivation of factor Xa (FXa) by tissue factor pathway inhibitor (TFPI) 
9,10

. 

TFPI is a Kunitz-type inhibitor that circulates in plasma at a concentration of 2.5 nM 
11

. 

The majority of plasma TFPI is truncated and circulates bound to lipoproteins with a reduced 

anticoagulant activity. Only 10% of total TFPI circulates free in a full-length 43-kDa form 
12,13

. 

TFPI binds to and inhibits FXa through its Kunitz-2 domain and subsequently inhibits factor 

VIIa/tissue factor (TF) by forming an inactive FXa/TFPI/TF/FVIIa quaternary complex through 

its Kunitz-1 domain 
14

. Protein S stimulates TFPI by enhancing the TFPI/FXa interaction 10-fold 

9
. 

Protein S deficiency 
15

 and low levels of TFPI 
16

 are risk factors for venous thrombosis. 

However, it is not known whether the TFPI-cofactor activity of protein S plays a role in the risk 

of venous thrombosis of protein S-deficient individuals. Therefore, we have designed 

thrombin generation-based tests to measure the TFPI-cofactor activity of protein S and the 

overall activity of the TFPI/protein S system in plasma. These assays, which rely on the 

increase in thrombin generation after addition of antibodies against protein S or TFPI, were 

validated in plasma of healthy and protein S-deficient individuals.  

 

 

MATERIALS AND METHODS 

 

Plasma samples 

Normal pooled plasma in 3.8% sodium citrate was obtained from George King 

Biomedical (Overland Park, Kansas, USA). Normal pooled plasma in 3.2% sodium citrate was 

prepared in house by pooling plasma from 98 healthy volunteers. 

Plasma samples were collected in 3.2% sodium citrate from 85 healthy hospital 

employees from the University Hospital Maastricht. Blood was centrifuged at 2000g for 15 

min to separate plasma from blood cells and again at 11000g for 5 min to obtain platelet-poor 

plasma 
17

. Moreover, 18 individuals with partial type-I protein S deficiency (total protein S 
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levels <70%, free protein S levels <65%) belonging to 10 unrelated families were recruited at 

Padua Academic Hospital. Seventeen relatives without protein S deficiency acted as controls. 

7/18 protein S-deficient individuals and 2/17 normal individuals had experienced venous 

thrombosis. Blood was collected in 3.8% sodium citrate and centrifuged at 2000g for 10 min to 

obtain platelet-poor plasma.  

 

Thrombin generation-based assays for the measurement of the activity of the TFPI/protein S 

system 

Thrombin generation was determined with the Calibrated Automated Thrombogram 

(CAT) method in a total reaction volume of 120 μl. Plasma (68 μl) was incubated during 15 

minutes at 37 °C with 4 µl corn trypsin inhibitor (CTI, Haematologic Technologies, Essex 

Junction VT, USA, 33 μg/ml final concentration) and with 8 μl of either HN buffer (no 

antibodies) or polyclonal antibodies against protein S (2.80 μM, Zebra Bioscience, Enschede, 

the Netherlands) or monoclonal antibodies against TFPI (0.66 µM, MW1848, Sanquin, 

Amsterdam, the Netherlands). Coagulation was initiated with 20 μl of a 7:1 mixture of the PPP 

low and PPP 5 pM reagents (Thrombinoscope B.V., Maastricht, the Netherlands), yielding final 

concentrations of ~1.5 pM TF and 4 μM phospholipids in the assay mixture. These 

concentrations are optimal for the detection of the activity of the TFPI/protein S system. After 

addition of a mixture (20 µl) of CaCl2 and fluorogenic substrate (I-1140, Bachem, Bubendorf, 

Switzerland) yielding final concentrations of 16 mM and 300 μM, respectively, substrate 

conversion by thrombin was followed in a Fluoroskan Ascent reader (Thermo Labsystems, 

Helsinki, Finland) with 390 nm-excitation and 460 nm-emission filter sets. Peak heights of 

thrombin generation were calculated using software obtained from Thrombinoscope B.V., 

Maastricht, The Netherlands 
18

. The ratio of thrombin peaks determined in the absence and 

presence of either anti-protein S antibodies (protein S-ratio) or anti-TFPI antibodies (TFPI-

ratio) was a measure of the TFPI-cofactor activity of protein S or the total TFPI/protein S 

activity, respectively. 

 

Determination of factor levels in plasma 

Protein S ELISAs were performed as described 
6,19

 using normal pooled plasma as a 

standard. Total and free protein S antigen levels were expressed as U/dl, assuming that 1 dl 

normal pooled plasma contains 100 U total or free protein S. 
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Plasma free TFPI levels were measured with a commercial ELISA kit (Asserachrom Free 

TFPI, Diagnostica Stago, Asnières, France). TFPI activity was determined by the Actichrom TFPI 

activity assay (American Diagnostica, Stamford CT, USA). 

 

Full-length TFPI ELISA 

Set-up  

Microtiter plate wells were coated overnight at 4 °C with 50 μl of a solution containing 

2 µg/ml of a monoclonal antibody against the C-terminal region of TFPI (MW1848, Sanquin) in 

0.1 M Na2CO3, pH 9.0. Further steps were performed at room temperature. After coating, the 

wells were blocked for 2 hours with 200 μl of blocking buffer consisting of Hepes buffered 

saline (HBS: 25 mM Hepes, pH 7.9, 175 mM NaCl) with 30 mg/ml BSA. Plasma samples were 

diluted 1:5 in blocking buffer and 50 μl of each dilution was incubated in the wells for 1 hour. 

After washing 3 times with 200 μl washing buffer (HBS containing 0.03% Tween-20), 50 μl of a 

peroxidase-conjugated monoclonal anti-human TFPI antibody against Kunitz-2 (MW1845, 

Sanquin) diluted 1/1000 in HBS containing 5 mg/ml BSA was added (2 µg/ml final 

concentration) to the wells and incubated for 1 hour. After 5 times washing with 200 μl 

washing buffer, peroxidase activity was determined by chromogenic substrate conversion 

(TMB enzymatic kit, Pierce, Rockford IL, USA) according to the manufacturer’s instructions. 

Serial dilutions of normal pooled plasma were used as standards. Peroxidase conjugation of 

monoclonal anti-human TFPI was performed according to the manufacturer’s instructions 

(Pierce). Recombinant full-length TFPI and truncated TFPI (1-161) were a kind gift from Dr. T. 

Lindhout from our institute.  

 

Preparation of synthetic modules of TFPI for ELISA validation  

Kunitz-2 (amino acid 92-150; 3 disulfides) Kunitz-3 (amino acid 182-241; 3 disulfides), 

and the C-terminus (amino acid 242-276) of TFPI were synthesized by tBoc solid phase peptide 

synthesis as N-acetylated, C-amidated peptides as described, except for the C-terminus, which 

contained a C-terminal carboxylic acid 
20

. Oxidative folding of the crude Kunitz modules was 

performed with 1 mM cystine/8 mM cysteine to yield internal disulfide-bridged Kunitz 

domains, which were purified by HPLC and lyophilized. Electrospray-ionization quadrupole 

mass spectrometry revealed masses of 7008.8±0.4 for Kunitz-2 (theoretical monoisotopic 

mass: 7006.1; average mass: 7010.8) and 6887.1±0.8 for Kunitz-3 (theoretical monoisotopic 

mass: 6884.2; average mass: 6888.8), in both cases confirming a mass decrease of 6 units 
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compared to the reduced states of Kunitz domains, representing the loss of 6 protons due to 

the formation of 3 disulfide bonds.  

 

FXa inhibition by synthetic TFPI modules 

FXa (0.2 nM final concentration) in HBS containing 3 mM CaCl2, and 30 mg/ml BSA was 

incubated with the synthetic TFPI modules in 150 µl at 37 °C. After 45 min, 50 µl chromogenic 

substrate S2765 (Chromogenix, Malmö, Sweden) was added to 125 µM final concentration. 

Conversion of S2765 was measured in a 96-well plate reader. FXa activity was expressed as 

the linear fit of the first 4 minutes of substrate conversion. Inhibition of FXa was expressed as 

% of the FXa activity determined in the absence of Kunitz modules. 

 

Statistical analysis 

Data were expressed as mean ± standard deviation. Population means were 

compared by Student’s t-test. Correlations were expressed as Pearson coefficients (r). 
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RESULTS 

 

Functional assays for the TFPI/protein S anticoagulant pathway 

Thrombin generation was initiated with a low TF concentration (1.5 pM) in George 

King normal plasma (GKP) and in normal pooled plasma (NPP). Prior to thrombin generation, 

plasma was incubated with CTI in the absence or presence of neutralizing antibodies against 

protein S or TFPI for 15 minutes at 37 °C. Antibodies against TFPI were directed against the C-

terminal domain, which is required for optimal inhibition of FXa 
21,22

 and stimulation by 

protein S 
9
.  
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FIGURE 3.1: Effects of anti-protein S and anti-TFPI antibodies on thrombin generation at low 

(1.5 pM) TF. Average of 12 separate thrombin generation curves (grey) representing the inter-assay 

variation in (A) George King normal pooled plasma (GKP) or in (B) normal pooled plasma (NPP) without 

addition of antibodies (dotted line), with anti-protein S antibodies (dashed line) or anti-TFPI antibodies 

(solid line). 

 

The inter- and intra assay variations of the peak heights of the thrombin generation 

curves were determined by performing the assay 12 times in duplicate (Table 3.1). For the 

inter-assay variation, the average peak height in the absence of antibodies was 45.7 nM for 

GKP and 36.0 nM for NPP, respectively (Fig. 3.1). Addition of inhibitory antibodies to protein S 

resulted in an increase of the thrombin peak to 100.9 nM for GKP and 73.1 nM for NPP, 

respectively, due to the inhibition of the TFPI-cofactor activity of protein S (Table 3.1; Fig. 3.1). 

Complete inhibition of the TFPI/protein S system through addition of inhibitory antibodies 

against TFPI resulted in an increase in peak height to 153.8 nM for GKP and 149.5 nM for NPP, 

respectively (Table 3.1; Fig. 3.1). The anticoagulant activities of protein S and TFPI were 

expressed as the ratio of the peak heights obtained in the absence and presence of the 
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respective antibodies. The protein S-ratios in these normal pooled plasmas were 0.45-0.49 

meaning that under these conditions protein S, via its TFPI-cofactor activity, reduced thrombin 

generation by more than 50%. The TFPI-ratios were 0.21-0.30, indicating that the TFPI/protein 

S system as a whole reduced thrombin generation by ~75%. The inter- and intra-assay 

coefficients of variation (CV) of all parameters determined with these assays were ≤7% (Table 

3.1).   

 

Table 3.1. Inter- and intra-assay variations of the protein S and TFPI activity assays. 

 

Inter-Assay variation 

(n=12) 
Plasma 

Plasma +  

α-protein S 

Plasma + 

α-TFPI 

Protein S 

 Ratio 

TFPI  

Ratio 

Peak height (nM IIa) 

George King Plasma 

45.7 ± 3.2 

CV: 7% 

100.9 ± 7.4 

CV: 7% 

153.8 ± 6.2 

CV: 4% 

0.45 ± 0.02 

CV: 5% 

0.30 ± 0.02 

CV: 7% 

Peak height (nM IIa) 

Normal Pooled Plasma 

36.0 ± 2.0 

CV: 6% 

73.1 ± 5.3 

CV: 7% 

149.5 ± 5.2 

CV: 3% 

0.49 ± 0.02 

CV: 5% 

0.24 ± 0.01 

CV: 6% 

Intra-Assay variation 

(n=12) 
Plasma 

Plasma +  

α-protein S 

Plasma + 

α-TFPI 

Protein S  

Ratio 

TFPI  

Ratio 

Peak height (nM IIa) 

George King Plasma 

47.2 ± 2.5 

CV: 5% 

105.2 ± 5.5 

CV: 5% 

156.6 ± 3.9 

CV: 2% 

0.45 ± 0.03 

CV: 7% 

0.30 ± 0.01 

CV: 5% 

Peak height (nM IIa) 

Normal Pooled Plasma 

30.4 ± 1.1 

CV: 4% 

64.6 ± 3.0 

CV: 5% 

143.4 ± 4.0 

CV: 3% 

0.47 ± 0.03 

CV: 6% 

0.21 ± 0.01 

CV: 6% 

 

Data are expressed as mean ± SD 

 

Development of a full-length TFPI ELISA 

Since protein S only stimulates full-length TFPI (TFPIFL) and since full-length TFPI is the 

molecular form of TFPI that is most active in down-regulating the TF pathway, an ELISA was 

developed that enables quantification of the plasma levels of this form of TFPI. TFPIFL was 

quantified using a capturing monoclonal antibody against the C-terminus and a peroxidase-

conjugated monoclonal antibody against the Kunitz-2 domain of TFPI for detection (Fig. 3.2A). 

TFPIFL was detectable in normal plasma but not in TFPI-depleted plasma (Fig. 3.2B). In 
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addition, purified recombinant TFPIFL was detected by the ELISA, whereas purified truncated 

TFPI (TFPI1-161) lacking the C-terminal portion was not (Fig. 3.2C). 
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FIGURE 3.2: Design of a full-length TFPI ELISA. A) Full-length TFPI present in plasma was captured 

by monoclonal antibodies against the C-terminus (C-term) and detected by peroxidase-conjugated 

monoclonal antibodies against Kunitz-2 (K2) of TFPI. Arrow (161) indicates the C-terminal residue of 

truncated TFPI. B) Calibration curve of normal pooled plasma (�) and TFPI-depleted plasma (). C) 

Calibration curve of TFPI-depleted plasma reconstituted with either purified full-length TPFI (�) or 

truncated TFPI1-161 (). Averages of duplicate measurements are shown. 

 

To validate the TFPIFL ELISA, competition experiments were performed with 

chemically synthesized TFPI domains (Kunitz-2, Kunitz-3 and the C-terminus). As an example 

Kunitz-2 is shown (Fig 3.3A), whose observed mass after folding was 7008.8±0.4, which fitted 

well between the theoretical masses of 7006.1 (monoisotopic mass) and 7010.8 (average 

mass) (Fig. 3.3B). To determine if the folded Kunitz-2 domain adopted a native-like 

conformation, its activity as a FXa-inhibitor was determined. Kunitz-2 caused a dose-

dependent inhibition of FXa activity reaching total inhibition at concentrations >5 µM, 

whereas Kunitz-3 and the C-terminus did not inhibit FXa (Fig. 3.3C). A reciprocal fit of data (not 

shown) indicated that half-maximal FXa inhibition occurred at 0.18 µM Kunitz-2. 
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FIGURE 3.3: Validation of the full-length TFPI ELISA with synthetic TFPI modules. A) Secondary 

structure of Kunitz-2 domain of TFPI. B) Electrospray-ionization mass spectrum of purified folded 

synthetic Kunitz-2 domain of TFPI. The observed mass fits well between the theoretical monoisotopic 

mass of 7006.1 and the average mass: 7010.8. C) Inhibition of FXa activity by synthetic TFPI modules 

Kunitz-2 (�), Kunitz-3 (�), and C-terminus (�).D) competition between full-length TFPI and Kunitz-2 

(�), Kunitz-3 (�), and C-terminus (�) domains added to normal pooled plasma (1:5 dilution) during 

the capture phase of the full-length TFPI ELISA. E) competition between full-length TFPI and Kunitz-2 

(�), Kunitz-3 (�), and C-terminus (�) domains added together with the peroxidase-conjugated 

antibody during the detection phase of the full-length TFPI ELISA. Averages of duplicate measurements 

are shown (C, D, and E). 

 

Subsequently, we performed the TFPI ELISA on diluted normal pooled plasma (1:5) 

containing varying amounts Kunitz-2, Kunitz-3 or C-terminus of TFPI. Only the C-terminus was 

able to inhibit the binding of plasma TFPIFL to the capturing antibody, whereas Kunitz-2 and 
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Kunitz-3 had no effect on the TFPIFL ELISA (Fig. 3.3D). When synthetic modules were added 

during the detection step, only Kunitz-2 inhibited detection of TFPIFL in plasma (Fig. 3.3E). 

 

TFPI/protein S activity in plasma from normal individuals  

 Thrombin generation and protein S- and TFPI-ratios were determined in 85 healthy 

normal individuals of which 48 males and 37 females (Fig. 3.4, Table 3.2). The average peak 

height of thrombin generation in the absence of antibodies was 38.3±5.8 nM IIa and was 

different between males and females (males: 33.2±11.3 nM; females: 45.0±29.9 nM; 

p=0.014). In the presence of anti-protein S antibodies the average peak height increased to 

77.1±28.3 nM and was not significantly different anymore between males and females 

(p=0.07). In the presence of anti-TFPI antibodies peak height increased to 150.5±31.9 nM and 

was the same for males and females (p=0.7) (Fig. 3.4). Therefore, the differences between the 

protein S- and TFPI-ratios of males and females originated from differences in peak heights of 

thrombin generation determined in the absence of antibodies, in which females have a 

significantly higher peak height than males (Table 3.2). The protein S- and TFPI-ratios were 

0.48±0.10 and 0.25±0.09, respectively.  
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FIGURE 3.4: Functional TFPI/protein S assays in normal individuals. (A) Peak height of thrombin 

generation in the presence or absence of antibodies against protein S (αPS) or TFPI (αTFPI) in plasma 

from 37 women () and 48 men (�). (B) protein S-ratio (TFPI-cofactor activity of protein S) and TFPI-

ratio (activity of the TFPI/protein S system) determined with the thrombin generation-based assay in 

plasma of 37 women () and 48 men (�). 

 

Plasma protein S, TFPIFL, free TFPI antigen levels and total TFPI activity were measured 

in the 85 healthy individuals (Table 3.2). Total and free protein S levels were significantly 

lower in females than in males. No correlation was found between TFPI-cofactor activity of 
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protein S (protein S-ratio) and the level of total or free protein S (Fig. 3.5A), whereas free TFPI 

and TFPIFL levels (Table 3.2) showed a strong correlation (r=0.834, Fig. 3.5B). Females had a 

significantly lower level of TFPIFL (84 U/dl) than men (100 U/dl). A significant inverse 

correlation (r=-0.479, p<0.001) was found between levels of TFPIFL and the protein S-ratio (Fig. 

3.5C). In addition, a strong correlation was found between the levels of TFPIFL and the levels of 

total protein S (r=0.529, p<0.001) (Fig. 3.5D) and free protein S (r=0.597, p<0.001) (data not 

shown).  

 

Table 3.2. Protein S and TFPI activity assays in normal individuals 

 

 Males (n= 48) Females (n= 37) 

Peak height (nM)  33.2 ± 11.3 45.0 ± 29.9
*
 

Peak height + α protein S (nM)  72.2 ± 20.7 83.4 ± 35.2 

Peak height + α TFPI (nM) 149.8 ± 26.8 152.6 ± 37.8 

PS-ratio 0.45 ± 0.08 0.51 ± 0.11
*
 

TFPI-ratio 0.22 ± 0.05 0.28 ± 0.12
*
 

Free Protein S (U/dl ± S.D.) 102 ± 16 84 ± 17
**

 

Total protein S (U/dl  ± S.D.) 98 ± 14 85 ± 16
**

 

Free TFPI (U/dl ± S.D.) 99 ± 16 83 ± 21
**

 

Full-length TFPI (U/dl ± S.D.) 100 ± 17 84 ± 23
**

 

TFPI activity (U/dl ± S.D.) 115 ± 41 96 ± 37
*
 

 

Data are expressed as mean ± SD 
**

 p < 0.001 
*
 p < 0.05 

 

Levels of TFPIFL showed a significant correlation with TFPI ratio (r=-0.663, p<0.001), 

meaning that the anticoagulant activity of the TFPI/ protein S system is influenced by the level 

of full-length TFPI (Fig. 3.5E). The total TFPI activity (which comprises all forms of TFPI that 

contain Kunitz-2) was measured with a commercial two-stage chromogenic assay. No 

correlation was found between total TFPI activity and TFPIFL (Fig. 3.5F). Total TFPI activity also 
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did not correlate with the protein S-ratio (r=0.148), in line with the concept that TFPIFL is the 

only active form of TFPI in the TFPI/protein S pathway.  
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FIGURE 3.5: Correlations between coagulation parameters. Correlations between levels of total 

protein S and thrombin generation-based protein S-ratios (A), levels of full-length and free TFPI (B), 

levels of full-length TFPI and protein S-ratios (C), levels of full-length TFPI and total protein S (D), levels 

of full-length TFPI and TFPI-ratio (E), levels of full-length TFPI and total TFPI activity determined with the 

commercial chromogenic assay (F), determined in plasma from healthy individuals, 37 females () and 

48 males (�). 

 

TFPI/protein S activity in plasma from protein S-deficient individuals 

To explore the potential application of the assays for the TFPI/protein S pathway, we 

determined protein S- and TFPI-ratios in 18 protein S-deficient individuals (total protein S: 

53.4±10.4 U/dl, free protein S: 38.5±9.7 U/dl), of whom 7 had experienced thrombosis, and in 

17 normal family members (total protein S: 91.8±13.8 U/dl, free protein S: 86.0±15.5 U/dl), of 

whom 2 had experienced thrombosis (Table 3.3). Peak heights of thrombin generation curves 

without antibodies were significantly higher in protein S-deficient individuals (119.4±33.6 nM) 

than in normal family members (67.5±28.3 nM) (Fig. 3.6A). When anti-protein S antibodies 

were added, the peak heights increased in both protein S-deficient individuals (149.5±30.7 

nM) and in normal family members (131.2±27.9 nM) (Fig. 3.6B). Although the thrombin peak 

was still higher in the protein S-deficient individuals than in normal family members, the 

difference between the two groups was no longer significant, suggesting that the difference in 
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peak height in the absence of antibodies was mainly due to differences in protein S levels. 

After the addition of anti-TFPI antibodies, peak heights became the same and increased to 

188.5±31.3 nM and 193.2±18.5 nM for protein S-deficient patients and normal family 

members, respectively (Fig. 3.6C). This suggests that TFPIFL was responsible for the higher 

thrombin generation in protein S-deficient patients observed in the presence of anti-protein S 

antibodies. The protein S-ratio was higher in the protein S-deficient individuals (0.79±0.11) 

compared to their normal family members (0.50±0.12) (Table 3.3). The TFPI-ratio was also 

significantly higher in the protein S-deficient individuals (0.63±0.13) than in their normal 

family members (0.35±0.12). These differences are likely caused by a combination of 

decreased levels of protein S and TFPI in the protein S-deficient individuals (Table 3.3). 

 

P
e

a
k

 h
e

ig
h

t 
+

 a
n

ti
-p

ro
te

in
 S

0

50

100

150

200

250

300 n.s.
B

PS-def Normal family

members

P
e

a
k

 h
e

ig
h

t 
+

 a
n

ti
-T

F
P

I

0

50

100

150

200

250

300

PS-def Normal family

members

n.s.
C

P
e

a
k

 h
e

ig
h

t

p < 0.001 A

0

50

100

150

200

250

300

PS-def Normal family

members

P
ro

te
in

S
 r

a
ti

o

0.0

0.2

0.4

0.6

0.8

1.0

PS-def Normal family

members

p < 0.001

0.0

0.2

0.4

0.6

0.8

1.0

PS-def Normal family

members

T
F

P
I 

ra
ti

o

p < 0.001

 

FIGURE 3.6: Thrombin generation in protein S-deficient individuals and normal family 

members. Peak heights of thrombin generation determined in absence of antibodies (A), in the 

presence of anti-protein S antibodies (B), or in the presence of anti-TFPI antibodies (C) and the protein 

S-ratio (D) and TFPI-ratio (E) in plasma from 18 male (�) or female () protein S-deficient individuals of 

which 7 have experienced with thrombosis, and  from 17 family members of which 2 have experienced 

with thrombosis. 
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Table 3.3. Protein S and TFPI activity assays in families with protein S deficiency 

 

 Normal family members 

(n=17) 

Protein S-deficient 

individuals (n= 18) 

Peak height (nM IIa)  67.5 ± 28.3 119.4 ± 33.6
**

 

Peak height + α protein S (nM IIa)  131.2 ± 27.9 149.5 ± 30.7  

Peak height + α TFPI (nM IIa) 193.2 ± 18.5 188.5 ± 31.3   

PS-ratio 0.50 ± 0.12 0.79 ± 0.11
**

 

TFPI-ratio 0.35 ± 0.13 0.63 ± 0.12
**

 

Free protein S (U/dl ± S.D.) 86 ± 15 38 ± 10
**

 

Total protein S (U/dl ± S.D..) 92 ± 14 53 ± 10
**

 

Free TFPI (U/dl ± S.D.) 90 ± 24 56 ± 17
**

 

Full-length TFPI (U/dl ± S.D.) 104 ± 32 67 ± 19
**

 

 

Data are expressed as mean ± SD 
**

 p < 0.001 

 

Due to the small size of the population, no conclusive relations between protein S- and TFPI-

ratios and thrombotic events could be established. 

In contrast to the population of normal individuals, and to the population of normal 

family members, a correlation between protein S levels and the protein S-ratio was observed 

(r=-0.527) in the protein S-deficient population (Fig. 3.7A). It is interesting to note that TFPIFL 

levels were significantly decreased in plasma of protein S-deficient patients and correlated 

with protein S levels in both protein S-deficient individuals and in their family members (Fig. 

3.7B).  
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FIGURE 3.7: Protein S and full-length TFPI levels in protein S-deficient individuals and normal 

family members. (A) Correlation between total protein S levels and the thrombin generation-based 

protein S-ratio in plasma from 18 protein S-deficient individuals (∆) and 17 normal family members (�). 

(B) Correlation between total protein S and full-length TFPI levels in plasma from 18 protein S-deficient 

individuals (∆) and 17 normal family members (�). 
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DISCUSSION 

 

Thrombin generation-based assays for quantification of the activity of the 

TFPI/protein S system were developed using commercially available reagents. In these assays 

thrombin generation was initiated with a low trigger (1.5 pM TF) because the ability of the 

TFPI/protein S system to inhibit the extrinsic coagulation pathway depends on the TF 

concentration 
8,9

. The TFPI-cofactor activity of protein S and the overall anticoagulant activity 

of the TFPI/protein S system were expressed as ratios of peak heights of thrombin generation 

curves determined without and with antibodies against protein S or TFPI. In normal plasma, 

the protein S-ratio was ~0.5, meaning that under the experimental conditions used protein S 

reduced thrombin generation by 50% via its ability to act as cofactor of TFPI. The TFPI-ratio 

was ~0.25, meaning that the TFPI/protein S pathway reduced thrombin generation by ~75%. 

All measurements showed intra- and inter-assay coefficients of variation of 7% or lower. The 

differences between NPP and GKP in the absolute peak heights of thrombin generation are 

most likely due to differences in citrate concentration (3.2% and 3.8% respectively), but can 

also depend on the number of individuals contributing to the pool (n=98 and n=20, 

respectively) and/or to plasma handling. Nevertheless, protein S and TFPI/protein S activities, 

expressed as ratios of peak heights, showed only minor differences between NPP and GKP, 

making the described assay suitable for different plasma preparations.  

An important feature of this assay is the TF concentration used for initiation. High TF 

concentrations lead to high FXa concentrations reaching beyond regulation by the 

TFPI/protein S anticoagulant pathway. In our hands, a TF concentration of ~1.5 pM was 

optimal for the detection of the activity of the TFPI/protein S system. Since no commercial 

source with this TF concentration was available, we have mixed two commercial reagents to 

obtain a final concentration of 1.5 pM TF and 4 µM of phospholipids. As thrombin generation 

assays will vary slightly in different lab settings, the best strategy for getting optimal sensitivity 

for the TFPI/protein S system is to use a TF concentration that yields a peak height of 

thrombin generation of ~ 40 nM in the absence of antibodies. As thrombin generation is 

relatively low and slow under these conditions, it is recommended to add CTI to avoid any 

unwanted contribution of contact activation 
23

. 

The thrombin generation-based TFPI/protein S activity assays were applied to plasma 

of 85 healthy individuals and compared with the antigen levels of protein S and TFPI. In 

normal individuals, the inhibitory activity of protein S (protein S-ratio) correlated with TFPIFL 

levels, but not with protein S levels. The absence of a correlation between protein S level and 
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the TFPI-cofactor activity of protein S in normal individuals might be due to the fact that 

normal protein S levels are not rate-limiting for TFPI-cofactor activity.  

The activity of the TFPI/protein S system was also measured in plasma from 

individuals with (partial) protein S deficiency and their unaffected family members. The 

average peak heights of thrombin generation in the family study from Italy were, like those in 

GKP, higher as those observed in NPP and the normal population, which may be attributed to 

their higher citrate concentration (3.8%). However, like with GKP, the protein S- and TFPI-

ratios were normal among the normal family members (~0.5 and ~0,35, respectively). Protein 

S-deficient individuals showed reduced activity of the TFPI/protein S system (higher protein S- 

and TFPI-ratios) when compared to the population of unaffected family members. The 

difference between the two groups largely disappeared upon addition of anti-protein S 

antibodies, indicating that the low protein S levels were responsible for the impairment of the 

TFPI/protein S pathway in the protein S-deficient individuals. The remaining difference in peak 

height between protein S-deficient and normal individuals determined in the presence of anti-

protein S antibodies was explained by TFPIFL levels, which were lower in protein S-deficient 

individuals than in their normal family members. Protein S levels are known to co-vary with 

(free) TFPI levels (Fig 3.5D) 
24

, and a decrease of TFPI levels in conjunction with protein S 

deficiency will exacerbate the procoagulant phenotype. The reason for the correlation 

between protein S and TFPI is unknown, but both are synthesized and secreted by endothelial 

cells, which might be regulated by common biological mechanisms. 

In conclusion, we have developed functional assays for the TFPI/protein S system as 

well as an ELISA for TFPIFL, the form of TFPI that is active in the TFPI/protein S anticoagulant 

pathway. These assays pave the way for a better characterization of the role of protein S in 

the TFPI anticoagulant pathway in the near future. Our data suggest that the decreased levels 

of protein S or full length TFPI in protein S deficient patients result in a hypercoagulable state 

due to a reduced activity of the TFPI/protein S anticoagulant mechanism, which will likely 

contribute to the increased risk of venous thrombosis of protein S-deficient individuals 
15,25

.  
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Type I and type III hereditary protein S deficiencies: Risk of venous thrombosis and 
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SUMMARY 

 

Protein S, circulating in plasma in free and bound form, is an anticoagulant protein that 

stimulates both activated protein C (APC) and tissue factor pathway inhibitor (TFPI). To 

evaluate the thrombosis risk associated with type I (low total and low free antigen) and type 

III (normal total and low free antigen) protein S deficiencies, we performed epidemiological, 

genetic and functional studies in protein S-deficient families. Kaplan-Meier analysis in 30 

families (242 individuals) indicated that type I and III protein S deficiencies similarly 

predispose to thrombosis. To explain this finding, 23 families (132 individuals) were further 

characterized. Eleven PROS1 mutations (3 novel) were identified in these families. Type III 

deficient individuals were older and had higher protein S, TFPI and prothrombin levels than 

type I deficient individuals. Thrombin generation assays sensitive to the APC- and TFPI-

cofactor activities of protein S detected almost equivalent hypercoagulable states in plasma 

from type I and III deficient individuals, as the advantage conferred to type III deficient 

individuals by their higher protein S and TFPI levels was abolished by their older age and 

higher prothrombin levels. We conclude that hereditary type I and type III protein S 

deficiencies are virtually equivalent risk factors for thrombosis. 
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INTRODUCTION 

 

Protein S (reviewed in ref.
1
) is a vitamin K-dependent glycoprotein mainly synthesized 

in the liver and present in plasma, platelets and endothelial cells. The mature protein 

comprises a Gla domain, a thrombin-sensitive region (TSR), four epidermal growth factor 

(EGF)-like domains and a large sex hormone-binding globulin (SHBG)-like domain. Plasma 

protein S (350 nM) is distributed between two pools: ~40% circulates free and ~60% is bound 

to the complement regulatory factor C4b-binding protein (C4BP).
2
 Only C4BP molecules with a 

β-chain (C4BP-β
+
) bind protein S and, given the high affinity of this interaction, all C4BP-β

+
 

present in plasma (~200 nM) is complexed with protein S.
3
 

Protein S is a potent anticoagulant protein that down-regulates thrombin formation 

via two mechanisms.
4
 On one hand it stimulates the proteolytic inactivation of coagulation 

factors (F) Va and VIIIa by activated protein C (APC),
5
 and on the other hand it enhances the 

inhibition of FXa by tissue factor pathway inhibitor (TFPI).
6,7

 Although free protein S is the 

most active form, recent reports indicate that the protein S-C4BP complex also retains part of 

the APC- and TFPI-cofactor activities.
6,8

 In the absence of protein S, both APC and TFPI are 

rather poor inhibitors of thrombin generation in plasma.
6,9

 

Protein S deficiency is a rare coagulation disorder associated with an increased risk of 

venous thrombosis.
10,11

 It usually occurs as a partial (heterozygous) deficiency and segregates 

as an autosomal dominant trait. Presently, more than 200 mutations that impair protein S 

synthesis and/or function have been described in the protein S gene (PROS1), and large 

deletions within the PROS1 locus have been identified as a relatively common cause of protein 

S deficiency.
12

 Based on protein S antigen and (APC-cofactor) activity levels, protein S 

deficiency is classified as type I (low total and low free antigen, reduced activity), type II 

(normal total and free antigen, reduced activity) and type III (normal total antigen, reduced 

free antigen and activity). However, since protein S levels are strongly influenced by age, sex 

and hormonal status,
13

 as well as by several acquired conditions, the diagnosis of protein S 

deficiency states based on protein S levels is far from straightforward in practice.
14

 

Type I and type III deficiencies account for 95% of protein S-deficient patients and 

often occur together in the same family as phenotypic variants of the same genetic defect 

(mixed type I/III deficiency).
15

 The reasons for the different phenotypic expression are poorly 

understood, but the age-dependent increase in total protein S is thought to play a role, as 

type III protein S-deficient family members tend to be older than their type I deficient 

relatives.
16

 Differently, other families with protein S deficiency only express the type III 
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phenotype (pure type III deficiency). This type of protein S deficiency is often, but not 

always,
17

 associated with the PROS1 Ser
460→Pro (Heerlen) mutation.

18
 

Although protein S deficiency, and particularly low levels of free protein S,
19,20

 are an 

established risk factor for venous thrombosis, risk estimates differ widely among studies, 

possibly reflecting the different severity of the underlying molecular defects.
21

 Moreover, the 

few epidemiological studies that distinguish between type I and type III deficiencies are rather 

contradictory with respect to the thrombosis risk associated with type III deficiency, which 

was found to be none,
22

 the same as in type I deficiency
23

 or intermediate.
24

 No risk of 

thrombosis is usually attributed to PROS1 Heerlen.
18

 

To clarify this issue, we have re-evaluated the risk of thrombosis associated with type I 

and type III protein S-deficiencies by Kaplan-Meier analysis of a large cohort of protein S-

deficient families. In support of our findings, we present a detailed characterization of type I 

and type III protein S-deficient plasma based on the measurement of coagulation factor levels 

and ad hoc thrombin generation assays. 

 

 

MATERIALS AND METHODS 

 

Study population 

Thirty families with type I and/or type III protein S deficiencies (242 individuals), 

identified at Padua University Hospital (Italy) between 1996 and 2002, were included in the 

Kaplan-Meier analysis. Families were ascertained via a proband who underwent 

thrombophilia screening after a first episode of venous (deep-vein thrombosis, pulmonary 

embolism or superficial-vein thrombosis) or arterial thrombosis (myocardial infarction or 

stroke). Family members of each proband were invited to participate, and information on 

thrombosis history and age at onset of the first thrombotic event was recorded for each 

participant. Criteria for diagnosing venous thromboembolism have been previously 

reported.
25,26

 Protein S deficiency was defined on the basis of free protein S levels,
27,28

 

applying a cut-off of 65%. The type of deficiency was assigned according to total protein S 

levels, using a cut-off of 70% (irrespective of age and sex). Cut-offs were based on the 

variation of total and free protein S levels in a population of 140 healthy individuals. 

Functional studies were performed in 23 of the above-mentioned 30 families. Blood 

samples were collected from probands and consenting family members for a total of 151 

subjects. Patients on oral anticoagulant therapy (n=13) and women taking oral contraceptives 
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(n=3) or hormone replacement therapy (n=3) at the time of blood collection were 

subsequently excluded, leaving 132 individuals available for study (Table 1). All participants 

provided informed consent to the study, which was carried out in accordance with the 

Helsinki protocol. 

 

Blood collection and plasma preparation 

Venous blood was drawn in 0.129 M sodium citrate (1:9 vol/vol) and platelet-poor 

plasma was prepared by centrifugation at 2000×g for 10 min. Plasma was aliquoted, snap-

frozen and stored at -80 °C until use. Buffy coats were stored at -20 °C for later DNA isolation. 

 

Genetic analysis 

Buffy coats were available for 110 of the 132 eligible participants. Genomic DNA was 

extracted using the Wizard
®
 Genomic DNA Purification kit (Promega, Madison WI, USA). 

PROS1 mutation screening was performed by PCR-mediated amplification of each exon 

(including splicing junctions) and >400 bp of the promoter region
29

 followed by direct 

sequencing. PCR primers and conditions (available on request) were chosen such as to avoid 

co-amplification of the highly homologous protein S pseudogene. Selective amplification of 

PROS1 was verified by restriction analysis of the PCR products prior to sequencing. Whenever 

a PROS1 mutation was identified, all family members were tested for carriership of that 

mutation by high-resolution agarose gel electrophoresis, restriction analysis or direct 

sequencing, as detailed in Table 2. The PROS1 Heerlen genotype was determined by Rsa I-

restriction analysis of exon 13. 

In families without apparent mutation, the possibility of a large deletion was verified 

by PROS1 haplotyping and segregation analysis. Haplotypes were constructed with three 

common intragenic polymorphisms: +54 T/C in intron 11 (PIPS1, rs8178649),
30

 2147 A/G in 

exon 15 (Pro
626

 dimorphism, rs6123)
31

 and 2697 C/A in the 3’-UTR (PEPS2, rs9681204).
30

 

Genotyping was performed by restriction analysis with HpyCH4 III, BstX I and Ava II (New 

England BioLabs, Ipswich MA, USA), respectively. 

Carriership of the FV Leiden mutation was determined as previously described.
32

 

 

Measurement of plasma factor levels 

In house ELISAs were used to measure the plasma antigen levels of total,
33

 free
34

 and 

C4BP-bound protein S,
8
 as well as full-length TFPI (Maurissen et al., in preparation). 

Prothrombin levels were determined with a chromogenic assay, as previously described.
32
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Antithrombin activity levels were determined using the Coamatic Antithrombin kit 

(Chromogenix, Mölndal, Sweden). The levels of all factors were expressed as percentage of 

normal pooled plasma. 

 

Thrombin generation measurements 

Thrombin generation was measured with the Calibrated Automated Thrombogram 

(CAT) method,
35

 essentially as described.
32

 Briefly, coagulation was initiated with tissue factor 

(TF, Innovin
®
, DADE-Behring, Marburg, Germany), synthetic phospholipid vesicles 

(DOPS/DOPC/DOPE, 20/60/20 mol/mol/mol) and CaCl2, and thrombin activity in plasma was 

monitored continuously with fluorogenic substrate Z-Gly-Gly-Arg-AMC (BACHEM, Bubendorf, 

Switzerland). Fluorescence was read in a Fluoroskan Ascent
®
 reader (Thermo Labsystems, 

Helsinki, Finland) and thrombin generation curves were calculated using the 

Thrombinoscope software (Thrombinoscope, Maastricht, The Netherlands). 

To probe the activity of the APC/protein S system, thrombin generation was initiated 

with 6.8 pM TF and 30 μM phospholipids in the absence and presence of 5 nM human APC 

(Kordia Life Sciences, Leiden, The Netherlands). The outcome of the assay was expressed as 

the ratio of the endogenous thrombin potentials (ETPs) obtained in the presence and absence 

of APC, and normalized against the ETP ratio of normal pooled plasma measured in parallel 

(normalized APC-sensitivity ratio, nAPCsr). Since protein S is a major determinant of this 

assay,
36

 the nAPCsr is an indirect measure of the APC-dependent activity of protein S. The 

nAPCsr varies between 0 and 10 and increases as the APC-cofactor activity of protein S 

decreases. 

To quantify the activity of the TFPI/protein S system, thrombin generation was 

initiated with 1.36 pM TF and 30 μM phospholipids in the absence and presence of 

neutralizing antibodies against protein S (270 µg/ml polyclonal IgG; DAKO, Glostrup, Denmark) 

or TFPI (64 μg/ml monoclonal IgG1; Sanquin, Amsterdam, The Netherlands). To exclude any 

contribution of the APC-dependent activity of protein S, these measurements were conducted 

in the presence of 100 μg/ml anti-protein C polyclonal antibodies (DAKO). Moreover, corn 

trypsin inhibitor (CTI, Hematologic Technologies, Essex Junction VT, USA) was added to a final 

concentration of 30 μg/ml to prevent contact activation. At the low TF concentration used in 

this assay, the height of the thrombin peak proved to be a more sensitive indicator of 

thrombin generation than the ETP and was therefore used as output parameter. The ratio of 

the thrombin generation peaks obtained in the absence and presence of anti-protein S 

antibody (PS-ratio) is a measure of the TFPI-cofactor activity of protein S, while the ratio of the 
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thrombin generation peaks obtained in the absence and presence of anti-TFPI antibody (TFPI-

ratio) is a measure of the activity of the TFPI/protein S system as a whole. Both ratios vary 

between 0 and 1 and increase as the TFPI-cofactor activity of protein S decreases. 

 

Statistics 

Kaplan-Meier analysis. Thrombosis-free survival was analyzed with the Kaplan-Meier 

method. The age at onset of the first thrombotic event for symptomatic individuals and the 

age at the time of inclusion in the study for asymptomatic subjects were used to evaluate the 

thrombosis-free survival time. Thrombosis-free survival was compared between normal 

(n=112), type I protein S-deficient (n=73) and type III protein S-deficient (n=57) individuals, 

with probands included or excluded, and in probands only. The analysis was done including all 

patients or only patients whose first thrombotic event had been deep-vein thrombosis and/or 

pulmonary embolism. Differences between the curves were assessed with the log-rank test. 

General statistics. Data are reported as mean ± standard deviation (SD), unless 

otherwise indicated. Plasma factor levels were compared between groups with the Student’s t 

test. Thrombin generation parameters were compared with the non-parametric Mann-

Whitney-Wilcoxon test (U) due to their non-normal distribution in some population 

subgroups. Correlations were expressed as Pearson coefficients (r). The determinants of 

thrombin generation parameters were identified by multiple regression analysis and their 

effects were expressed as unstandardized regression coefficients (B). Statistical analyses were 

performed with SPSS 14.0 for Windows (SPSS, Chicago IL, USA). 
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RESULTS 

 

Clinical evaluation 

Two-hundred-forty-two individuals from 30 families with type I and/or type III protein 

S deficiency were investigated. Of the 30 probands, 18 presented with type I deficiency and 12 

with type III deficiency (age at inclusion 46.8±11.9 vs. 52.5±15.1 years, p=n.s.). The age at the 

first thrombotic event was 30±10.4 years (median, 28.5 years) for probands with type I 

deficiency and 36.6±15.5 years (median, 33.5 years) for probands with type III deficiency, 

respectively (p=n.s.). Out of 212 family members, 112 had normal protein S levels and 100 

were protein S-deficient (55 type I and 45 type III). The age of family members at the time of 

inclusion was 46.9±20.2 years for normal individuals, 48.5±19.8 years for type I deficient 

individuals and 56.9±15.9 years for type III deficient individuals. Type III deficient subjects 

were significantly older than type I deficient and normal subjects (p=0.037). At the time of 

inclusion, thrombotic events in family members had occurred in 17/55 (30.9%) type I deficient 

subjects, 19/45 (42.2%) type III deficient subjects and in 7/112 (6.2%) normal subjects. The 

mean age at the first thrombotic event was 40.6±16.7 years (median, 42 years) in type I 

deficient individuals, 42.6±16.7 years (median, 45 years) in type III deficient individuals and 

47±23.4 years (median, 41 years) in normal individuals (p=n.s.). 
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Figure 4.1: Thrombosis-free survival analysis of protein S-deficient individuals. Kaplan-Meier 

analysis of A) the whole study cohort (probands and family members); B) family members after 

exclusion of probands; and C) probands only. Dashed line represents normal individuals, solid and 

dotted lines represent type I and type III protein S-deficient individuals, respectively. Differences 

between the curves were evaluated with the log-rank test. 

 

To evaluate the risk of thrombosis associated with protein S deficiency, Kaplan-Meier 

analysis was performed. As expected, the cumulative proportion of thrombosis-free 
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individuals was higher (p<0.001) in the normal group than in the protein S-deficient group 

(Figure 4.1A,B). However, no significant difference in thrombosis-free survival was observed 

between type I and type III protein S-deficient individuals in the whole cohort (probands and 

family members, Figure 4.1A), nor after exclusion of probands (Figure 4.1B) or in probands 

only (Figure 4.1C). Results did not change when survival analysis was restricted to patients 

whose first thrombotic event had been deep-vein thrombosis and/or pulmonary embolism or 

when males and females were analyzed separately (data not shown). 

 

Laboratory evaluation: characteristics of the study population 

Plasma factor levels and thrombin generation were measured in a random subset of 

the population used for Kaplan-Meier analysis (23 families: 21 with type I or mixed type I/III 

deficiency and 2 with pure type III deficiency). After excluding patients taking oral 

anticoagulants and women on hormonal therapy, 132 individuals (53 normal, 59 type I 

deficient and 20 type III deficient) were available for plasma phenotyping (Table 4.1). 

 

Table 4.1. Demographic characteristics of the study population 

 

 N Sex 

(M/F) 

Age 

(years) 

VTE 

N (%) 

Normal 53 31/22 38.4 ± 20.0 4 (7.5%) 

PS-deficient 79 31/48 42.7 ± 19.0 24 (30.4%) 

Type I 59 22/37 38.3 ± 17.9 18 (30.5%) 

Type III 20 9/11 56.0 ± 16.0 6 (30.0%) 

 

PS, protein S; VTE, venous thromboembolism 

 

The female gender was over-represented among protein S-deficient subjects, 

especially in the type I subgroup (p=0.020 vs. normal subjects). Mean age was not different 

between normal and protein S-deficient individuals, but type III deficient subjects were 

significantly older than type I deficient subjects (56.0 vs. 38.3 years, p<0.001). The protein S-

deficient group was enriched in thrombotic patients (p=0.007 vs. normal subjects), but the 

percentage of patients was not different between the type I and type III subgroups. 
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Genotyping for the FV Leiden mutation identified 8 heterozygous carriers in three 

different families.  

 

PROS1 mutation screening 

Due to the availability of genomic DNA from at least one protein S-deficient family 

member, PROS1 mutation screening was possible in 20 of the 23 families. By sequencing the 

coding region including splicing junctions and the proximal promoter, a PROS1 mutation was 

identified in 14 families (Table 4.2). When the genetic screening was extended to family 

members, the respective mutation was identified in 51/53 (96%) individuals classified as 

protein S-deficient on the basis of protein S levels and in 2/26 (7.7%) of individuals classified 

as normal. The Heerlen mutation was present in 3 individuals, all belonging to the same family 

(Table 4.2). All mutations were in the heterozygous state. In all mixed type I/III families 

(except in the family with the Heerlen mutation), the same mutation accounted for type I as 

well as type III deficient members. 

In the six families where no mutation was detected, 3-point PROS1 haplotype- and 

segregation analysis was performed to check for the presence of large intragenic deletions. 

Based on the apparent co-segregation of the protein S-deficient phenotype with two different 

PROS1 haplotypes (CAC and TAA) in different family members, a PROS1 deletion could be 

ascertained in one family. The remaining families were uninformative. 

 

Plasma factor levels 

Plasma levels of protein S (total, free and C4BP-bound), prothrombin, antithrombin 

and full-length TFPI were measured in all subjects and compared between groups (Figure 4.2). 

Total protein S levels (Figure 4.2A) were higher in type III deficient individuals (79.0±6.3%) 

than in type I deficient individuals (52.9±9.0%, p<0.001), but still significantly lower than in 

normal individuals (94.3±17.2%, p<0.001). Similarly, free protein S levels (Figure 4.2B) were 

lower in type III deficient individuals (54.7±6.6%) than in normal individuals (89.5±15.4%, 

p<0.001), but still significantly higher than in type I deficient individuals (40.4±9.6%, p<0.001). 

C4BP-bound protein S levels (Figure 4.2C) were not different between normal (119.4±37.3%) 

and type III deficient individuals (111.2±24.5%), but they were significantly reduced in type I 

deficient individuals (91.7±31.5%, p=0.007 vs. type III). Prothrombin levels (Figure 4.2D) did  
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not differ between normal (92.5±18.7%) and type I deficient individuals (88.8±12.0%), but 

they were significantly elevated in type III deficient individuals (104.1±16.0%, p=0.011 and 

p=0.001 vs. normal and type I deficient individuals, respectively). Antithrombin levels (Figure 

4.2E) were similar in all three groups. Finally, full-length TFPI levels (Figure 4.2F) were not 

different between normal (122.9±47.7%) and type III deficient individuals (121.3±31.4%), but 

they were significantly reduced in type I deficient individuals (76.9±32.5%, p<0.001). All inter-

group differences in plasma factor levels persisted after correction for age and sex. 
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Figure 4.2: Plasma levels of coagulation factors and inhibitors. Mean plasma levels of total 

protein S (A), free protein S (B), C4BP-bound protein S (C), prothrombin (D), antithrombin (E) and full-

length TFPI (F) in normal individuals (white bars) and in individuals with type I (black bars) or type III 

(grey bars) protein S deficiency. Error bars represent standard deviations. The dotted lines mark the 

cut-offs for total and free protein S levels. Groups were compared with the Student’s t test. 

 

The plasma levels of coagulation factors and inhibitors were highly correlated in the 

study population. The strongest correlations were observed between total, free and bound 

protein S (total/free: r=0.885; total/bound: r=0.413; free/bound: r=0.434; p<0.001 for all three 

correlations), total protein S and full-length TFPI (r=0.607, p<0.001), and total protein S and 

prothrombin (r=0.371, p<0.001). 
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APC-cofactor activity of protein S 

To quantify the activity of the APC/protein S system, thrombin generation was 

measured at 6.8 pM TF in the absence and presence of APC, and the nAPCsr was calculated. 

Since FV Leiden strongly influences this assay, FV Leiden carriers were excluded from the 

analysis. 

Despite a large inter-individual variability, on average thrombin generation started 

earlier and was higher in protein S-deficient plasma than in normal plasma, both in the 

absence and presence of APC (Table 4.3, Supplemental Material). In the absence of APC 

(Figure 4.3A), there was no difference between the ETPs of normal and type I deficient 

individuals, but type III deficient individuals had significantly higher ETP values (p≤0.001). In 

the presence of APC (Figure 4.3B), the ETPs of type I and type III deficient individuals were 

similar and markedly higher than those of normal individuals (p<0.001). As a consequence, the 

nAPCsr (Figure 4.3C), was highest in type I deficient plasma, slightly lower in type III deficient 

plasma (p=0.057) and much lower in normal plasma (p<0.001). Thrombotic patients had a 

higher nAPCsr than healthy relatives, both in the type I (6.36±1.38 vs. 5.77±1.37) and in the 

type III (5.59±2.04 vs. 4.97±1.83) deficiency groups, but these differences did not reach 

statistical significance. 
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Figure 4.3: Thrombin generation in the absence and presence of APC. Thrombin generation was 

measured at 6.8 pM TF in the absence and presence of 5 nM APC. FV Leiden carriers were excluded. A) 

ETPs measured in the absence of APC; B) ETPs measured in the presence of APC; C) nAPCsr. White 

circles, normal individuals; black circles, individuals with type I protein S deficiency; grey circles, 

individuals with type III protein S deficiency. Lines represent the medians of the respective 

distributions. Groups were compared with the Mann-Whitney-Wilcoxon test. 

 

To interpret this results, the effects of age, sex and the levels of prothrombin, 

antithrombin, total and free protein S and full-length TFPI on the ETP measured in the absence 

and presence of APC were determined by multiple regression analysis in the normal group.  
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Age (B=4.4 nM.min/year, p=0.001) and prothrombin level (B=129.3 nM.min/10%, p<0.001) 

were both found to be strong determinants of the ETP-APC, which accounts for the higher ETP-

APC in type III deficient individuals. Similarly, age (B=6.4 nM.min/year, p<0.001) and 

prothrombin (B=89.4 nM.min/10%, p<0.001) were positive determinants of the ETP+APC, while 

free protein S (B=-58.6 nM.min/10%, p=0.028) and TFPI (B=-16.5 nM.min/10%, p=0.009) were 

negative determinants, explaining the absence of a difference in ETP+APC between type I and 

type III deficient individuals. In fact, although type III deficient individuals would be expected 

to have a lower ETP+APC than type I because of their higher free protein S and TFPI levels, their 

concomitant higher age and prothrombin level tend to abolish this difference, making the 

ETP+APC similar in the two groups. 

 

TFPI-cofactor activity of protein S 

The activity of the TFPI/protein S system was quantified by measuring thrombin 

generation at 1.36 pM TF in the absence and presence of neutralizing antibodies against 

protein S (αPS) or TFPI (αTFPI) and by calculating the PS- and TFPI-ratios. Also in this case FV 

Leiden carriers were excluded. 

Thrombin generation in the absence of antibodies was again faster and higher in 

protein S-deficient plasma than in normal plasma (Table 4.4, Supplemental Material). 

However, this difference largely disappeared in the presence of antibodies, only the lag time 

remaining slightly but significantly shorter in protein S-deficient plasma (Table 4.4, 

Supplemental Material). Also in this test, a large inter-individual variability was observed. In 

the absence of antibodies (Figure 4.4A), the peak height was virtually identical in type I and 

type III deficient individuals, and higher than in normal individuals (p≤0.011). Addition of αPS, 

and even more so addition of αTFPI, caused an increase in thrombin generation, due to the 

partial (αPS) or complete (αTFPI) inhibition of the TFPI/protein S system. In the presence of 

αPS (Figure 4.4B), the peak height was similar between normal and type III deficient 

individuals, while type I deficient individuals had slightly higher thrombin peaks, possibly due 

to their lower TFPI levels. In the presence of the αTFPI antibody (Figure 4.4C), normal and type 

I deficient plasmas yielded similar peak heights, which however were lower than in type III 

deficient plasma (p=0.022 and p=0.010, respectively). The PS-ratio (Figure 4.4D) and TFPI-ratio 

(Figure 4.4E) increased progressively from normal to type III and type I deficient plasma. 

However, the difference between type I and III deficient individuals was only significant for 

the TFPI-ratio (p=0.034). 
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Figure 4.4: Thrombin generation in the absence and presence of αPS or αTFPI. Thrombin 

generation was measured at 1.36 pM TF in the absence and presence of antibodies against protein S or 

TFPI. FV Leiden carriers were excluded. A) Thrombin peaks measured in the absence of antibodies; B) 

thrombin peaks measured in the presence of αPS; C) thrombin peaks measured in the presence of 

αTFPI; D) PS-ratio; and E) TFPI-ratio. White circles, normal individuals; black circles, individuals with 

type I protein S deficiency; grey circles, individuals with type III protein S deficiency. Lines represent the 

medians of the respective distributions. Groups were compared with the Mann-Whitney-Wilcoxon test. 

 

Multiple regression analysis revealed that the peak height in the absence of 

antibodies was dependent not only on free protein S (B=-13.4 nM/10%, p=0.021) and TFPI 

(B=-5.7 nM/10%, p<0.001), but also on age (B=0.8 nM/year, p=0.035) and prothrombin (B=8.3 

nM/10%, p=0.023), thereby accounting for the equally elevated peaks in type I and type III 

deficient individuals. Similarly, the higher peak+αPS of type I deficient individuals was 

attributable their lower TFPI levels (B=-6.8 nM/10%, p=0.002), while the higher age (B=1.1 

nM/year, p<0.001) and prothrombin level (B=17.5 nM/10%, p<0.001) of type III deficient 

individuals were again responsible for their elevated peak+αTFPI. 

 

Relationship between nAPCsr and TFPI-ratio 

The nAPCsr and the TFPI-ratio reflect the activities of the APC/protein S and 

TFPI/protein S systems, respectively. Both were elevated in protein S-deficient individuals, 

especially in those with type I deficiency, in line with the respective protein S levels.  

Multiple regression analysis showed that free protein S and full-length TFPI levels 

were major determinants of both the nAPCsr (B=-0.37/10% protein S, p<0.024; B=-0.10/10% 
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TFPI, p=0.007) and the TFPI-ratio (B=-0.06/10% protein S, p=0.011; B=-0.02/10% TFPI, 

p<0.001). In addition, the nAPCsr was also dependent on age (B=0.04/year, p=0.001) and 

prothrombin levels (B=0.37/10% prothrombin, p=0.001). Accordingly, the nAPCsr and the 

TFPI-ratio were highly correlated in the normal (r=0.663, p<0.001) and type I deficiency 

(r=0.510, p<0.001) groups, but not in the type III deficiency group (r=0.311, p=n.s.) (Figure 

4.5). However, after removal of a single outlier (Figure 4.5, arrow), the correlation between 

nAPCsr and TFPI-ratio was also apparent in type III deficient individuals (r=0.501, p=0.034). 
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Figure 4.5: Correlation between the nAPCsr and the TFPI-ratio. The nAPCsr and the TFPI-ratio 

were determined as described under Methods. FV Leiden carriers were excluded. White circles, normal 

individuals; black circles, type I protein S-deficient individuals; grey circles, type III protein S-deficient 

individuals. The arrow indicates an outlier with a high nAPCsr and a low TFPI-ratio. 
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DISCUSSION 

 

Although the thrombotic predisposition associated with protein S deficiency was 

recognized as early as 1984,
10,11

 accurate risk estimates have been hindered by the difficulty of 

correctly diagnosing protein S deficiency. While type I protein S deficiency is generally 

considered a risk factor for venous thrombosis, conflicting results have been reported for type 

III deficiency,
22-24

 possibly due to the fact that type III protein S deficiency is a heterogeneous 

category comprising individuals from pure type III and mixed type I/III deficient families, as 

well as individuals with acquired (transient) protein S deficiency. 

In the present study we have re-evaluated the thrombosis risk associated with type I 

and type III protein S-deficiencies by Kaplan-Meier analysis of a large cohort of protein S-

deficient families. Our data indicate that inherited type III protein S deficiency is a risk factor 

for venous thrombosis and that it confers a similar risk as type I protein S deficiency (Figure 

4.1). In particular, although type III deficient individuals were older than type I deficient 

individuals and advancing age is also a risk factor for thrombosis, the age at onset of 

thrombosis was not different between the two groups. 

To account for this finding, genetic and functional studies were performed in 23 

families with type I and/or type III protein S deficiency (Table 4.1). Genetic screening was 

possible in 20 families and yielded 11 PROS1 mutations (3 novel) in 14 families (Table 4.2). 

Moreover, a (partial) PROS1 deletion was present in at least one family. Our mutation 

detection rate (15/20=75%) and mutation spectrum (5 missense and 3 nonsense substitutions, 

1 splicing mutation, 3 small deletions/insertions and 1 large deletion) are in agreement with 

literature data.
12

 When family members were tested for carriership of the mutation found in 

the respective proband, an excellent co-segregation between PROS1 genotype and protein S 

levels was observed. This not only confirms the causal role of the identified mutations, but 

also indicates that the free protein S level cut-off used to define protein S deficiency is 

appropriate and reliable.
28

 Remarkably, the only two mutation-positive individuals who were 

classified as normal on the basis of their protein S levels carried the Thr
103→Asn mutation, 

which has been associated with qualitative (type II) protein S deficiency in another study.
37

 

However, their nAPCsr and TFPI-ratio were within the normal range. 

For functional studies, the population was divided in three groups (normal, type I 

deficient and type III deficient) based on the levels of total and free protein S. In line with 

independent reports,
16,17

 type III protein S-deficient individuals were older than their normal 

and type I deficient relatives. Moreover, they had higher protein S (total, free and bound), 
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prothrombin and TFPI levels than type I deficient individuals (Figure 2). Interestingly, a recent 

study reported that type III deficient individuals have elevated protein C levels as well.
17

 Since 

the levels of all these factors increase with age,
36

 our data support the hypothesis that type III 

deficient individuals from families with mixed type I/III deficiency start out as type I deficient, 

but become type III deficient later in life because of the age-related increase in total protein S 

levels.
16

 If this is the case, not only protein S, protein C and prothrombin, but also other age-

dependent coagulation factors might be increased in type III deficient plasma. Differently, 

type I (but not type III) deficient individuals had markedly reduced full-length TFPI levels, in 

line with the recent observation that the levels of protein S and TFPI are highly correlated in 

plasma.
38

 These additional abnormalities in plasma factor levels may synergize with the low 

protein S levels to aggravate the hypercoagulable state associated with type I and type III 

protein S deficiencies and underscore the importance of global phenotyping tests to evaluate 

the associated thrombosis risk. 

Despite the expectation (based on protein S and TFPI levels) that type I deficient 

plasma would be more procoagulant than type III deficient plasma, thrombin generation 

assays sensitive to the APC- and TFPI-cofactor activities of protein S detected only a minor 

difference between type I and type III deficient plasmas (Figures 4.3C and 4.4D,E). 

Remarkably, the slightly lower nAPCsr of type III deficient individuals as compared to type I 

deficient individuals was not due to a lower ETP+APC, but to a higher ETP-APC (Figures 4.3A,B). 

Similarly, their higher PS- and TFPI-ratio was not due to a lower peak-Ab, but to a higher 

peak+αPS or peak+αTFPI, respectively (Figures 4.4A-C). Multiple regression analysis pointed at age 

and prothrombin, in addition to free protein S, as the major determinants of elevated 

thrombin generation in type III deficient plasma. While high prothrombin levels are known to 

cause APC-resistance,
32

 and to interfere with plasma assays that probe the APC-independent 

(TFPI-dependent) anticoagulant activity of protein S,
39

 age might act by elevating the levels of 

several coagulation factors.
36

 

Since both the nAPCsr and the TFPI-ratio reflect protein S (as well as TFPI) levels, they 

were highly correlated in the population (Figure 4.5). Only one type III individual showed a 

clear-cut discrepancy between nAPCsr and TFPI-ratio (Figure 4.5, arrow). This 69-year-old 

female had normal TFPI levels and the reason for her remarkable TFPI-sensitivity is presently 

unknown. 

As the nAPCsr is a marker for thrombosis risk,
40

 the data presented in Figure 4.3C 

support the outcome of the Kaplan-Meier analysis and confirm that type I and type III protein 

S deficiencies confer similar thrombosis risks. This finding is in line with a previous study,
23

 but 
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contrasts with other studies where the risk of thrombosis associated with type III protein S 

deficiency was found to be lower than in type I deficiency
24

 or not elevated at all.
22

 A possible 

explanation for these discrepancies may be the population selection criteria, as it has been 

recently reported that type III deficient individuals from pure type III families are not at risk 

for thrombosis, while those from mixed type I/type III families are.
24

 Accordingly, all but two 

type III deficient individuals in our study belonged to families with mixed type I/III deficiency, 

and protein S Heerlen had a very low prevalence in our cohort. Moreover, the 

hypercoagulable state associated with type I deficiency might have been under-estimated in 

our functional studies, due to the exclusion of the most severe patients, who were on (life-

long) oral anticoagulants and therefore unsuitable for plasma phenotyping. These patients 

were however included in the Kaplan-Meier analysis. 

In summary, we have shown that type I and type III protein S-deficient members of 

mixed type I/III families experience similar risks of venous thrombosis. This conclusion is based 

not only on Kaplan-Meier analyses, but also on a detailed characterization of the 

hypercoagulable states associated with type I and type III deficiencies, including the levels of 

several plasma factors, the APC-cofactor activity of protein S and, for the first time, the TFPI-

cofactor activity of protein S. Although type I deficient individuals had lower protein S and 

TFPI levels than type III deficient individuals, the latter had higher levels of prothrombin and 

possibly other coagulation factors, resulting in an almost equivalent impairment of both 

anticoagulant functions of protein S. These findings may have implications for the counseling 

and management of type III protein S-deficient patients. In particular, the correct assessment 

of the thrombosis risk in type III deficient individuals may require a detailed family study to 

distinguish mixed type I/III deficiency from pure type III deficiency due to PROS1 Heerlen or 

other (acquired?) causes. 
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Effect of oral contraceptives on the down-regulation of thrombin generation by the TFPI and 

protein C pathways 
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SUMMARY 

 

Protein S is the non-enzymatic cofactor of both activated protein C (APC) and tissue factor 

pathway inhibitor (TFPI). In the current study, we investigated the effect of oral contraceptive 

(OC) use on the down-regulation of thrombin generation by the TFPI- and protein C pathways. 

Full length TFPI and total and free protein S levels were measured in 6 men, 12 women not 

using OC, 17 women using second- and 19 women using third generation OC, and the relation 

between TPFI and protein S levels and the TFPI- and APC-cofactor activities of protein S was 

determined. Compared with men and non-OC using women, women using second generation 

oral contraceptives had significantly lower TFPI-cofactor activities of protein S (pSR) and 

higher APC-resistance ratios (APCsr). Both the pSR and the APCsr were associated with a 

decrease in full length TFPI. Second generation pill users had lower TFPI levels than non-OC 

using women. This explains why second generation OC users, despite similar protein S levels, 

had a lower pSR than women who did not use OC. Women using third generation oral 

contraceptives had even a lower pSR and a higher APCsr than second generation pill users. 

The differences in pSR and APCsr between second and third generation OC users were mainly 

due to a further decreases in full length TFPI and protein S levels in the third generation OC 

users. We propose that the anticoagulant TFPI/protein S pathway in second generation OC 

users is impaired due to a decrease in full length TFPI levels. The decrease in full length TFPI 

levels contributes to the increased APC-resistance in OC users. 
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INTRODUCTION 

 

 Protein S is an anticoagulant vitamin K-dependent protein that participates in the 

down-regulation of blood coagulation by multiple mechanisms. Protein S acts as a non-

enzymatic cofactor for activated protein C (APC) which accelerates the APC-mediated 

inactivation of factor Va and factor VIIIa 
1-3

. Inactivation of factor Va by APC occurs by limited 

proteolysis at residues R
306

, R
506

, R
679

 
4
. Optimal inactivation of factor Va by APC requires the 

presence of negatively charged phospholipids and its cofactor protein S 
5-7

. Protein S 

stimulates APC-catalyzed proteolysis at R
306

 of factor Va approximately 20-fold 
7,8

. 

 Protein S also expresses APC-independent anticoagulant activity. Recently, it was 

reported that protein S acts as a cofactor activity of tissue factor pathway inhibitor (TFPI) in 

down-regulating tissue factor (TF) activity 
9
. TFPI is a Kunitz-type serine protease inhibitor that 

inhibits TF-induced blood coagulation by a two step mechanism 
10

. TFPI first forms a 

bimolecular complex with factor Xa that subsequently inhibits the TF/factor VIIa complex by 

forming a quaternary complex 
11,12

. Kinetic analysis showed that protein S enhances the 

formation of the factor Xa/TFPI complex ~10-fold 
9
.  

 Oral contraceptives (OC) use results in decreased protein S levels in plasma and in 

increased APC-resistance, a hypercoagulable state that is characterized by an impaired 

response of plasma to the anticoagulant action of APC 
13,14

. It has been reported that APC-

resistance measured with a thrombin generation-based assay is increased with decreased 

levels of free protein S 
15

 and is associated with an increased risk for venous thrombosis 
16

.  

 The TFPI level and activity are also decreased by OC-use 
17

. TFPI was reported to be a 

determinant of the thrombin generation-based APC resistance test 
15

 and like protein S 

deficiency 
18

, TFPI deficiency is associated with an increased risk for venous thrombosis 
19

. 

 OC use is also associated with an impaired APC-independent activity of protein S 
20

. A 

significant decrease in the APC-independent activity of protein S (pSR) was observed in 

women using second generation OC compared to non-OC using women, although they had 

similar levels of free and total protein S. To explain this observation, a possible modulation of 

protein S activity by an unidentified plasma protein was suggested 
20

. 

 Since it was recently shown that protein S acts as a cofactor of TFPI in the down 

regulating of tissue factor-induced thrombin generation, we have investigated the role of TFPI 

in the changes of the APC-dependent and APC-independent anticoagulant activities of protein 

S associated with OC-use.  



Effect of OC on the TFPI and PC pathway 

117 

 

METHODS 

 

Materials 

Hepes was purchased from Sigma, bovine serum albumin from ICN. Fluorogenic 

substrate I-1140 was from Bachem, Switzerland. 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), 1,2-Dioleoyl-sn-glycero-3-phosphoserine (DOPS) and 1,2-Dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE) were obtained from Avanti Polar Lipids (Alabaster, Alabama, 

USA). Phospholipids vesicles (20% DOPS, 20% DOPE, 60% DOPC) were prepared as described 

previously 
21

. Monoclonal antibodies against TFPI (MW1845 and MW1848) were purchased 

from Sanquin (Amsterdam, the Netherlands). Peroxidase Kit. 3, 5, 3’, 5’-tetramethylbenzidine 

(TMB) was obtained from Pierce (Rockford, USA). Tissue factor (TF) was from Dade Innovin 

(Behring, Germany) and CTI was obtained from Haematologic Technologies Inc. (Vermont, 

USA). Human APC was obtained from Kordia life sciences (Leiden, the Netherlands). Free TFPI 

ELISA kits were obtained from Stago (Asserachrom Free TFPI, Diagnostica Stago, Asnieres, 

France).  

 

Plasma samples 

Plasma samples were obtained as previously described 
20

. 54 samples were available 

for analysis, men (n = 6, mean age 25.5), women not using OC (n = 13, mean age 26.5), women 

using second generation OC containing ethinylestradiol and levonorgestrol (n = 17, mean age 

24.5) and women using third generation OC containing ethinylestradiol and desogestrel or 

gestodene (n = 18, mean age 24.8). Women not using OC were neither pregnant nor 

menopausal. 

 

Determination of protein S concentrations and APC-independent anticoagulant activity of 

protein S in plasma. 

Levels of total and free protein S and the nAPC-sr were measured as described earlier 

20
. 

 

Anticoagulant activity of protein S measured by thrombin generation based assay. 

As a measure for the APC-cofactor activity of protein S, thrombin generation was 

initiated with 6.8 pM TF, 30 μM phospholipids and 16 mM CaCl2 (final concentration) in the 

absence and presence of 3 nM human APC and followed with fluorogenic substrate I-1140. 

This assay was performed in plasma of men, women not using OC, women using second 
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generation OC and women using third generation OC. The outcome of the assay was 

expressed as the APC sensitivity ratio (APCsr) which was defined the ratio of the endogenous 

thrombin potentials (ETP) determined in the presence and absence of APC normalized by 

division through the same ratio measured in normal pooled plasma. 

To determine the TFPI-cofactor activity of protein S and the overall anticoagulant 

activity of the TFPI/protein S system, thrombin generation was initiated with 1.36 pM TF, 30 

μM phospholipids and 16mM CaCl2 and followed with the fluorogenic substrate I-1140. Prior 

to initiation of thrombin generation 68 µl plasma was incubated during 15 minutes at 37°C 

with 8µl antibodies against protein S (2.80 µM) or TFPI (0.66 µM) or HN buffer. To prevent 

contact activation 33 μg/ml CTI was added. 

To investigate the effects of protein S and TFPI on the expression of anticoagulant 

activity of APC, thrombin generation was measured in plasma that was deficient in both 

protein S and TFPI and that was or was not reconstituted with TFPI and/or protein S. In short, 

thrombin generation was initiated in protein S-depleted plasma with 13.6 pM TF and 20 µM of 

phospholipids vesicles (20/60/20 DOPS/DOPC/DOPE) and 16 mM CaCl2 and followed with 

fluorogenic substrate I-1140. Prior to initiation of thrombin generation, protein S-depleted 

plasma was reconstituted with 0.3 nM full-length TFPI or neutralized with antibodies against 

full-length TFPI (depleted) and with or without 350 nM protein S. TFPI (0.3 nM) was added to 

protein S-depleted plasma since this contained low full-length TFPI levels. Different amounts 

(0-35 nM) of APC were added to plasma. The concentrations given in the description of the 

various thrombin generation assays are final concentrations in plasma. 

In order to correct for inner-filter effects and substrate consumption, each thrombin 

generation measurement was calibrated against fluorescence curve obtained in the same 

plasma with a fixed amount of thrombin α2-macroglobulin complex. The fluorescence change 

was read in a Fluoroskan Ascent reader equipped with a 390/460 filter set and thrombin 

generation curves were calculated using the Thrombinoscope software 
22

. 

 

Full length TFPI ELISA 

 Microtiter plate wells were coated overnight at 4°C with 50 μl of a solution containing 

2 μg/ml of a monoclonal antibody against C-terminal region of TFPI in 0.1 M Na2CO3, pH 9.0. 

Further steps were performed at room temperature. After coating, the wells were blocked 

with 200 μl of blocking buffer consisting of Hepes-buffered saline (HBS: 25 mM Hepes, pH 7.9, 

175 mM NaCl) containing 30 mg/ml BSA for 2 hours. Plasma samples were diluted 1:5 in 

blocking buffer and 50 μl of the diluted plasma was incubated in the wells for 1 hour. After 
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washing 3 times with 200 μl washing buffer (HBS containing 0.03 % Tween-20), 50 μl of a 

peroxidase-conjugated monoclonal anti-human TFPI antibody against Kunitz-2 domain diluted 

1/1000 (2μg/ml) in HBS containing 5 mg/ml BSA was added to the wells and incubated for 1 

hour. After 5 times washing with 200 μl washing buffer, peroxidase activity was determined 

by chromogenic substrate conversion (TMB enzymatic kit) according to manufacturer’s 

instructions. Normal pooled plasma dilutions were used as standards. Peroxidase conjugation 

of monoclonal anti-human TFPI was performed according to manufacturer’s instructions. 
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RESULTS 

 

Effect of OC on protein S and TFPI levels in plasma 

 Total and free protein S levels were higher in men than in women. Women not using 

OC and second generation OC users had similar plasma levels protein S which were 

significantly higher, however, than the protein S levels in women using third generation OC 

(Table 5.1). 

 Since full length TFPI is the form of TFPI that is most effective in down-regulating the 

TF pathway 
23,24

, an ELISA was developed to determine the levels of full length TFPI in plasma 

(Chapter 3). Full length TFPI was quantified using a capturing monoclonal antibody against the 

C-terminus of TFPI, and a peroxidase-conjugated monoclonal antibody against the Kunitz-2 

domain of TFPI as detection antibody.  

 This assay showed clear differences between full length TFPI levels in plasma of men, 

women and OC users (Table 5.1, Fig 5.1A). Men had full length TFPI levels of 109 U/dl, while 

non-OC using women had lower levels of 80 ± 16 U/dl full length TFPI. Significant differences 

were observed between women not using OC and women using second (62 ± 27 U/dl) or third 

generation OC (34 ± 19 U/dl). 
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Figure 5.1: Effect of oral contraceptives on levels of full length TFPI levels in plasma. A: Levels 

of full length TFPI were measured with full length TFPI ELISA in men (�), women not using OC (), 

women using second generation OC (�) and women using third generation OC (�). B: Scatter diagram 

and linear regression line of full length TFPI levels (independent variable) and free TFPI levels 

(dependent variable) in men, women, and women using second- or third-generation OC.  

 

It was earlier reported that free TFPI is the active anticoagulant form of TFPI in plasma 

25
. Free TFPI levels, measured with a commercially available ELISA, showed differences in the 
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various sub-populations that were similar to those observed for full-length TFPI (Table 5.1), 

and a significant correlation was observed between full length TFPI and free TFPI (Fig. 1B). 

 

Table 5.1: Effects of OC use on plasma protein S and TFPI levels. 

 

Population Total protein S 

(U/dl ± S.D.) 

Free protein S 

(U/dl ± S.D.) 

Full length TFPI 

(U/dl ± S.D.) 

Free TFPI 

(U/dl ± S.D.) 

men (n=6) 96 ± 8 106  ± 11 109 ± 36 122 ± 11 

Women no OC 

(n=13) 

85 ± 11
a
 89 ± 19

 a
 80 ± 16

a
 98 ± 13

b
 

second generation 

OC (n=17) 

85 ± 10   94 ±15 62 ± 27 74 ± 14 

third generation OC 

(n=18) 

78 ± 10 
c
 76 ± 16 

c
 34 ± 19

c
 61 ± 19

d
 

 
a
: p < 0.05 compared to men; 

b
: p < 0.01 compared to men, second generation, 

c
: p < 0.05 compared to 

second generation OC; 
d
: p < 0.01 compared to second generation OC.   

  

The effect of OC use on the cofactor activities of protein S. 

Functional activities of protein S and TFPI were determined in pooled plasma of men, 

women not using OC, and women using second-generation or third generation OC by 

measuring the effects of anti-protein S and anti-TFPI antibodies on thrombin generation. 

Thrombin generation in plasma from men (Fig. 5.2A) and from women not using OC (Fig. 5.2B) 

was much lower than that in plasma from second (Fig. 5.2C) and third generation OC users 

(Fig. 5.2D). Addition of antibodies against protein S (closed circles) and of antibodies against 

TFPI (open triangles) increased thrombin generation due to inhibition of TFPI-cofactor activity 

of protein S and inhibition of the overall activity of the TFPI/protein S system, respectively. 

However, the addition of antibodies against protein S and TFPI had a much less effect on 

thrombin generation in plasma of women using OC than on thrombin generation in plasma 

from men and non-OC using women. This is indicative for reduced protein S and full length 

TFPI activities in OC users and suggests that thrombin generation determined in the absence 

of antibodies (open circles) is lower in men and non-OC using women than in OC users 

because it is more effectively suppressed by protein S and TFPI. 
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Figure 5.2: Effect of oral contraceptives on anticoagulant cofactor activity of protein S for 

TFPI and APC Thrombin generation was measured in pooled plasma of men (A,E), non-OC using 

women (B,F), women using second generation (C,G) or third generation OC (D,H) in the absence of 

antibodies (; A-D)) or in the presence of antibodies against protein S (�; A-D) or TFPI (�; A-D). 

Thrombin generation was also measured in the same pooled plasmas in the absence (�) and presence 

() of APC (E-H). 

 

Information about the APC-cofactor activity of protein S was obtained by determining 

thrombin generation in the absence and presence of added APC. Under the test conditions, 

the anticoagulant activity of APC is almost completely dependent on the presence of protein S 

29
. However, TFPI, also appears to be an important determinant of thrombin generation 

determined in the presence of APC and of the nAPCsr 
28

. Thrombin generation in the presence 

of APC (Fig. 5.2 E-H) as well as the APCsr (Table 5.2, Fig. 5.3A) gradually increased in the order 

men<women not using OC<women using second generation OC<women using third 

generation OC. Since protein S and TFPI are major determinants of the nAPCsr 
15

, it is likely 

that the gradual increase of thrombin generation and the nAPCsr in the subgroups is mainly 

due to the gradual decrease of protein S and/or TFPI (Table 5.1). 

 In a previous study, the APC-independent anticoagulant activity of protein S was 

expressed as the ratio of a clotting times (pSR) determined in plasma in the presence and 

absence of anti-protein S antibodies 
26

. Due to inhibition of APC-independent activity of 

protein S by these antibodies, clotting times in the presence of antibodies were shortened. As 

the lag time of thrombin generation in plasma corresponds to the clotting time of plasma 
27

, 

the pSR’s in the present populations were determined by the ratio of lag times of thrombin 

generation curves in the presence and absence of antibodies against protein S (Fig. 5.3B). The 
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pSR significantly decreased from men to non-using women, to women using oral 

contraceptives. There was no difference between women using second-generation OC and 

women using third generation OC.  

 

Table 5.2: Effect of gender and OC use on pSR and APCsr 

 

Population pSR 

(± S.D.) 

APC-sr 

(± S.D.) 

Men (n=6) 1.74 ± 0.06 1.03 ± 0.57 

Women no OC (n=13) 1.48 ± 0.07
 b

 1.76 ± 0.54 
b
 

second generation OC (n=17) 1.35 ± 0.08 2.98 ± 0.58 

third generation OC (n=18) 1.28 ± 0.06 
d
 4.26 ± 0.92 

d
 

 
a
: p < 0.05 compared to men, second generation; 

b
: p < 0.001 compared to men, second generation; 

c
: p 

< 0.001 compared to second generation; 
d
: p< 0.05 compared to second generation. 

 

In chapter 3 of this thesis we described the development of functional tests for the 

TFPI/protein S pathway. In that chapter the TFPI cofactor activity of protein S and the overall 

activity of the TFPI/protein S system were expressed as the ratio of the peak heights of 

thrombin generation without and with anti-protein S (protein S ratio) and the ratio of peak 

heights of thrombin generation without and with anti-TFPI (TFPI ratio), respectively. The 

protein S ratio as well as the TFPI ratios determined via this procedure gradually increased in 

the order men<women not using OC<women using second generation OC<women using third 

generation OC (Fig. 5.3C,D), which is indicative for a gradual reduction of the activity of the 

TFPI/protein S pathway. The differences between the various subgroups was, however, not 

always significant. This may be due to the small populations and/or the relatively small 

window of the protein S- and TFPI-ratios. 
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Figure 5.3: Effect of oral contraceptives on the APCsr and the pSR. The APCsr (A), the protein S 

ratio (pSR) calculated from lag times of thrombin generation curves (B), and the protein S ratio (C) and 

TFPI ratio (D) calculated from peak heights of thrombin generation curves were measured in men (�), 

women not using OC (), women using second generation OC (�) and women using third-generation 

OC (�).  

 

Correlation between the different parameters that modulate the activities of the TFPI- and 

protein C pathways. 

 Fig. 5.4A-D shows that the pSR as well as the APCsr significantly correlates with both 

full length TFPI and protein S levels. In view of the reported TFPI-cofactor activity of protein S 

9
, the correlation between the pSR and TFPI explains why women using second-generation OC 

have a lower pSR than non-OC using women although both have identical levels of free and 

total protein S. This difference is apparently due to lower TFPI levels in second generation OC 

users. The APC-independent activity of protein S (pSR) calculated from the lag times of the 

thrombin generation curves inversely correlated with the nAPC-sr of different groups (Fig. 

5.5). 
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Figure 5.4: Correlations of full length TFPI levels in plasma with protein S and APC activity 

Scatter diagrams and linear regression lines of (A) full length TFPI levels and the pSR, (B) full length TFPI 

levels and the nAPC-sr, (C) total protein S levels and the pSR, and (D) total protein S levels and the 

nAPC-sr in men, women, and women using second- or third-generation OC. 
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Figure 5.5: Correlation between the protein S ratio (pSR) and the nAPCsr. Scatter diagram and 

linear regression line of the protein S ratio (pSR) calculated from lag times of thrombin generation 

curves and the nAPCsr in men, women, and women using second- or third-generation OC. 
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Effect of TFPI and protein S on the down-regulation of thrombin generation by APC.  

The plasma levels of full length (free) TFPI and protein S are major determinants of 

the APC-resistance test 
15,28

 (Fig. 5.4B, D). Notably, TFPI only inhibits thrombin generation 

when coagulation is triggered with low TF concentrations 
29

. Since the APC-resistance test is 

performed at TF-concentrations that are too high to allow down-regulation by protein S/TFPI, 

it is difficult to understand how TFPI can be a major determinant of the APC-resistance test. A 

possible explanation might be that APC down-regulates the procoagulant response of high TF 

concentrations to a level similar to that induced by low TF-concentrations. In the presence of 

APC thrombin generation is slowed down and delayed and it is possible that under these 

conditions the TFPI/protein S anticoagulant pathway superimposes its activity on the 

APC/protein S pathway.  

To illustrate this we performed an experiment in which we measured the effect of 

protein S and TFPI on thrombin generation triggered at a high TF concentration in the 

absence, and presence of APC (Fig. 5.6). The effect of varying concentrations of APC on 

thrombin generation in protein S- and TFPI-depleted plasma were performed in the absence 

or presence of 350 nM purified protein S and/or 0.5 nM TFPI. Thrombin generation was 

triggered with 13.6 pM TF and the area under the thrombin generation curve, known as the 

endogenous thrombin potential (ETP), was used as a measure for thrombin formation. 
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Figure 5.6: Effect of protein S and full length TFPI on thrombin generation in the absence 

and presence of APC Thrombin generation curves initiated by 13.6 pM TF in the absence of APC (A) 

or in the presence of 20 nM APC (B) in protein S- and TFPI-depleted plasma (�) reconstituted with 350 

nM protein S (�), reconstituted with 0.5 nM full length TFPI (�), or reconstituted with both 350 nM 

protein S and 0.5 nM full length TFPI (). The grey area represents the extra decrease of the ETP by the 

anticoagulant effect of the TFPI/protein S pathway, in the presence of APC. (C): Effect of APC on the ETP 

initiated by 13.6 pM TF in protein S- and TFPI-depleted plasma (�) reconstituted with 350 nM protein S 

(�), 0.5 nM full length TFPI (�), or 350 nM protein S and 0.5 nM full length TFPI (). Averages of 

duplicate measurements are shown. 
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In the absence of APC, thrombin generation was not dependent on the presence of 

either protein S or TFPI (Fig. 5.6A) and, compared to plasma without protein S and TFPI, was 

only moderately reduced (< 10%) when both protein S and TFPI were present in plasma (Fig. 

5.6A; open circles). When 20 nM APC was added to plasma in the absence of protein S and 

TFPI, no inhibition of thrombin generation was observed (Fig. 5.6B, filled triangles). This is in 

line with the observation that the anticoagulant activity of APC in plasma is for more than 95% 

dependent on the presence of protein S 
29

. Addition of TFPI to TFPI-depleted plasma did also 

not reduce the ETP (Fig. 5.6B, open triangles), which indicates that the rapid thrombin 

generation at high TF in the presence of APC was not effectively controlled by TFPI. However, 

when protein S was added in the absence of TFPI, the ETP was reduced by 60% presumably 

due to the APC-cofactor activity of protein S (Fig. 5.6B, filled circles). The presence of both 

protein S and TFPI resulted in an additional inhibition of thrombin generation in the presence 

of protein S and APC due to the extra anticoagulant effect of TFPI, likely in combination with 

protein S. Together, the protein S/APC and protein S/TFPI pathways inhibit thrombin 

generation at 20 nM APC by more than 95% (Fig. 5.6B, open circles).  

Fig. 5.6C shows the effect of varying APC concentrations on the ETP of plasma that did 

or did not contain TFPI and/or protein S. In line with the data presented in Fig. 5.6 B, APC most 

effectively inhibits thrombin generation in plasma that contains both TFPI and protein S. 
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DISCUSSION. 

 

 In this study we investigated the effects of OC use on the activities of the protein 

S/TFPI and protein S/protein C anticoagulant pathways in healthy volunteers. We have shown 

that the use of OC impairs the protein S/TFPI pathway in second generation OC users by 

lowering full length TFPI levels, and in third generation OC users by lowering both full length 

TFPI and protein S levels. Our data further indicate that difference in full length TFPI levels, 

which are much lower in third generation OC users (34 U/dl) than in second generation OC 

users (62 U/dl), also significantly contributes to the more pronounced APC resistance in third 

generation OC users. 

It was previously hypothesized that this discrepancy between protein S levels and 

APC-independent anticoagulant activity of protein S might be caused by modulation of protein 

S activity by other plasma components that vary in the different populations 
20

. This 

component is now identified as full-length TFPI, and illustrates the importance of protein S as 

an anticoagulant cofactor for TFPI in plasma 
9
. One of the possible causes for the decreased 

levels of full-length TFPI with OC-use is the presence of ethinylestradiol in second- and third-

generation OC 
30

, which was reported to inhibit endothelial TFPI production 
19

. Full-length TFPI 

levels in plasma are also influenced by age and gender 
31

. Women younger than the age of 55 

have lower full-length TFPI levels than men of the same age 
31

. However, our study did not 

show significant differences between the levels of full-length TFPI in men and non-OC using 

women (Table 5.1, Fig. 5.1). This lack of difference is likely caused by the small size of the 

populations, since in a larger population a significant difference was observed between men 

and non-OC using women (Chapter 3) 

It was reported that “free” TFPI is the active anticoagulant form of TFPI in plasma, and 

that “free” TFPI in plasma is most likely the full length TFPI form 
25

. In our study we have 

measured the plasma levels of full length and free TFPI in a population with a wide range of 

TFPI concentrations and a significant correlation between the two was observed. This 

supports the hypothesis that free TFPI in fact represents full length TFPI 
25

. However, for 

unknown reasons no levels of free TFPI below 40% could be measured using the free TFPI 

ELISA, which might indicate some cross-reactivity of the free TFPI ELISA antibodies with 

variants other than full length TFPI in plasma. 

The APC-independent activity of protein S 
29

, which was later identified as TFPI-

cofactor activity 
9
 is only observed at low tissue factor concentrations 

9,29
. This is most likely 

explained by the fact that TFPI is a slow tight binding inhibitor which in conjunction with 
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protein S, is only able to effectively inhibit slow onset extrinsic activation of coagulation. 

Plasma levels of TFPI and protein S are not only important for the activity of the TFPI pathway, 

but both proteins are also the main determinants of the thrombin generation-based APC-

resistance test 
15

. That protein S is a determinant is not surprising, as APC-activity in plasma is 

for more than 95% dependent on the presence of (free) protein S 
29

. However, the 

dependence of the APC-resistance test on TFPI is less obvious as the tissue factor 

concentration used for the nAPC-sr measurement is relatively high. This makes thrombin 

generation less dependent on protein S/TFPI anticoagulant activity, unless in the presence of 

APC a slow onset coagulation is achieved that is comparable to the initiation with low tissue 

factor concentrations. In Fig. 6 we presented an experiment that shows that not only protein 

S, but also TFPI plays an important role in the expression of anticoagulant activity of APC. It 

appears that 20 nM APC does neither inhibit thrombin generation in combined protein S-TFPI 

deficient plasma nor in protein S-TFPI deficient plasma reconstituted with a normal level of 

full length TFPI (Fig. 5.6 B,C). Supplementation of the protein S-TFPI deficient plasma with a 

physiological amount of protein S (350 nM) decreased the ETP determined in the presence of 

APC (ETP+APC) to ~ 45% of that observed in the absence of protein S (Fig. 5.6C). In plasma that 

contained 0.5 nM full length TFPI, protein S reduced the ETP+APC to ~7% of that observed in the 

absence of protein S. Thus, despite the high TF concentration used in the thrombin 

generation-based APC resistance test, the presence of TFPI is necessary for optimal expression 

of the activity of the protein S-protein C system. 

The current paper shows that the activity of both the protein S/TFPI and the 

APC/protein S pathway are decreased during OC use 
32

. Women using OC have an increased 

risk for developing venous thrombosis. However, it remains to be established, whether the 

impaired activity of the protein S/TFPI pathway in pill users contributes to the increased 

thrombosis risk associated with OC use.  
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APC COFACTOR ACTIVITY OF PROTEIN S 

 

Ever since the anticoagulant activity of protein S was described in 1980 
1
, different 

mechanisms of action have been attributed to this protein. The best known and most studied 

function of protein S is its ability to act as a non-enzymatic cofactor of APC in APC-mediated 

inactivation of coagulation factors Va and VIIIa 
2,3

. In factor Va, protein S enhances the APC-

mediated cleavage at R
306

 approximately 20-fold, whereas protein S has only relatively little 

effect on the cleavage at R
506

 
4
. It was reported that only free protein S functions as a cofactor 

for APC, and that C4b-binding protein (C4BP), which forms a tight 1:1 complex with protein S, 

inhibited the APC-cofactor activity of protein S 
5
. However, work presented in this thesis 

shows that the protein S-C4BP complex expresses APC-cofactor activity and stimulates the 

APC-mediated cleavage at R
306

 10-fold. This was shown in model systems using purified 

proteins and in plasma that both contained factor VLeiden. Protein S-C4BP stimulated APC-

mediated inactivation factor VaLeiden, which lacks the cleavage site at R
506

 due to a mutation in 

the factor V gene 
6
, approximately 10-fold. When the APC-mediated inactivation of factor 

VLeiden was compared to inactivation of normal factor Va in the presence of protein S, the latter 

was apparently inhibited by the addition of C4BP, confirming previous reports in which it was 

shown that C4BP inhibits the APC-cofactor activity of protein S 
5
. However, detailed analysis of 

time courses of factor Va inactivation showed that APC-mediated proteolysis at R
306

 was still 

enhanced by protein S-C4BP but, that the protein S-C4BP complex specifically inhibited APC-

mediated proteolysis at R
506

. 

Inhibition of the APC-mediated cleavage at R
506

 by protein S-C4BP creates a situation 

in which the initial rate of inactivation of factor Va by APC is decreased. These observations 

explain why the addition of C4BP to plasma reduced the clotting time determined in the 

presence of APC 
5,7

. In 1986, it was already observed that when C4BP was immunoabsorbed in 

normal plasma, clotting times were prolonged in the presence of APC 
5
 (Fig 6.1). The 

observation that APC performs better when protein S-C4BP is removed from plasma can now 

be explained by the selective removal of a specific inhibitor of APC-mediated cleavage at R
506

 

in factor Va. 
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Figure 6.1: Effects of immunoadsorption of human plasma Protein S, or C4BP, on APC-

induced prolongation of clotting time. Human plasma was depleted of protein S and/or C4BP by 

fluid-phase immunoprecipitation. The clotting time were measured in a factor Xa assay without (solid 

columns) or with (dotted columns) added APC (at a final concentration of 1.25 µg/ml in the assay. 

(Figure taken from Dahlbäck B et al, JBC, 1986; 261:12022-7.) 

 

 

TFPI COFACTOR ACTIVITY OF PROTEIN S 

 

 In literature two assays for measuring the APC-independent activities of protein S in 

plasma were described, which were both based on determining clotting times in the presence 

or absence of antibodies against protein S 
8,9

. Both tests were performed under conditions at 

which the clotting times of plasma were prolonged by either the addition of heparin 
8
 or 

initiation of coagulation with low concentrations of factor Xa 
9
. The APC-independent activity 

of protein S was also observed in thrombin generation assays in plasma in which low 

concentrations of tissue factor were used for initiation of coagulation 
10

. Initially it was 

proposed that the anticoagulant effect of protein S in plasma was caused by interfering with 

generation or activity of the prothrombinase complex, but later it was explained by the TFPI-

cofactor activity of protein S 
11

. 

 Protein S stimulates the down-regulation of thrombin formation by TFPI through 

promoting the inhibition of FXa by TFPI 
11

. All APC-independent activities of protein S observed 

in plasma to date can be ascribed to the TFPI-cofactor activity of protein S. Because the 

inhibition of the extrinsic coagulation pathway by TFPI/protein S is only observed at a low 

concentration of initiator (TF) 
10,12,13

, or under conditions at which clotting times are prolonged 
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8,9
, a slow onset coagulation reactions is crucial for detection of the anticoagulant activity of 

the TFPI/protein S system. 

 We described a thrombin generation-based assay that enables quantification of the 

TFPI-cofactor activity of protein S and of the overall anticoagulant activity of the TFPI/protein 

S pathway in plasma. Low TF concentrations were chosen based on desired peak heights of 

thrombin generation in normal pooled plasma without addition of antibodies (~ 40 nM 

thrombin), which enables optimal measurement of the anticoagulant activity of the 

TFPI/protein S pathway 
10,11

. Anticoagulant activities of the TFPI/protein S pathway and TFPI-

cofactor activity of protein S were expressed as ratios of peak heights of thrombin generation 

curves determined with and without addition of antibodies against protein S (protein S ratio) 

or TFPI (TFPI ratio), respectively. The protein S-ratio of normal pooled plasma was ~0.5 and 

the TFPI-ratio was ~0.25 (Fig 6.2A). However, limitations of the assay have to be mentioned. In 

some plasma samples, thrombin generation at low TF concentrations in the absence of 

antibodies is that low that the peak heights of thrombin generation and hence, protein S- and 

TFPI ratios cannot be reliably calculated. 
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Figure 6.2:TFPI-cofactor activity of protein S. Thrombin generation in recalcified citrated plasma 

was continuously followed with fluorogenic substrate I-1140 (Z-Gly-Gly-Arg-AMC.HCl) in the presence of 

4 µM phospholipid vesicles and 16 mM CaCl2 (final concentrations) in the absence (●) or presence (○) of 

inhibitory polyclonal antibodies against protein S or monoclonal antibodies against TFPI (▲). A: 

Thrombin generation in normal pooled plasma was initiated with 1.5 pM TF concentration in the 

presence of 30 µg/ml corn trypsin inhibitor (CTI). B: Thrombin generation in NPP was initiated with 

15pM TF concentration in the presence of 30 µg/ml CTI. C: Thrombin generation was initiated in NPP 

with 10 µl APTT reagent. (Figure adjusted from Castoldi E and Hackeng TM, Curr. Opin. Haematol; 

2008;15:529-36). 

 

 At high TF concentrations the effect of anticoagulant activity of the TFPI/protein S 

pathway was not observed 
10

. This is due to the fact that the amount of factor Xa that escapes 
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regulation by TFPI is linearly proportional with the TF concentration 
12

 and indicates that at 

increasing amounts of TF, TFPI will ultimately fail to keep the factor Xa concentration below 

the threshold required for prothrombin activation and thrombin generation 
13

 (Fig 6.2 B).  

Also when coagulation was initiated through the intrinsic pathway no TPFI-cofactor 

activity of protein S was observed (Fig 6.2 C) 
14

. A possible explanation is that factor Xa that is 

generated by the factor IXa/factor VIIIa complex on the surface of activated platelets 
15

, is 

directly translocated to factor Va on the same platelet to form the prothrombinase complex 

16,17
, and hence is insensitive to (escapes) inhibition by TFPI. This possibility is supported by the 

observation that physiological concentrations of TFPI do not inhibit prothrombinase 
18

. In 

contrast, factor Xa that is formed by TF/factor VIIa likely has to travel from the site of tissue 

damage to the surface of activated platelets in order to assemble into the prothrombinase 

complex. This “free” factor Xa on its turn would then be prone to inhibition by TFPI and 

protein S, explaining the observed TFPI-cofactor activity of protein S under these conditions 
19

. 

The precise mechanisms via which factor Xa is inhibited and thrombin generation is down-

regulated by TFPI and protein S needs further investigation. 

 The thrombin generation-based assay was developed to assess the TFPI-cofactor 

activity of protein S and the total TFPI/protein S anticoagulant activity in plasma. In order to 

validate these assays the anticoagulant activity of the TFPI/protein S pathway was 

investigated in different populations. In a normal population, levels of protein S and TFPI were 

determined as well as the TFPI-cofactor activity of protein S. Remarkably, the levels of neither 

free nor total protein S correlated with the TFPI-cofactor activity of protein S. However, the 

TFPI-cofactor activity of protein S did correlate with the levels of TFPI in plasma, 

demonstrating a direct link between the inhibitor and its cofactor.  

The clinical relevance of the TFPI/protein S system was further investigated in 

heterozygous protein S-deficient families. In contrast to the normal family members, in the 

protein S-deficient individuals the TFPI-cofactor activity of protein S depended on the plasma 

level of protein S (fig 3.7A) i.e. low levels of protein S correlated with low TFPI-cofactor activity 

of protein S. One of the possibilities for the absence of a correlation between protein S levels 

and protein S activity in the normal population may be saturation of TFPI by protein S in the 

range of protein S concentrations present in normal plasmas. At saturating conditions, 

fluctuations of protein S concentrations will not affect its TFPI-cofactor activity. This possibility 

is supported by the observation that when protein S is reduced like in protein S-deficient 

individuals, the TFPI-cofactor activity of protein S becomes dependent of the protein S 

concentration.  
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In the line with recent observations 
20

, heterozygous protein S-deficient type I 

individuals have also low levels of full length TFPI. This means that the association of low 

levels of protein S and low levels of TFPI may aggravate the hypercoagulable state of protein 

S-deficient patients and underscore the importance of a functional TFPI/protein S pathway. 

  The fact that plasma levels of protein S and full length TFPI are associated suggests 

that heterozygous protein S-deficient individuals automatically have low levels of full length 

TFPI. However, this is not the case in type III protein S heterozygous individuals. These have 

normal levels of total protein S and low levels of free protein S, but have levels of full length 

TFPI similar to their normal family members. An explanation for the association between 

levels of TFPI and protein S is not available. The protein S and TFPI genes are not transcribed 

by the same promotor due to the location of genes on different chromosomes 
21,22

. However, 

TFPI and part of the protein S circulating in plasma are synthesized by endothelial cells 
23,24

 

and general effects on protein synthesis within these cells may reflect on the expression of  

both proteins.  

 Since protein S is a cofactor for APC and for TFPI, a correlation between the nAPC-sr 

and the TFPI-ratio, which is a measurement for the overall activity of the TFPI/protein S 

system, was found both in heterozygous protein S-deficient patients and in their non-deficient 

family members (Fig 4.5). From literature it is known that protein S and TFPI are the major 

determinants for the ETP-based APC sensitivity test 
25,26

. As the activity of the TFPI/protein S 

pathway is only observed at low tissue factor concentrations, it was not expected that TFPI is 

a determinant of the nAPC-sr, which is measured at a high TF concentration. However, when 

APC is added to plasma, a situation is created at which slow coagulation is achieved analogous 

to initiation with low concentrations of TF (Fig. 5.6). Under these conditions protein S 

expresses its dual cofactor activities and inhibits thrombin generation by promoting the 

inhibition of factor Xa by TFPI 
11

, and by stimulating the inactivation of factor Va and factor 

VIIIa by APC 
27,28

.  

This dual cofactor activity of protein S is also observed in plasma of women using oral 

contraceptives. Pill-using women did not only show an elevated APC-sr 
29

 but also a reduced 

TFPI-cofactor activity of protein S 
29

 (chapter 5). The high APC-sr and the reduced TFPI-

cofactor activity of protein S in third generation OC users is at least partially due to low levels 

of TFPI and protein S, whereas in second generation OC users, who appear to have normal 

levels of protein S, low TFPI levels contribute to APC resistance and lower pSR (Fig 5.3B) are 

largely due to decreased TFPI levels.  
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We propose that a reduced anticoagulant activity of the TFPI/protein S pathway 1) 

explains why TFPI is an important determinant of the APCsr 
25,26

, and 2) contributes to the 

pronounced APC resistance and the increased risk of venous thrombosis in women who use 

OC. 

 In conclusion: the physiological relevance of the TFPI-cofactor activity of 

protein S and TFPI/protein S anticoagulant activity in plasma was assessed in different 

populations. In heterozygous protein S-deficient patients and in women using oral 

contraceptives, the TFPI/protein S anticoagulant activity was significantly reduced. We 

propose that this impairment of the TFPI/protein S pathway, either caused by a genetic or by 

an acquired defect, contributes to the increased risk for venous thrombosis found in these 

populations.  

 

 

FUTURE PERSPECTI VES. 

 

In this thesis we reported that the protein S-C4BP complex acts as a cofactor for APC 

both in a model system containing purified components and in plasma. Until now, little is 

known about the TFPI-cofactor activity of protein S and specifically the cofactor activity of the 

protein S-C4BP complex. So far it has been described that the protein S-C4BP complex showed 

reduced cofactor activity for TFPI in plasma 
11

. However, further experiments to study the 

TFPI-cofactor activity of protein S-C4BP in a model system as well as in plasma are of interest.  

In contrast to protein S cleaved by factor Xa, protein S cleaved by thrombin shows no 

APC-independent anticoagulant activity in a model system 
30

. Also here it will be interesting to 

investigate whether thrombin- and factor Xa-cleaved forms of protein S has TFPI-cofactor 

activity in a model system and in plasma. 

Dahm reported that levels of protein S covariate with levels of TFPI 
20

. We showed 

that this observation extends to plasma of heterozygous protein S deficient individuals and of 

women using oral contraceptives (chapter 3,4 and 5). As discussed above, protein S and TFPI 

are both synthesized by endothelial cells 
23,24

 and further investigation about the co-variation 

and possible interaction between these proteins are necessary.  

TFPI does not only show a co-variation with protein S, but a recent study has reported 

that the level of factor V also correlates with the level of TFPI in a population of patients with 

severe or partial factor V deficiency and their family members. Binding studies using surface 

plasmon resonance showed that factor V binds to immobilized TFPI suggesting complex 
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formation in plasma 
31

. Similar approaches will be useful in the future to demonstrate a direct 

interaction between protein S and TFPI. This will not only important to unravel the mechanism 

of the TFPI-cofactor activity of protein S, but is also essential to understand  the co-variation 

of protein S and TFPI in plasma. 
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SUMMARY 

 

 Blood coagulation also called haemostasis proceeds via a complex process which is 

initiated when the blood vessel wall is damaged and tissue factor (TF) is exposed to the 

flowing blood. TF exposure triggers the coagulation cascade which finally results in the 

formation of thrombin, the conversion of fibrinogen into fibrin and the formation of a blood 

clot. Under normal conditions, no coagulation occurs. In vivo the coagulation process is 

regulated by circulating anticoagulant proteins that prevent excessive clot formation and a 

limited clot formation to the site of vascular injury. 

 One of these anticoagulant proteins is protein S. Protein S is a vitamin K dependent 

protein which circulates free (40%) and bound to C4BP (60%) in plasma. Protein S expresses 

cofactor activity for APC by enhancing the APC-catalyzed proteolysis at R
306

 in factor Va. It is 

generally accepted that only free protein S is active, and that complex formation with C4b-

binding protein (C4BP) inhibits the APC-cofactor activity of protein S. However, in chapter 2 

we show that the protein S-C4BP complex expresses APC-cofactor activity, and stimulates 

APC-catalyzed cleavage at R
306

 more than 10-fold, but inhibits cleavage of the peptide bond  at 

R
506

 by APC 3- to 4-fold. In comparison, protein S stimulates APC-catalyzed cleavage at R
306

 

~20-fold, and has no or a minor stimulatory effect on the cleavage at R
506

. The overall effect of 

the protein S-C4BP complex on the inactivation of factor Va by APC is ~7-fold less than that of 

free protein S. This difference is not caused by a reduced APC-cofactor activity of the protein 

S-C4BP complex in APC-catalyzed cleavage at R
306

, but by inhibition of APC-mediated 

proteolysis at R
506 

of factor
 
Va. These observations are of particular interest for carriers of the 

factor VLeiden mutation (R
506

Q), as protein S-C4BP effectively enhances APC-catalyzed factor Va 

(R
306

) inactivation in plasma containing factor VLeiden (Chapter 2).  

 Protein S also expresses anticoagulant activity in the absence of APC (APC-

independent activity). Recently, our laboratory reported that protein S stimulates the down-

regulation of thrombin formation by full length TFPI i.e. acts as a cofactor of TFPI. We have 

developed two functional test for the determination of activity of the TPFI/protein S system in 

plasma (Chapter 3). The activity of the TFPI/protein S system in plasma was measured by 

determining thrombin generation in the absence and presence of neutralizing antibodies 

against protein S or TFPI. In both assays calibrated automated thrombography (CAT) was used 

to measure thrombin generation curves. The assay performance was first examined in plasma 

samples from 85 normal individuals collected at the university Maastricht. The ratio of 

thrombin peaks determined in the absence and presence of anti-protein S antibodies (protein 
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S-ratio) which was 0.5 in normal pooled plasma is a measure of the TFPI-cofactor activity of 

protein S. The ratio of the thrombin peaks determined in plasma which did or did not contain 

antibodies directed against TFPI is a measure for the efficacy via which the TFPI/protein S 

system down-regulates thrombin generation. The TFPI-ratio of normal plasma was around 

0.25 which means that  thrombin generation in plasma is reduced 75% due to the TFPI/protein 

S system. Protein S- and TFPI-ratios were also measured in 35 members of protein S deficient 

families obtained from Italy. Both ratios were significantly higher in patients who were 

heterozygous for type-I protein S deficiency than in their non-affected family members. The 

protein S- and TFPI-ratios correlated well with full-length TFPI levels determined by a newly 

developed ELISA and only correlated with protein S levels in the protein S-deficient 

individuals. Impairment of the TFPI/protein S system might contribute to an increased risk on 

venous thrombosis in these protein S-deficient individuals (Chapter 3). 

 The cofactor activity of protein S for APC and TFPI was also investigated in a much 

larger population of heterozygous protein S-deficient patients (Chapter 4). Epidemiological, 

genetic and functional studies were performed in protein S-deficient families in order to 

evaluate the thrombosis risk associated with type I and type III protein S deficiencies. Type I 

protein S deficiency is characterized by low total and low free antigen levels and type III 

deficient individuals have normal total and low free antigen levels of protein S. Kaplan-Meier 

analysis in 242 individuals belonging to 30 families showed that the exposure of type I and III 

protein S deficient individuals to thrombosis is similar. From the population used for Kaplan-

Meier analysis, 23 families (132 individuals) were further characterized to explain this finding. 

In these families 11 PROS1 mutations (3 novel) were identified. Thrombin generation-based 

assays that enable quantification of the APC- and TFPI-cofactor activities of protein S show 

that the hypercoagulable states in plasma from type I and III deficient individuals are almost 

the same. Apparently, the advantage conferred to type III deficient individuals by their higher 

protein S and TFPI levels was abolished by their older age and higher prothrombin levels. On 

the basis of the Kaplan-Meier analysis and the functional studies in plasma we conclude that 

hereditary type I and type III protein S deficiencies are associated with similar risks of venous 

thrombosis.  

 We studied the effect of oral contraceptive (OC) use on the down-regulation of 

thrombin generation by the TFPI and the protein C pathway (Chapter 5). We determined the 

plasma levels of full length TFPI and total and free protein S in 6 men, 12 women not using OC, 

17 women using second and 19 women using third generation OC. The levels of these proteins 

were correlated with the outcome of functional tests that quantify the TFPI- and APC-cofactor 
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activities of protein S. Compared with women who were not using OC, women using second 

generation OC had significantly lower TFPI-cofactor activities of protein S and higher APC-

resistance ratios despite that fact that they had similar protein S levels. This difference is 

caused by differences in the plasma level of full length TFPI, which is significantly lower in 

second generation pill users than in non-users. Women using third generation oral 

contraceptives had even lower TFPI-cofactor activities of protein S and higher APC-resistance 

ratios than second generation OC users. This difference appeared to be mainly caused by a 

further decrease in full length TFPI levels and a decrease in protein S level in third generation 

OC users. These observations indicate that the anticoagulant TFPI/protein S pathway is 

impaired in second generation OC users due to a decrease in full length TFPI levels and in third 

generation OC users due to decreased protein S and TFPI levels. In addition, the lower full 

length TFPI levels also cause an increase in APC-resistance (Chapter 5).  
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SAMENVATTING 

 

De bloedstolling, ook wel hemostase genoemd, is een complex proces dat aanvangt 

wanneer de vaatwand wordt beschadigd en weefselfactor wordt blootgesteld aan bloed. De 

blootstelling van weefselfactor brengt het mechanisme van de bloedstolling op gang dat 

uiteindelijk uitmondt in de vorming van trombine, de omzetting van fibrinogeen in fibrine en 

de vorming van een bloedstolsel. In normale omstandigheden vindt geen stolling plaats. In 

vivo wordt het stollingsproces gereguleerd door antistolingseiwitten die in de bloedsomloop 

circuleren. Zij verhinderen de vorming van overdreven bloedstolsel en beperken dit 

bloedstolsel tot de plaats waar het letsel in de vaatwand zich heeft voorgedaan. 

Een van deze antistollingseiwitten is proteïne S.  Protein S is een vitamine K-

afhankelijk eiwit dat zowel vrij circuleert (40%) als gebonden is aan C4BP (C4b-

bindingsproteïne) (60%) in plasma.  Protein S is een cofactor voor APC (geactiveerd protein C) 

en versnelt hierbij de knip na R306 in factor Va. Algemeen wordt aangenomen dat alleen vrij 

protein S actief is als cofactor, en dat protein S in complex met C4BP geen cofactor activiteit 

vertoont voor APC.  In dit proefschrift tonen we evenwel aan dat het protein S-C4BP complex 

wel APC-cofactor activiteit vertoont. Enerzijds wordt de APC gekatalyseerde knip na R306 

vertienvoudigd, doch anderzijds wordt de knip na R506 met 3 tot 4 maal verminderd. Protein 

S daarentegen stimuleert APC gekatalyseerde knip na op positie R306 20 maal, en de knip na 

R506 wordt niet of nauwelijks gestimuleerd. Het globaal effect van het protein S-C4BP 

complex op de inactivering van factor Va door APC bedraagt 7 maal minder dan dat van vrij 

protein S. Dit verschil wordt niet veroorzaakt door een gereduceerde APC-cofactor activiteit 

van het proteïne S-C4BP complex (APC gekatalyseerde knip op positie R306), doch door 

remming op de knip na R506 van factor door APC. Deze vaststellingen zijn van bijzonder 

belang voor dragers van de factor VLeiden mutatie (positie R506Q), omwille van het feit dat 

protein S-C4BP complex de inactivering van factor Va (alleen R306) door APC in plasma dat 

factor VLeiden bevat, daadwerkelijk doet toenemen (Hoofdstuk 2). 

Protein S vertoont tevens een antistollende activiteit in afwezigheid van APC (APC 

onafhankelijke activiteit). Ons laboratorium toonde recent aan dat protein S de 

trombinevorming doet afnemen in aanwezigheid van TFPI, en zich bijgevolg gedraagt als een 

cofactor van TFPI.  In dit proefschrift beschrijven we twee functionele testen voor het bepalen 

van de antistollingsactiviteit van het TFPI/protein S systeem in plasma (Hoofdstuk 3). De 

antistollingsactiviteit van het TFPI/protein S systeem in plasma wordt bepaald door de 

trombinevorming in aan- en afwezigheid van neutraliserende antilichamen tegen protein S of 
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TFPI. In beide testen werd gebruikt gemaakt van gecalibreerde geautomatiseerde 

trombografie (CAT) om de trombinevorming te meten, waarbij een typische trombinecurve 

bekomen werd. Deze test werd eerst uitgevoerd in plasma van 85 normale individuen die 

werden verzameld aan de universiteit van Maastricht. De verhouding van de pieken van de 

trombinecurve die werden gemeten in aan- en afwezigheid van anti-protein S antiflichamen 

(protein S-ratio) en die 0.5 bedroeg in gepoold normal plasma, staat in verhouding tot de TFPI 

cofactor activiteit van protein S. De TFPI-ratio van normaal plasma bedroeg ongeveer 0.25, 

hetgeen betekent dat de trombinevorming in plasma wordt gereduceerd met 75% als gevolg 

van het TFPI/protein S antistollingssystem. De protein S- en TFPI-ratio’s werden ook gemeten 

bij 35 leden van protein S deficiënte families afkomstig uit Italië. Beide ratio’s waren 

aanzienlijk hoger bij patiënten die heterozygoot waren voor type I protein S deficiëntie dan bij 

hun niet-deficiënte familieleden.  De protein S- en TFPI- ratio’s stonden duidelijk in verhouding 

tot de hoeveelheid TFPI in plasma zoals bepaald door middel van een nieuw ontwikkelde 

ELISA. De protein S-ratio stond alleen in verhouding tot de hoeveelheid protein S in plasma bij 

de protein S deficiënte individuen. Een verlaagde activiteit van het TFPI/protein S 

antistollingssysteem zou kunnen bijdragen tot een verhoogd risico op veneuze trombose bij 

deze protein S-deficiënte individuen (Hoofdstuk 3). 

De cofactor activiteit van protein S voor APC en TFPI werd ook onderzocht bij een 

grotere populatie heterozygote proteïne S deficiënte patiënten (Hoofdstuk 4). 

Epidemiologische, genetische en functionele studies werden uitgevoerd in plasma van protein 

S deficiënte families met het oog op het bepalen van het risico op trombose bij type I en type 

III protein S deficiënties. Type I protein S deficiëntie wordt gekarakteriseerd door een laag 

totaal en een lage hoeveelheid vrij protein S en type III deficiënte individuen hebben een 

normaal totaal en een lage hoeveelheid vrij protein S in plasma. De Kaplan-Meier test bij 242 

individuen die deel uitmaakten van 30 families toonde aan dat de kans voor trombose voor 

type I en type III protein S deficiënte individuen gelijklopend is. Van deze Kaplan-Meier test, 

werden 23 families (132 individuen) verder onderzocht teneinde deze vaststelling te 

verklaren. Bij deze families werden 11 PROSI mutaties in het gen van protein S geïdentificeerd. 

Testen gebaseerd op trombinevorming die de bepaling van de cofactor activiteit van de 

protein S voor APC en TFPI mogelijk maken, tonen aan dat de verhoogde kans op stolling in 

plasma voor type I en type III deficiënte individuen bijna dezelfde is. Alhoewel type III 

deficiënte individuen beschikten over een hogere hoeveelheid protein S en TFPI in plasma, 

leek dit te worden tenietgedaan door hun hogere leeftijd en hogere hoeveelheid protrombine 

in plasma. Op basis van de Kaplan-Meier analyse en de functionele onderzoeken in plasma 
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concluderen we dat type I en type III protein S deficiëntie gepaard gaan met gelijkaardige 

risico’s op veneuze trombose. 

Tenslotte bestudeerden we het effect van het gebruik van de anticonceptiepil op 

verminderde cofactor activiteit van protein S voor TFPI en APC door het meten van 

trombinevorming (Hoofdstuk 5). We bepaalden de hoeveelheid TFPI, totaal en vrij protein S in 

plasma van 6 mannen, 12 vrouwen die geen anticonceptiepil gebruikten, 17 vrouwen die een 

anticonceptiepil van de tweede generatie gebruikten en 19 vrouwen die een anticonceptiepil 

van de derde generatie gebruikten. De hoeveelheden TFPI en protein S in plasma vertoonden 

een verband met het resultaat van functionele testen die de TFPI en APC cofactor activiteit 

van protein S bepalen. Ten opzichte van vrouwen die geen anticonceptiepil gebruikten, 

hadden vrouwen die een anticonceptiepil van de tweede generatie gebruikten, een 

beduidend lagere TFPI en APC cofactor activiteit van protein S, ondanks het feit dat zij een 

gelijkaardige hoeveelheid protein S in plasma hadden. Dit verschil wordt veroorzaakt door 

verschillen in de hoeveelheid TFPI in plasma, dat aanzienlijk lager is bij gebruiksters van een 

tweede generatie anticonceptiepil, dan bij niet-gebruiksters. Vrouwen die een 

anticonceptiepil van de derde generatie gebruikten hadden nog lagere TFPI en APC cofactor 

activiteit van protein S dan gebruiksters van een anticonceptiepil van de tweede generatie. Dit 

verschil leek voornamelijk veroozaakt te worden door een verdere afname van TFPI en protein 

S niveau in plasma van gebruiksters van een derde generatie anticonceptiepil. Deze 

vaststellingen tonen aan dat de antistollingsactiviteit van het TFPI/protein S systeem nadelig 

wordt beïnvloed door het gebruik van een tweede generatie anticonceptiepil als gevolg van 

een afname TFPI en door het gebruik van een derde generatie anticonceptiepil als gevolg van 

een daling van de protein S en TFPI in plasma. Daarenboven veroorzaken de lagere 

hoeveelheden TFPI in plasma tevens een daling van de antistollingsactiviteit van APC 

(hoofdstuk 5). 
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van Prof. Dr. M Moutchen en Dr. S Rahmouni. 
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DANKWOORD 

 

Dit proefschrift is tot stand gekomen dankzij de inzet en steun van velen.  Een woord van dank 

is hier dan ook meer dan op zijn plaats. In tegenstelling tot hetgeen jullie van mij zouden 

verwachten, zal ik het kort houden: woorden schieten sowieso te kort … . 

Tilman, jij hebt mij de kans gegeven om vier fantastische jaren te mogen beleven in 

Maastricht. Ik kon altijd bij je aankloppen, de deur stond altijd open. Jouw eeuwige optimisme 

en gedrevenheid waren voor mij immer een bron van motivatie. Je slaagde er steeds weer in 

om positieve conclusies te trekken uit faliekant afgelopen experimenten. Het is voor mij een 

eer om als eerste AIO van Professor Hackeng te mogen promoveren. 

Jan, ik ben zeer verheugd dat ik binnen jouw vakgroep en onder jouw leiding 

wetenschappelijk onderzoek heb mogen verrichten. Jouw hoge eisen en kritisch blik deden bij 

mij grote ogen opengaan. Op de talrijke borrels kon ik altijd genieten van de verhalen die je 

vertelde. Iedereen kon steeds bij jou terecht wanneer er zich een probleem stelde. Ik wil je 

hartelijk danken voor de hulp tijdens de laatste maanden. 

Guido, hoewel je vele verantwoordelijkheden buiten het lab hebt, een werkbespreking op 

donderdag zonder jou is geen werkbespreking. Ik bewonder jouw veelzijdigheid en kennis 

over alles wat ook niet met stolling te maken heeft. De weinige keren dat ik met jou data 

mocht analyseren hebben mij des te meer bijgebracht. 

Gerry, jouw humor wist ik altijd te appreciëren, jouw “Hollandse schlager muziek” minder. 

Betta, hoewel je inmiddels naar een andere kamer bent verhuisd, voor mij was je de 

belangrijkste persoon binnen onze kamer. Ik kon altijd 101 vragen op je afvuren, je was altijd 

een luisterend oor.  Vloeken was op onze “deftige” kamer dankzij jou niet toegelaten. Ik ga je 

zeker missen, mille gracie ! 

 Mijn beste Kenneth, vele mooie tijden hebben wij beleefd binnen en buiten het lab, een 

echte vriendschap is het gevolg. Ik kan me dan ook geen betere paranimf inbeelden. Ik wens 

je veel geluk met Elke en in jouw verdere carrière. 

Wencke, mijn tweede paranimf, ik vond het enorm jammer toen je verhuisde naar Eindhoven. 

Het betekende het einde van onze gezellige babbels over van alles en nog wat. 
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Mijn kamergenootjes Svetlana, Connie en Olivier, ik wil jullie bedanken voor de gezellige 

tijden. Svetlana, ik bewonder jouw sterke wil en jouw doorzettingskracht bij het studeren van 

de Nederlandse taal. Connie, altijd even serieus, veel succes. “Don Juan” Olivier, veel succes.  

Ook de  nieuwe AIO’s, Kristien en Samira, en de nieuwe post-docs, Pieter en Mahesh, ik wens 

jullie veel succes. 

Ook mijn voorgangers wil ik graag bedanken. Rory, hoewel je reeds was vertrokken toen ik 

van start ging, kon ik voor mijn vele vragen ook bij jou terecht. Jeroen, fijne momenten 

hebben wij met jou beleefd in het lab. Kristien, vaak heb ik mij afgevraagd hoe jij die proeven 

steeds weer voor mekaar kreeg en ik niet. 

Stella, jou zou ik niet durven vergeten. Ons lab is waar Stella staat. Jij bent de kampioen van 

de feestjes, maar de morgen nadien ben je ook van de partij. Graag had ik jouw geheim recept 

gekend. 

Trees, jij bent de beste secretaresse die een mens zich kan inbeelden.   

Kim, Sandra en Imke, mijn vriendinnekes van de gang, iedereen van de vakgroep Biochemie, 

van harte bedankt. 

Dr. Rahmouni, dear Souad, dr. Moutschen, and all my new collegues, thank you that I can join 

your group. 

Graag wil ik Nodia, Thrombinoscope NV, Zebrabioscience, Kordia en Sanquin reagentia 

bedanken voor hun financiële bijdrage voor het drukken van dit proefschrift. 

Jan bedankt voor het ontwerp van de cover. 

Tenslotte wil ik graag mijn familie en schoonfamilie bedanken voor hun steun en de interesse 

die ze altijd in mij getoond hebben.  Onze zonnetjes in huis, Mieke, Maggy en James, hopelijk 

mag ik jullie nog lang vele knuffels geven. Mama, veel uitleg gaf ik je nooit over mijn 

bezigheden, toch bleef je mij steunen, dank voor de kansen die ik kreeg .  Ook al verhuis ik dit 

jaar naar de grote stad, mijn thuis blijft in Membruggen.  Ann, mijn zus, ik weet dat je altijd 

het beste voor mij wilt.  Dank om mij te stimuleren tijdens de moeilijke momenten. 

En last but not least, Jan.  Mijn succes is jouw succes, ik hoop ook het omgekeerde.  Ik heb het 

je niet altijd even gemakkelijk gemaakt, zeker niet het afgelopen jaar, zelfs tot gisteren.  

Woorden schieten mij tekort.  Dikke kus.   
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