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General Introduction
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Scope of this thesis

Factor VIII (FVIII) is of critical importance for effective blood clot formation at sites of vas-
cular injury. In plasma, FVIII is tightly associated with von Willebrand factor (VWF), which 
protects FVIII from fast clearance from the circulation. Upon FVIII activation at sites of 
vascular injury, FVIII dissociates from VWF and assembles on procoagulant membranes 
to form the factor X-activating complex. Activated factor VIII (FVIIIa) acts in this complex 
as a cofactor for activated factor IX (FIXa). To perform its role, FVIII comprises multiple 
domains which are organized in a heavy chain (domains A1-A2-B) and a light chain (do-
mains A3-C1-C2).   It has previously been suggested that the C2 domain of FVIII is of critical 
importance for the docking of FVIII to phosphatidylserine (PS)-containing membranes. 
Elaborate studies on the C2 domain have further provided insight into the role of this 
domain for binding VWF, FIXa and the FVIII clearance receptors. However, the role of the 
related C1 domain has hardly been investigated and is therefore poorly understood. Yet, 
inhibitory antibodies have been identified that are directed towards the C1 domain. In-
triguingly, one of these antibodies has been demonstrated to block the endocytic uptake 
of FVIII by cells. The objective of the present study is to increase our understanding of 
the functional role of the C1 domain for the biological processes that involve FVIII. We 
address in our investigation the potential role of the C1 domain for binding phospho-
lipid membranes. We further report on the functional aspects of the C1 domain in recep-
tor-mediated endocytosis of FVIII in the presence and absence of VWF. In addition, we 
dissect the inhibitory properties of an antibody that is directed against the C1 domain 
employing reverse affinity maturation of the antibody. In the following paragraphs our 
current understanding of the structure and function of FVIII is described in more detail.

FVIII: From discovery to crystal structure

As early as in the fifth century, the first reports appeared describing a familial bleeding 
tendency occurring in young males. Since 1937, this X-chromosome-linked bleeding dis-
order has been associated with a deficiency of a plasma component. In 1962, the com-
ponent has been designated by international agreement as ‘Factor VIII’ 1. It was not until 
the early seventies, however, that it was discovered that ‘Factor VIII’ consists of a complex 
of two separate molecular entities, namely FVIII and VWF 2-5. In the early 1980s the cDNA 
of factor VIII has been cloned providing insight into the primary sequence of FVIII 6-9. This 
breakthrough has served as the basis for elaborate studies on the genetic and molecular 
aspects of functional absence of FVIII, which is associated with the bleeding disorder re-
ferred to as haemophilia A. Our knowledge on the FVIII structure and function has rapidly 
expanded since then.

CHAPTER 1
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DNA analysis of FVIII has revealed that the protein is synthesized as a polypeptide chain 
containing 2,351 amino acids of which 19 amino acid comprise the signal peptide. 
The primary sequence shows that the protein exists of multiple domains i.e.: A1-a1-A2-a2-
B-a3-A3-C1-C2 10. The A domains are homologous with the A domains of ceruloplasmin, 
and the C domains with the discoidin-like domains of discoidin I 11, 12. The a1, a2 and a3 
regions are acidic spacers enriched in Asp and Glu residues (Figure 1A) 6. The primary se-
quence of FVIII further shows a remarkable homology to that of coagulation factor V. Due 
to limited proteolysis of the B domain, FVIII has been found in plasma as a heterodimeric 
protein that consists of a heterogeneous heavy chain of 90 to 220 kD (A1-a1-A2-a2-B do-
mains) that is non covalently linked to a light chain of 80 kDa (a3-A3-C1-C2 domains) 13. 
Through the amino- and carboxyterminal ends of the FVIII light chain, FVIII is tightly as-
sociated with its carrier protein VWF in plasma 14. VWF plays a critical role in the biology of 
FVIII. VWF has been suggested to prevent premature binding of FVIII to other proteins or 
vascular cells, to protect FVIII from fast clearance from the circulation, and to stabilize the 
heterodimeric structure of FVIII 15, 16. 

Throughout the years, several structural models of FVIII have been proposed to facilitate 
functional studies that relate to FVIII. A homology model of the triplicate A domains of 
FVIII has been generated based on the crystal structure of ceruloplasmin, which also con-
sists of three A domains 17. A high resolution structure of the C2 domain became available 
in 1999, which served in turn as a template for a homology model of the C1 domain 18. 
In 2002, a membrane bound model of FVIII has been proposed based on analysis of 2-
dimensional FVIII crystals that also comprised phospholipids (Figure 1B) 19. In all the sug-
gested models, however, there is a recurrent uncertainty about the position of the C do-
mains in the structure of FVIII. In 2008, two groups have presented the 3 dimensional 
crystal structure of B domain-deleted FVIII 20, 21. These structures demonstrate that the 
three homologous A domains form a triangular heterotrimer to which the C2 and C1 do-
mains are attached (Figure 1C). The structures further show that the structurally homolo-
gous C1 and C2 domains are adjacent to each other. The recent structural information 
has provided a new breakthrough in our current understanding of FVIII. This information 
is indispensable to further increase our insight in the functional aspects of FVIII in the 
activated-factor X-generating complex, in the complex assembly with VWF, and in the 
mechanisms that contribute to the clearance of FVIII. 
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Figure 1

Domain organization and 3-dimensional structure of FVIII. 
(A) Linear representation of the domain organization of FVIII that circulates in plasma as a metal 

ion linked heterodimer. The domain boundaries are denoted by their residue numbers. The acidic 

spacer regions between the domains are indicated with lowercase letters. (B) 3D structure of plas-

ma-derived FVIII obtained from the 2D crystals of FVIII in the presence of phospholipids 19. Notably, 

no information has been obtained about the structure and location of the B domain in this FVIII 

structure (C) Crystal structure of B domain-deleted FVIII reported by Shen et al (PDB ID: 2r7e) that 

has been obtained in the absence of phospholipids 20. In the panels B and C, the FVIII A domains are 

depicted in green, C1 domain is shown in grey and the C2 domain in red. 

CHAPTER 1
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Function of FVIII

Vascular injury initially results in the production of a small amount of thrombin via a pro-
cess that involves a network of cofactors and their enzymes. Thrombin subsequently acti-
vates FVIII via proteolytic cleavages at the residues Arg-372, Arg-740 and Arg-1689 22. 
This process leads to the removal of the B domain and the small acid a3 region from FVIII23. 
This acidic region is essential for high affinity binding of the FVIII-VWF complex 24. It com-
prises a sulfated tyrosine at position 1680 which may directly contribute to VWF binding 
25. Removal of the acidic a3 region by thrombin cleavage results then also in the dissocia-
tion of the FVIII-VWF complex. Activated FVIII (FVIIIa) interacts subsequently with pro-co-
agulant surfaces, which include phospholipid membranes comprising phosphatidylserine 
(PS) in the outer leaflet of the bilayer 26, 27.  On these membranes, FVIIIa serves its role as a 
cofactor for activated factor IX (FIXa), which binds with high affinity to membrane-bound 
FVIIIa. The resulting FVIIIa-FIXa-phospholipid complex effectively converses factor X (FX) 
to its activated derivative (FXa) 28, 29. As compared to FXa generation by FIXa alone, the as-
sembly of the complex increases the catalytic efficiency (kcat) of FIXa more than 1000-fold 
and also reduces the apparent affinity (Km) for the substrate FX 30.

The high local concentration of FXa, which is generated by the FVIIIa-FIXa-phospholipid 
complex, boosts the generation of thrombin via the activated factor V-FXa-phospholipid 
complex 29. This will in turn lead to additional formation of FVIIIa. At the same time, throm-
bin will convert fibrinogen to fibrin which will eventually lead to blood clot formation 31. 
FVIII has to be inactivated to prevent ongoing FXa generation. The mechanism thereof 
is, however, still debated.  It has been shown that inactivation of FVIIIa occurs spontane-
ously due to dissociation of the A2 domain from FVIIIa 32, 33. It has further been proposed 
that FVIIIa is inactivated by protein C, which is a vitamin K-dependent protease found in 
plasma. Activated protein C has been suggested to inactivate FVIIIa by cleaving at Arg-336 
and Arg-562 within FVIIIa 34-36. Cleavage at position Arg-336 releases the acidic a1 region 
resulting in an increased dissociation rate of the A2 domain from the heterotrimer.  FIXa 
and FXa have also been shown to inactivate FVIIIa through cleavages at Lys-36 and/or 
Arg-336 within the A1 domain 37. Whether one or all of these molecular mechanisms con-
tribute to the inactivation of FVIII remains to be established. 

Clearance of FVIII

Receptors involved in the clearance of FVIII
One of the treatments for haemophilia A involves intravenous infusion with purified plas-
ma-derived FVIII or recombinant FVIII. The in vivo half-life of FVIII of about 14 hours is rela-
tively short as compared to other plasma proteins. Successful treatment of FVIII requires 
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therefore frequent intravenous infusions with the purified cofactor 38. In 1999, our group 
and the group of Saenko et al identified LRP as an endocytic receptor for FVIII 39,40. LRP is a 
member of the LDL receptor family that also includes megalin, LDL receptor (LDLR), very 
low-density lipoprotein (VLDL) receptor and the apolipoprotein E receptor 2 41. All recep-
tors contain an intracellular domain that comprises a signal motif for endocytosis, a single 
transmembrane domain, and an extracellular domain containing clusters of complement-
type repeats that mediate ligand-binding.  LRP is with its molecular weight of 600-kDa 
one of the largest LDL receptor family members, and binds and internalizes a broad spec-
trum of structurally unrelated ligands including FVIII 42. 

A direct role for LRP in maintaining the FVIII plasma level has been established by employ-
ing a mouse model with a conditional LRP deficiency 43. In vivo studies have further shown 
that the related LDLR acts in a concerted manner with LRP in the catabolism of FVIII 44.  
In agreement with these findings, it has been demonstrated that infusion of receptor as-
sociated protein (RAP), which antagonizes ligand binding to all LDL receptor family mem-
bers, results in a reduced in vivo clearance rate of FVIII 40. Other receptors have also been 
identified that interact with FVIII, including VLDL receptor, the asialoglycoprotein recep-
tor and the macrophage mannose receptor 44-47. An in vivo role for these receptors in the 
catabolism of FVIII, if any, is however unclear.

As compared to the plasma concentration of FVIII (~0.3 nM), the binding affinity of the 
FVIII-LRP complex (~60 nM) is remarkable low 39. This finding would suggest that LRP can-
not be involved in the catabolism of FVIII at all. Yet, conditional LRP knockout mice, and 
especially the combined LRP/LDLR knockout mice showed a marked increase in the level 
of endogenous FVIII and a delayed clearance of infused FVIII 43, 44.  It has therefore been 
suggested that FVIII requires pre-concentration to the cell surface via heparan sulphate 
proteoglycans (HSPGs) after which FVIII is transferred to LRP or LDLR. It has been pro-
posed that the A2 domain of FVIII comprises the HSPG binding site that facilitates the 
initial cell surface binding step of FVIII 48. However, detailed information is lacking about 
the molecular mechanisms that are involved in endocytic uptake of FVIII.

The role of VWF in the clearance of FVIII
VWF is of critical importance to protect FVIII from even faster clearance from the circula-
tion. The half-life of FVIII is reduced to 2-3 hours in the absence of VWF 15, 49, 50. Functional 
defects in the FVIII – VWF complex formation cause therefore a secondary deficiency of 
FVIII leading to a hemophilia A phenotype 51. VWF itself is, like FVIII, a multidomain gly-
coprotein comprising the domains D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK 52. The D’-D3 
domains contribute to the high affinity interaction between VWF and the light chain of 
FVIII 53, 54. VWF itself circulates in plasma as a heterogeneous multimeric protein ranging in 
size from dimers to extremely large multimers 52.  Under the influence of the local blood 
flow condition, the VWF multimers can change their configurations from a globular to a 
stretched form 55. Within the stretched form, the binding site for the platelets receptor 

CHAPTER 1
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is exposed to facilitate effective interaction with platelets 56. This molecular mechanism 
allows VWF to contribute to the initial platelet plug formation under conditions of high 
blood flow rates.

It has recently been proposed that macrophages internalize the FVIII-VWF complex 57. It 
has been suggested that these cells may contribute to clearance of the complex. We have 
found however that VWF effectively blocks LRP dependent endocytosis by cells39. These 
observations together suggest that macrophages internalize the complex via a pathway 
that is independent of LRP. The finding that VWF prevents LRP-dependent endocytosis 
also implies that the VWF-FVIII complex has to dissociate to allow for LRP-dependent up-
take of FVIII. Where and how this dissociation takes place is completely unclear. The ef-
fect of VWF on the LDLR-dependent uptake of FVIII has further not been assessed at all. 
Therefore, it remains to be established how VWF fits into the LRP- and LDLR- dependent 
pathways that remove FVIII from the circulation. 

Figure 2

Schematic representation of the current view of the LRP-dependent uptake mechanism of FVIII. 
The FVIII-VWF complex requires dissociation prior to LRP-dependent uptake of FVIII. Whether this 

occurs in solution or at the cell surface is at present unclear. FVIII subsequently interacts with the cell 

surface possibly via the heparin sulphate proteoglycans 48. After pre-concentration of FVIII on the 

cell surface, FVIII is transferred to LRP for receptor-mediated internalization.
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The functional role of the FVIII domains 

The interaction between FVIII and its binding partners is complex and occurs over ex-
tended surfaces. FVIII comprises specialized binding regions for phospholipids, VWF, FIXa, 
and the FVIII clearance receptors. We will now address specific aspects of the individual 
domains of FVIII.   

FVIII A and B domains
The A domains of FVIII share a primary sequence and a tertiary structure homology to the 
A domains of factor V and ceruloplasmin 11.  The latter protein is one of the major copper 
transport proteins that have been identified in plasma. Metal ion binding sites have also 
been identified in the A domains of FVIII 58.  Integration of metal-ions in the A domains has 
been suggested to stabilize the interaction between the A domains 20. 

The A domains have been implicated to contribute to the interaction of FVIII with FIXa, FX, 
and LRP. It has been demonstrated that the A2 domain of FVIII binds with moderate affi-
nity to FIXa 59. This interaction, however, is of principle importance to enhance the activity 
of FIXa. Regions within the A2 domain that have been identified as FIXa interaction sites 
include region 555-569 and 707-712 60, 61. In contrast to the heavy chain, the light chain 
of FVIII binds with high affinity to FIXa. We have previously established that A3 domain 
region 1811-1818 contributes to this binding interaction 62.  In general, the A domains 
contribute to essential protein-protein interactions in the factor X-activating complex and 
are therefore indispensable for cofactor function.

Besides interacting with FIXa, the A2 and A3 domain comprise binding regions for the 
clearance receptor LRP. Employing antibodies against the A2 domain, synthetic peptides 
and FVIII fragments, it has been demonstrated that A2 domain region 484-509 contributes 
to the interaction with LRP 40. We have later shown that the FVIII light chain comprises the 
main LRP binding region, and that this A2 domain region is only exposed for interaction 
with LRP in FVIIIa 63. Employing synthetic peptides, single chain Fv antibody fragments, 
and a FVIII/FV chimera, we have found that A3 domain region 1811-1818 partly contri-
butes to the high affinity interaction of the FVIII light chain to LRP 64. This finding implies, 
however, that other surface exposed residues within the A3-C1-C2 domains contribute to 
the assembly of the FVIII-LRP complex. 

The function of the heavily glycosylated B domain for FVIII biology is largely unknown. 
It is not involved in the assembly of the factor X-generating complex since the B domain 
is removed during activation of FVIII. The in vivo half-life of B domain deleted FVIII and 
wildtype-FVIII are further indistinguishable 65. This observation shows that the B domain 
does also not play a major role in the clearance of FVIII. We have described, however, that 
the B domain interacts with the asialoglycoprotein receptor when the B domain is incom-
pletely sialylated 46. This receptor may therefore function as a quality control for correctly 

CHAPTER 1
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modified FVIII. It has further been demonstrated that the B domain interacts with protein 
LMAN-1 66. This intracellular chaperone has been suggested to facilitate the transport of 
biosynthesized FVIII from the endoplasmatic reticulum to the trans-golgi network 67. It 
seems therefore that the B domain may play an important role during the biosynthesis 
of FVIII 68. 

FVIII C domains
The C domains of FVIII belong to the family of domains that have also been found in Dis-
coidin I, factor V and Lactadherin 12, 69, 70. The C domain has first been identified in discoidin 
from amoebe Dictyostelium discoideum and is therefore commonly referred to as discoi-
din-like domain. In D. discoideum it functions as a lectin with high affinity for galactose and 
modified galactose residues. Discoidin-like domains have later been identified in several 
extracellular proteins and membrane proteins (for review see Baumgartner et al, Kiedzier-
ska et al) 12, 69. The functional role of the domain is divers as it interacts with for example 
growth factors, phospholipids, collagen and carbohydrates. Many discoiden-like domain 
containing proteins are involved in cell adhesion, migration and organogenesis.

The C domains comprise about 150 amino acids and the first structural information thereof 
has been obtained from the crystal structure of galactose oxidase 71. It consists of eight ß-
strands and three flexible loops called “spikes”. The primary sequence similarity between 
the C domains is particularly observed in the core ß-barrel structure. The spikes contain 
the high variability necessary for the diversity in ligand binding. Minor differences within 
these loops can already result in different binding properties of homologous proteins. 
Because of the high degree of sequence similarity, it is likely that all the C domains have 
evolved from a common ancestor 69.  

Gilbert et al. have demonstrated that the interaction of the C2 domain with PS-containing 
phospholipid membranes is primarily mediated by the four hydrophobic residues Met-
2199, Phe-2200, Leu-2251 and Leu-2252 which are located in the spikes of the C2 do-
main 72. It has further been suggested that FVIII region Trp-2313-His-2315 is an important 
constituent of the membrane binding motif 73. Besides a role in binding to phospholipid 
membranes, it has been suggested that the C2 domain of FVIII is also involved in binding 
LRP, FIXa and VWF. The binding to LRP has been demonstrated by using the isolated C2 
domain 39. However, the binding affinity of the C2 domain for LRP is low (Kd 3.6 µM) com-
pared to the affinity of the complete FVIII light chain for LRP (Kd ~50 nM) 39. It is therefore 
questionable whether this interaction is of any physiological importance. 

Whereas the role of the C2 domain and A domains for the biological processes that in-
volve FVIII has been extensively addressed, the function of the C1 domain has been hardly 
investigated. The role of the C1 domain is therefore poorly understood. A model based on 
the 2 dimensional crystal structure of membrane bound FVIII shows that the C1 domain 
may function as a spacer region between the triplicate A domains and the membrane 
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bound C2 domain (Figure 1B) 19. The recently identified crystal structure of FVIII shows 
however two parrallely aligned C domains at the base of the A domains (Figure 1C) 20, 21. 
The spikes of the C2 domain, which form the membrane interactive regions, are in these 
structures in the same plane as the spikes of the C1 domain. This observation suggests 
that the C1 domain may, like the C2 domain, contribute to membrane binding as well. We 
have further identified an antibody fragment that is directed against an unknown site in 
the C1 domain that inhibits FVIII endocytosis as well as cofactor function. This observation 
opens the challenging possibility that the C1 domain may play a role in both phospholipid 
binding as well as in the clearance mechanisms of FVIII.  

Questions addressed in this thesis  

In the present thesis, we focus on the functional role of the C1 domain of FVIII. During its 
life cycle, FVIII interacts with multiple partners in order to survive as an intact pro-cofactor 
in the circulation, and to perform its function as a cofactor. Several interactive sites have 
been identified that contribute to these processes. These are predominantly identified in 
the A domains and in the C2 domain. However, the overall function of the C1 domain and 
the position of the C1 domain with respect to the A and C2 domains in the FVIII structure 
are poorly understood. In chapter 2, we address the questions:  Does the FVIII C1 domain 
contribute to binding to phospholipid membranes, and if so, which specific residues are 
required for this interaction? To what extent does the C1 domain, compared to the C2 
domain, contribute to membrane binding? In chapter 3, we address the role of the C1 
domain in the cellular uptake of FVIII. Does the FVIII C1 domain bind LRP? Is the C1 domain 
involved in the initial cell surface binding step prior to the transfer of FVIII to the receptor? 
If so, are the requirements for cell surface binding the same as for phospholipid binding? 
In chapter 4 we extend on these findings and address the role of VWF, which requires resi-
dues within the C1 domain for effective binding to FVIII, in the process of receptor-medi-
ated endocytosis. In chapter 5, we dissect the properties of an anti-C1 domain antibody 
which is particularly effective in blocking multiple biological processes involving FVIII. A 
question addressed in this chapter is: Does reverse affinity maturation of the antibody 
have a differential effect on the distinct biological processes that may involve the FVIII C1 
domain, including cofactor function, VWF binding, and the receptor-mediated endocyto-
sis? Finally, Chapter 6 describes a general view on the interaction of the FVIII C domains 
with phospholipid membranes and cell surfaces and indicates how each of the C domains 
contributes to these interactions. Furthermore, we indicate future directions to gain in-
sight into the dynamics of the C domains, which could eventually contribute to a better 
understanding of the structure and function of coagulation FVIII.

CHAPTER 1
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Abstract

Binding of factor VIII to membranes containing phosphatidyl-L-serine (Ptd-L-Ser) is me-
diated, in part, by a motif localized to the C2 domain. We evaluated a putative mem-
brane-binding role of the C1 domain utilizing an anti- C1 antibody fragment, KM33scFv, 
and factor VIII mutants with an altered KM33 epitope. We prepared a dual mutant 
Lys2092/Phe2093“Ala/Ala (fVIII YFP 2092/93) and two single mutants Lys2092 “Ala and 
Phe2093“Ala. KM33scFv inhibited binding of fluorescein-labelled factor VIII to synthetic 
membranes and inhibited at least 95% of factor Xase activity. fVIIIYFP 2092/93 had 3-fold 
lower affinity for membranes containing 15% Ptd-L-Ser but more than 10-fold reduction 
in affinity for membranes with 4% Ptd-L-Ser. In a microtiter plate KM33scFv was additive 
with an anti-C2 antibody for blocking binding to vesicles of 15% Ptd-L-Ser, whereas either 
antibody blocked binding to vesicles of 4% Ptd-L-Ser. KM33scFv inhibited binding to plate-
lets and fVIIIYFP 2092/93 had reduced binding to A23187-stimulated platelets. fVIIIYFP 2092 ex-
hibited normal activity at various Ptd-L-Ser concentrations, whereas fVIIIYFP 2093  showed a 
reduction of activity with Ptd-L-Ser less than 12%. fVIIIYFP 2092/93 had a greater reduction of 
activity than either single mutant. These results indicate that Lys 2092 and Phe 2093 are 
elements of a membrane-binding motif on the factor VIII C1 domain.

Introduction

Factor VIII functions as a cofactor in the membrane-bound intrinsic factor Xase complex. 
Together with the enzyme factor IXa, activated factor VIII binds to phosphatidyl-L-serine 
(Ptd-L-Ser) -containing membranes 1, 2, to form an enzyme complex that cleaves the zymo-
gen factor X to factor Xa 3, 4. Factor Xa is thereafter responsible for catalyzing prothrombin 
cleavage to thrombin 5. The importance of the factor Xase complex is illustrated by the 
disease haemophilia, in which a deficiency of factor VIII (haemophilia A) or factor IX (hae-
mophilia B) leads to life-threatening bleeding. Despite the central importance of mem-
brane binding, this aspect of factor VIII function remains poorly understood.

Factor VIII is synthesized as a single polypeptide chain containing 2351 amino acids (mo-
lecular weight 280 kD) and shows a domain structure of A1-a1-A2-a2-B-a3-A3-C1-C2, 
where a1, a2 and a3 are spacer regions that separate the domains from each other 6. Fac-
tor VIII is homologous to factor V in amino acid sequence and domain structure 7. The A 
domains are homologous with ceruloplasmin, the C domains with discoidin I and with 
lactadherin 8, 9 and the B domain is unique to each protein 10. The A domains mediate the 
dominant interactions with factor IXa and factor X in the factor Xase complex whereas 
binding to Ptd-L-Ser containing membranes is mediated predominantly by the C2 do-
main 11-15. The structure-function relationships of factor V resemble those of factor VIII in 
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that the A domains mediate the dominant interactions with the enzyme and substrate and 
the C2 domain mediates the dominant membrane binding interaction 16. However, factor 
V has a second membrane-interactive motif localized to the C1 domain 17, 18. The present 
study investigates a second membrane-interactive motif of factor VIII, localized to the C1 
domain analogous to the second membrane-interactive motif of factor V.

The central element of treatment for haemophilia A is infusing recombinant factor VIII or 
purified plasma factor VIII into deficient patients. However, such treatment can result in 
the production of specific antibodies that neutralize function of factor VIII in the circula-
tion 19, 20. Some inhibitory antibodies block membrane-interactive epitope(s) of factor VIII, 
underscoring the importance of membrane binding for normal function. Indeed, these 
antibodies have helped to identify membrane-interactive motifs of factor VIII 21. A novel 
inhibitory antibody derived from the circulating B lymphocytes of a hemophilia A patient22 
and directed against the factor VIII C1 domain was essential for the current study 23.

A model of membrane-bound factor VIII, based on electron crystallography studies, places 
the C1 domain opposite the C2 domain and away from the membrane 24. In contrast, the 
recently reported lipid-free factor VIII crystal structures provide the detailed tertiary struc-
ture of the C1 domain as well as an alternate orientation 25, 26. These structures indicate 
that the C1 domain is oriented nearly parallel to the C2 domain, positioned favourably for 
interaction with a membrane. Amino acids Lys 2092 and Phe 2093 protrude from the tip 
of the C1 domain, homologous with the membrane-interactive amino acids at the tip of 
the factor V C1 domain (Fig 1B). Evidence for a possible membrane-binding function for 
the C1 domain arises because intact factor VIII or the factor VIII light chain binds with a 
higher affinity to phospholipid vesicles and activated platelets than C2 alone, suggesting 
a role of the A3-C1 domain in membrane binding 15, 27, 28. Moreover, a role for the C1 do-
main in platelet binding has been recently described 27. Thus, we wished to evaluate the 
possibility that the C1 domain contributes to membrane binding and evaluate a particular 
epitope and amino acids that may participate. 

In the present study, we investigated the role of the factor VIII C1 domain in binding to 
synthetic phospholipid membranes and platelet membranes. To investigate this, we pre-
pared a human single-chain variable domain antibody fragment (KM33scFv) against the 
hypothetical membrane-interactive C1 domain epitope 22, 23. In addition, we prepared fac-
tor VIII mutants in which Lys 2092 and/or Phe 2093 within the epitope were changed to 
alanine. The results demonstrate that the C1 domain participates in binding to Ptd-L-Ser-
containing membranes and that Lys 2092 and Phe 2093 participate in this interaction. In 
addition, these amino acids of the factor VIII C1 domain participate in binding to platelets 
to provide full cofactor activity of factor VIII.
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Materials / Methods

Materials
L-α-Phosphatidylcholine (PC) from egg yolk, L-α-Phosphatidylserine from bovine brain, 
L-α-Phosphatidylethanolamine (PE) from egg yolk and 1-Oleoyl-2-(12-biotinyl(aminodo
decanoyl))-sn-Glycero-3-Phosphoethanolamine were from Avanti Polar Lipids (Alabas-
ter, AL). Fluorescein 5-maleimide was from Invitrogen. Pfu HotStart polymerase was from 
Stratagene. Oligonucleotide primers, dNTPs, expression vector pcDNA3.1 (+), DMRIE-C 
reagent, Geneticin G-418 sulphate and trypsin were supplied by Invitrogen. Dulbecco 
modified Eagle medium/F12 medium was from Lonza. Fetal calf serum was from HyClone 
(Thermo Fisher Scientific). ExtrAvidin peroxidase conjugate and o-phenylene diamine 
dihydrochloride tablet sets, thrombin receptor activating peptide - SFLLRNPNDKYEPF 
(TRAP), A23187, Prostaglandin E1 and Optiprep were obtained from Sigma. Human α 
thrombin, human factor IXa and human factor X were obtained from Enzyme Research 
Laboratories. Glass microspheres were from Duke Scientific. 

Proteins
Single-chain variable antibody fragment KM33 ( KM33scFv ) was expressed in Escherichia 
coli strain XL1-Blue (deleted TG1) and purified by metal chelate chromatography (GE 
Healthcare) as described 22. Human full length monoclonal antibody, BO2C11, was a ge-
nerous gift from Prof. Marc Jacquemin (Katholieke Universiteit, Leuver, Belgium). Human 
monoclonal antibody EL14 IgG4, directed against the C2 domain, was constructed and 
expressed as described 29.

B-domain deleted FVIII-YFP (fVIIIYFP) in pcDNA3.1(+) was constructed as described 30. The 
Lys2092Ala/Phe2093Ala mutation was introduced by Quick Change mutagenesis using 
primers (sense) 5’- ACCCAGGGTGCCCGTCAGGCGGCCTCCAGCCTCTACATCTCT-3’ and (an-
tisense) 5’- AGAGATGTAGAGGCTGGAGGCCGCCTGACGGGCACCCTGGGT - 3’ The separate 
mutations, Lys2092Ala and Phe2093Ala were introduced using the primers (sense) 5’- 
CCCAGGGTGCCCGTCAGGCGTTCTCCAGCC- 3’, (antisense) 5’- GATGTAGAGGCTGGAGAAC-
GCCTGACGGGC- 3’, (sense) 5’-GCCCGTCAGAAGGCCTCCAGCCTCTAC- 3’and (antisense) 5’-
GTAGAGGCTGGAGGCCTTCTGACGGGC - 3’.  Coding regions of all constructs were verified 
by sequence analysis. Sequence reactions were performed using the BigDye Terminator 
Sequencing kit (Applied Biosystems).  HEK293 cell-lines, stably expressing recombinant 
protein, were produced as described 31. HEK293 cells were grown in Dulbecco modified 
Eagle medium-F12 medium supplemented with 10% FCS. Recombinant FVIII proteins 
were purified from conditioned medium by immunoaffinity chromatography employ-
ing monoclonal antibody CLB-CAg117 as previously described 30. Protein concentrations 
were determined by the method of Bradford 32. The factor VIII concentration was deter-
mined by an enzyme-linked immunosorbent assay essentially as described 33. FVIII activity 
was determined with a chromogenic assay according to the manufacturer’s instructions 
(Chromogenix, Milan, Italy).
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Fluorescein Labelling of factor VIII
Factor VIII was labelled with fluorescein-maleimide as previously described 34. Protein con-
centration of factor VIII was determined using a Micro-BCA assay (Pierce Chemical Co.) 
using bovine albumin as a standard. Factor VIII activity was determined using an activated 
partial thromboplastin time assay with factor VIII-deficient plasma, using normal plasma 
as control.

Phospholipid Vesicles
Large multilamellar phospholipid vesicles were prepared by evaporating chloroform from 
the desired phospholipids, resuspending the lipids in methylene chloride and re-evapo-
rating three times under argon. Lipids were resuspended as vesicles by gently swirling 
tris-buffered saline over the dried lipid, also under an argon stream. Small unilamellar 
phospholipid vesicles were prepared by sonication in a bath sonicator (Laboratory Sup-
plies Co., Hicksville, NY) until the suspension was visually clear 35. Vesicles were quick fro-
zen in liquid nitrogen and stored at -80°C. 

Liposphere Preparation
Glass microspheres of 1.6 µM nominal diameter were cleaned, size restricted and covered 
with a phospholipid bilayer as previously described 34. Briefly, microspheres were incuba-
ted with phospholipid vesicles while additional sonication was applied. Lipospheres were 
washed 4 times in 0.15 M NaCl, 0.04 M Tris-HCl, 0.1% defatted bovine albumin, 10 µM egg 
PC as sonicated vesicles, stored on ice and used within 8 hours of synthesis. 

Platelet isolation and activation
Human platelets were purified from whole blood from healthy donors as described 36. 
A 19G butterfly needle and a two-syringe technique were used. Whole blood was drawn 
into acid citrate dextrose containing 10 mM prostaglandin E1. Platelet-rich plasma was iso-
lated by centrifugation at 200 x g for 15 minutes at room temperature. Platelet-rich plas-
ma was next layered onto a discontinuous density gradient consisting of 1.5 ml Optiprep 
1.320 overlaid with 625 µl Optiprep diluted into 2 ml dH20 and 2 ml Tyrode piperazine-
N, N-bis[2-ethanesulfonic acid] buffer (15 mmol/L  piperazine-N, N-bis[2-ethanesulfonic 
acid, pH 6.8, 3.3 mmol/L NaH2PO4, 138 mmol/L NaCl, 2.7 mmol/L KCl, 1 mmol/L MgCl2, 
5.5 mmol/L dextrose containing 0.2% (wt/vol) bovine serum albumin. A band of concen-
trated platelets was retrieved from the interface after centrifugation for 30 minutes at 300 
g at room temperature. Platelets were diluted 1:1 with Tyrodes N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid buffer (20 mmol/L Tyrodes N-2-hydroxyethylpiperazine-N’-
2-ethanesulfonic acid, pH 7.4, 3.3 mmol/L NaH2PO4, 138 mmol/L NaCl, 2.7 mmol/L KCl, 1 
mmol/L MgCl2, 5.5 mmol/L dextrose) 0.2% bovine serum albumin and counted by using 
a hemocytometer. Platelet experiments were performed at room temperature within 8 
hours of venipuncture.
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Flow Cytometry Measurements of factor VIII binding
Factor VIII binding to lipospheres was measured using a Becton Dickinson FACSCalibur 
flow cytometer 34. Factor VIII was incubated with 5 x 10 6 lipospheres/mL in 0.15 M NaCl, 
0.04 M Tris-HCl, 0.1% defatted bovine albumin, 1.5 mM CaCl2, pH 7.8 for 15 minutes at 
room temperature before evaluating the binding of factor VIII to lipospheres. For mea-
surements in the presence of KM33scFv, 3 nM FVIII was incubated with KM33scFv for 30 
min at room temperature before lipospheres were added. Values from fVIIIYFP or fVIIIYFP 

2092/93 were corrected for the quantity of fluorescence from fVIIIYFP or fVIIIYFP 2092/93 (0-
100nM) incubated with lipospheres containing 100% PC membranes. Data acquisition 
was triggered by forward light scatter with all photomultipliers in the log mode. Noise 
was reduced during analysis by eliminating events with forward and side scatter values 
different from those characteristic of the lipospheres. Geometric mean log fluorescence 
was converted to linear fluorescence for values depicted in Figure 1.  In platelet binding 
experiments, platelets were activated with 10�µM TRAP or A23187 for 10 minutes at room 
temperature: 10 nM factor VIII was incubated with 107 activated platelets/mL for 10 min at 
room temperature and diluted 1:10 into N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid buffer, 0.2% bovine serum albumin immediately before evaluating factor VIII binding 
with flow cytometry. 

Microtiter assay of phospholipid vesicle binding
For nonequilibrium binding assays, microtiter wells were coated with mAb ESH8 (5�µg/
ml) and incubated overnight at 4°C. Next, wells were blocked with 0.15 M NaCl, 0.04 M 
Tris-HCl plus 3% defatted bovine albumin for 2 hours at 37°C. After blocking, wells were 
incubated with factor VIII for 1.5 hours at room temperature. Next, KM33scFv, BO2C11 or 
KM33scFv plus BO2C11 was added to the wells and this mixture was incubated for 1.5 hour 
at room temperature. Phospholipid vesicles containing 1% biotin-PE were then incubated 
2 hours at room temperature with the immobilized factor VIII. Streptavidin-horseradish 
peroxidase (HRP), 0.25 µM, was incubated with the vesicles. After washing the plates 3 
times, the substrate o-phenylene diamine dihydrochloride was added. After 15 minutes of 
incubation at room temperature, bound phospholipid vesicles were determined by mea-
suring the OD at 450 nm. All wells were washed 3 times between each incubation step 
with 0.15 M NaCl, 0.04 M Tris-HCl, pH 7.8.

Factor Xase assay
Factor Xase activity was measured with a 2-step amidolytic substrate assay. Sonicated 
phospholipid vesicles were mixed with 1 U/mL factor VIII, 4 nM factor IXa and 200 nM 
factor X in 0.15 M NaCl, 0.04 M Tris-HCl plus 0.2% (wt/vol) bovine serum albumin, pH 7.8. 
Phospholipid vesicles had compositions with the indicated Ptd-L-Ser content, 20% PE and 
the balance as PC. The reaction was started by adding Ca2+ and thrombin at a final con-
centration of 1.5 mM and 0.8 U/mL respectively. After 5 minutes of incubation at 25°C, 
the reaction was stopped by diluting the mixture 1:0.75 with 16 mM ethylenediaminetet-
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raacetic acid. The factor Xa activity was determined immediately in a thermostatted ki-
netic microtiter plate reader (Molecular Devices) at 25°C using S-2765. Absorbance values 
were converted into molar concentrations by using a standard curve of pure factor Xa. In 
platelet experiments with KM33scFv, 0.5 x 108 platelets/mL were used. In experiments with 
fVIIIYFP and fVIIIYFP 2092/93 0.2-0.25 x 108 platelets/mL were used. Platelets were activated 
with 10 µM TRAP or A23187 before adding coagulation factors. Reaction was performed 
as described in this section for phospholipid vesicles.

Surface Plasmon Resonance
Surface plasmon resonance analysis was performed employing a BIAcore3000 biosensor 
system (Biacore AB). Human monoclonal antibody EL14 was covalently coupled (53 fmol/
mm2) to the dextran surface of an activated CM5-sensor chip via primary amino groups, 
using the amine-coupling kit as prescribed by the supplier. Next, fVIIIYFP and fVIIIYFP 2092/93 
were loaded on EL14 to a density of 5 fmol/mm2. Factor VIII loaded chips were used for 
KM33scFv binding studies. For KM33scFv, association and dissociation were assessed in 150 
mM NaCl, 5 mM CaCl2, 0.005% (vol/vol) Tween 20, and 20 mM N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid (pH 7.4) at a flow rate of 20 µL/min for 4 minutes at 25°C.  
Association and dissociation curves were corrected for nonspecific binding, which was 
less than 5% of the total signal.

Results

Anti-C1 monoclonal antibody inhibits binding of factor VIII to phospholipid 
membranes. 
To confirm that the epitope of KM33scFv  includes the amino acids at the lower tip of the 
factor VIII C1 domain we prepared a factor VIII mutant (fVIIIYFP 2092/93) in which residues 
K2092 and F2093 were changed to alanines. Mutations were prepared within a construct 
where the factor VIII B domain was replaced by yellow fluorescent protein to facilitate 
evaluation of membrane binding (fVIIIYFP) 30. Binding of KM33scFv to fVIIIYFP 2092/93 was 
greatly reduced compared to fVIIIYFP  confirming the importance of K2092 and F2093 in 
the KM33scFv epitope (Figure 1A). These residues protrude from a surface that is orientated 
at the same direction as the established lipid-binding loops of the C2 domain (Figure 1B). 
To determine whether the C1 domain epitope of KM33 (Figure 1A and 1B) is involved in 
membrane binding, we performed membrane-binding experiments in the presence of 
KM33scFv. The effect of KM33scFv was investigated by flow cytometry utilizing membranes 
supported by glass microspheres (lipospheres) as a model to investigate the binding of 
factor VIII (Figure 1C) 34. KM33scFv inhibited approximately 95% of the binding of factor VIII 
to membranes containing 15% Ptd-L-Ser. These data suggest that the C1 domain of factor 
VIII is involved in binding to phospholipid membranes. 

binnenwerk-chapter-def.indd   31 12-07-2011   11:30:05



32

Figure 1

Identification of a factor VIII C1 domain epitope that participates in binding to phospholipid 
membranes. 
(A) Factor VIII residues K2092 to F2093 are critical for KM33 binding. KM33scFv (5nM) was passed over 

fVIIIYFP or fVIIIYFP 2092/93  as described in detail in “Surface Plasmon Resonance”. Dissociation was 

initiated upon replacement of ligand solution by buffer. (B) Space-filling display of the C1 and C2 do-

mains of factor VIII crystal structure (PDB ID: 2r7e). The C2 domain is depicted in dark grey, whereas 

the C1 domain is medium grey. Mutated residues of the KM33scFv epitope on the C1 domain and 

the 4 membrane-interactive hydrophobic residues of the C2 domain are highlighted by coloring 

according to the CPK scheme. (C) KM33scFv inhibits membrane binding of factor VIII. Fluorescein-

labeled factor VIII (3 nM) was incubated with KM33scFv (0-12.5 nM) before the addition of 15% Ptd-

L-Ser containing lipospheres. After 15 minutes, bound factor VIII was measured by flow cytometry. 

The result displayed represents the average of 2 experiments. (D) fVIIIYFP 2092/93 has reduced affinity 

for phospholipid membranes. fVIIIYFP ( ■�) or fVIIIYFP 2092/93 (�▲ ) was incubated with lipospheres 

containing 15% Ptd-L-Ser. After 15 minutes, bound factor VIII was determined by flow cytometry. 

Data represents the mean ± SEM of 3 experiments. KD values obtained from fitted curves were 31 ± 

2 nM for fVIIIYFP and 91 ± 6 nM for factor fVIIIYFP 2092/93. The KD value for fVIIIYFP 2092/93 was obtained 

by assuming the maximum phospholipid binding, at saturation, would be equivalent to wild type 

factor VIII.
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Role of C1 amino acids Lys 2092/Phe 2093 in membrane binding. 
Binding of fVIIIYFP and fVIIIYFP 2092/93 to lipospheres was determined by flow cytometry 
(Figure 1D). The results indicated that fVIIIYFP 2092/93 has reduced affinity for membranes 
containing 15% Ptd-L-Ser when compared to fVIIIYFP. The apparent dissociation constants 
were 31 plus or minus 2 nM and 91 plus or minus 6 nM for fVIIIYFP and fVIIIYFP 2092/93 res- 
pectively. Thus, mutation of Lys 2092 and Phe 2093 leads to an approximately 3-fold re-
duction in affinity for membrane-binding sites. The apparent KD of fVIIIYFP is somewhat 
higher than wild-type recombinant factor VIII 1, 34 as discussed in “Discussion”. We also in-
vestigated the binding of fVIIIYFP and fVIIIYFP 2092/93 to lipospheres containing 4% Ptd-L-Ser 
membranes. However, the binding curves of fVIIIYFP 2092/93 did not reach a clear inflection 
point at achievable protein concentrations (data not shown). These results suggest that 
Lys 2092 and/or Phe 2093 of the factor VIII C1 domain are involved in binding to phospho-
lipid membranes.

The KM33 C1 domain epitope is required for full cofactor function of factor VIII.
To evaluate the functional importance of the KM33 epitope, we performed a factor Xase 
assay in the presence and absence of KM33scFv. The generation of factor Xa was measured 
in the presence of various concentrations of phospholipid vesicles containing 15% or 4% 
Ptd-L-Ser (Figure 2A and 2B). The half-maximal phospholipid concentrations were 0.26 
µM and 4.0 µM for phospholipid vesicles containing 15% or 4% Ptd-L-Ser respectively. 
Factor VIII bound to KM33scFv was unable to support factor Xase activity to any appre-
ciable extent in the presence of 4% Ptd-L-Ser containing phospholipid vesicles. Similar 
results were obtained with phospholipid vesicles containing 15% Ptd-L-Ser. In the pre-
sence of KM33scFv a higher concentration of vesicles was required and approximately 5% 
factor Xase activity remained. These results indicate that blockade of the KM33 epitope 
diminishes the phospholipid-dependent function of factor VIII, leading to approximately 
95% reduction of activity. 

We next investigated whether Lys 2092 and/or Phe 2093 are necessary for the cofactor 
function of factor VIII in the factor Xase complex (Figure 2C and 2D). The results demon-
strate that the apparent affinity of fVIIIYFP 2092/93 for phospholipid vesicles with 15% Ptd-
L-Ser was slightly decreased compared to wild-type factor VIII and fVIIIYFP. Apparent half-
maximal phospholipid concentrations were 0.22 µM and 0.88 µM for fVIIIYFP and fVIIIYFP 

2092/93 respectively. These implied dissociation constants are similar to the equilibrium 
binding values, where we found a 3-fold reduction in affinity of the mutant for 15% Ptd-
L-Ser membranes. However, the maximum activity of fVIIIYFP 2092/93 was at least as high as 
fVIIIYFP when saturating vesicles were present, indicating that KM33scFv inhibits activity to 
a greater extent than mutation of Lys 2092/Phe 2093. When the Ptd-L-Ser content was 
reduced to 4% (Figure 2D) the apparent affinity and the cofactor function of fVIIIYFP 2092/93 
were greatly impaired. Assuming the same equilibrium plateau as wild type factor VIII or 
fVIIIYFP, the affinity of the mutant was decreased about 40-fold.
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Figure 2

Function of KM33 epitope in activity of factor VIII. 
KM33scFv inhibited activity of factor VIII on vesicles with 15% Ptd-L-Ser (A) and on vesicles with 4% 

Ptd-L-Ser (B). Factor VIII (1U/ml) in the absence ( ■�) or presence (�▲ ) of excess KM33scFv was added 

to various concentrations of phospholipid vesicles.  Factor VIII was preincubated with KM33scFv for 

30 minutes at room temperature. Displayed values represent the mean ± SEM for 3 separate ex-

periments, each performed in duplicate. (C-D) FVIIIYFP K2092A/F2093A had diminished apparent affinity 

for phospholipid vesicles. fVIIIYFP ( ■�) or fVIIIYFP 2092/93 (�▲ )(1U/ml) was added to various concen-

trations of phospholipid vesicles containing 15%Ptd-L-Ser (C) or 4%Ptd-L-Ser (D), and activity was 

measured as described for panels A and B. Each point represents the mean value ± SEM of 3 experi-

ments.  Curves were fitted to a single-site binding model, assuming that vesicles offered a single 

class of binding sites, and fitted with nonlinear least squares curve fitting.

Additional results indicated that saturation of factor Xase complex supported by fVIIIYFP 
occurred at a phospholipid concentration of 32 µM. In contrast, the fVIIIYFP 2092/93 did not 
exhibit a clear inflection point at phospholipid concentration of 128 µM (data not shown).  
These results confirm that the affinity of factor VIII for phospholipid membranes is reduced 
when Lys 2092 and Phe 2093 are replaced by alanines.
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Factor VIII binding to phospholipid vesicles in the presence of monoclonal antibo-
dies against the C1 and the C2 domain. 
To gain additional insights into the contributions of the C1 domain versus the C2 do-
main to binding phospholipid vesicles we developed a nonequilibrium binding assay. The 
binding of sonicated vesicles to immobilized factor VIII was investigated in the presence 
of KM33scFv, and/or mAb BO2C11 (Figure 3). BO2C11 is a human monoclonal antibody 
originally derived from a haemophilia A patient. Epitope mapping of this antibody indi-
cated that BO2C11 interacts with residues located between amino acids residues 2170 to 
2216 and 2302 to 2332 of the carboxy-terminal region of the C2 domain of factor VIII 37. 
A co-crystal of B02C11 and the factor VIII C2 domain indicates that B02C11 engages the 
membrane-interactive hydrophobic amino acids of the C2 domain (Figure 1A) 21. Factor 
VIII was immobilized via monoclonal antibody ESH8 and then incubated with KM33scFv, 
BO2C11 or both antibodies together. Next, the immobilized factor VIII-antibody complex-
es were incubated with phospholipid vesicles containing biotin-PE. After washing, the 
quantity of bound phospholipid vesicles was determined with ExtraVidin-HRP reagents 
(see “Microtiter assay of phospholipid vesicle binding”). 

As expected, BO2C11 inhibits binding of factor VIII to phospholipid vesicles (Figure 3). 
Binding to phospholipid vesicles with 4% Ptd-L-Ser is completely inhibited by BO2C11 
(Figure 3B) whereas binding to vesicles containing 15%Ptd-L-Ser was not inhibited com-
pletely (Figure 3A). This implies that a domain besides C2 contributes to binding phos-
pholipid membranes. The binding of factor VIII to phospholipid vesicles was also inhibited 
in the presence of KM33scFv. The degree of inhibition was dependent on the amount of 
Ptd-L-Ser present in the phospholipid vesicles. KM33scFv had only a small effect on bind-
ing of vesicles containing 15% Ptd-L-Ser to factor VIII (Figure 3A). In contrast, binding 4% 
Ptd-L-Ser vesicles was inhibited approximately 75% (Figure 3B) at a 50 µM phospholipid 
concentration, with a larger apparent impact on the implied affinity. The combination of 
B02C11 and KM33scFv inhibited more than 85% of measured binding to vesicles with 15% 
Ptd-L-Ser. These results confirm that the C1 domain contributes to membrane binding 
and that the requirement of the C1 domain is related to the Ptd-L-Ser content.

The C1 domain region 2092/2093 is involved in the interaction with the platelet 
membrane. 
To assess the role of this region in interaction with the platelet membrane, we performed 
binding studies by flow cytometry and factor Xase assays with human platelets from 
healthy blood donors (Figure 4). Platelets were purified by using a density gradient and 
activated with either TRAP or A23187 in order to induce limited or complete Ptd-L-Ser 
exposure 38.
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Figure 3

Effect of KM33scFv and/or anti-C2 domain mAb BO2C11 on vesicles binding to immobilized factor 
VIII. 
Immobilized factor VIII was incubated with a molar excess of KM33scFv and/or BO2C11. Various con-

centrations of vesicles containing 1% biotin-PE and either 15% Ptd-L-Ser (A) or 4% Ptd-L-Ser (B) were 

incubated with the immobilized complex of factor VIII with inhibitory antibodies. Data show factor 

VIII without inhibitory antibodies (�■ ), in the presence of KM33scFv (�▲ ), in the presence of BO2C11 

(�◆ ), or both KM33scFv BO2C11 (�● ). Each point represents the mean value ± SEM of 4 (A) or 3 (B) 

experiments.
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Figure 4

Effect of KM33scFv on factor VIII binding to and function on platelets. 
(A) Fluorescein maleimide-labelled factor VIII was preincubated with KM33scFv for 30 minutes at 

room temperature. Platelets were stimulated with 10 µM TRAP or A23187 for 10 minutes and then 

incubated with factor VIII-fluorescein (10 nM) at room temperature. Bound factor VIII was measured 

after 10 minutes by flow cytometry. Values were corrected for the quantity of fluorescence from 

factor VIII ± KM33scFv in the presence of resting platelets (21-33 fluorescence units). Bars represent 

mean ± SEM of 3 experiments. (B) Factor VIII (5 U/ml) was incubated with KM33scFv for 30 minutes at 

room temperature. Factor VIII-antibody complex was added to platelets activated for 10 minutes at 

room temperature with either 10 µM TRAP or A23187. Factor IXa, factor X, and Ca2+ were added to 

start the reaction. After 5 minutes the reaction was stopped with ethylenediaminetetraacetic acid, 

and the generation of factor Xa was measured by monitoring the rate of cleavage of chromogenic 

substrate S2765. Values represent the average of 3 experiments and are normalized for comparison 

of the extent of inhibition. Maximum activity ranged from 8 to 18 nM FXa generated for TRAP-stimu-

lated platelets and from 60 to 157 nM FXa generated for A23187-stimulated platelets.

A

B
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KM33scFv inhibited 80 to 95% of binding of factor VIII to platelets stimulated with either 
TRAP or A23187. KM33scFv inhibited the platelet-supported activity of factor VIII more than 
95% for both agonists. These results confirm that the C1 domain of factor VIII is required 
for normal platelet binding as well as full function of factor VIII. 

We next investigated the binding of fVIIIYFP and fVIIIYFP 2092/93 to platelets by flow cytometry 
(Figure 5A). fVIIIYFP 2092/93 showed reduced binding to platelets stimulated with A23187, as 
predicted. However, the binding of fVIIIYFP 2092/93 to TRAP-stimulated platelets was compa-
rable with fVIIIYFP. These results imply that the role of Lys 2092 and/or Phe 2093 in binding 
to TRAP-stimulated platelets differs from the role in binding to membranes with 4% Ptd-
L-Ser and from the role in binding to platelets with complete Ptd-L-Ser exposure. A factor 
Xase assay was performed to assess the role of these amino acid residues in the plate-
let-dependent factor Xase complex (Figure 5B). Function of fVIIIYFP 2092/93 was decreased 
more than 80% compared to fVIIIYFP when platelets were stimulated with either TRAP or 
A23187. These results confirm that amino acids Lys 2092 and/or Phe 2093 are necessary 
for normal function on the platelet membrane. 

Contributions of Lys 2092 and Phe 2093 in relationship to membrane Ptd-L-Ser 
content. 
To assess the distinct contribution of residues 2092 and 2093, single point mutations of 
fVIIIYFP were prepared. Mutants were evaluated in a factor Xase assay, where activity was 
measured as a function of the Ptd-L-Ser content of vesicles (Figure 6). Function of fVIIIYFP 
2092 was only slightly reduced compared to fVIIIYFP on vesicles with less than12% Ptd-L-
Ser (Figure 6A) and was equivalent for vesicles with higher Ptd-L-Ser content. In contrast, 
activity of fVIIIYFP 2093 (Figure 6B) was markedly reduced for vesicles with 4% Ptd-L-Ser 
and moderately reduced for vesicles with 8% Ptd-L-Ser. Activity was at least as high as 
for vesicles with at least 12% Ptd-L-Ser. As predicted from results in Figure 2, acti-vity of 
fVIIIYFP 2092/93 was reduced for vesicles with Ptd-L-Ser content less than 20% (Figure 6C). 
The extent of activity decrease was greater than with either isolated point mutation. 
These results indicate that Phe 2093 makes a larger contribution than Lys 2092 in binding 
to membranes with Ptd-L-Ser content less than12%. However, both residues appear to 
contribute to membrane binding because activity of fVIIIYFP 2092/93  is lower than activity 
for either single mutant.

CHAPTER 2
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Figure 5

Function of Lys 2092 and Phe 2093 in binding to platelets and platelet-dependent activity.
 (A) fVIIIYFP (solid columns) or fVIIIYFP 2092/93 (open columns) (10 nM) were incubated with platelets 

stimulated with TRAP or A23187. After 10 minutes incubation at room temperature, bound factor 

VIII was determined by flow cytometry. Values were corrected for the quantity of fluorescence from 

factor VIII in the presence of resting platelets (7-11 fluorescence units). Bars represent mean ± SEM 

of at least 4 experiments. (B) Platelets were activated with TRAP or A23187 for 10 minutes at room 

temperature and added to factor VIII, factor IXa, factor X, and Ca2+. After 5 minutes, the reaction 

was stopped by adding 16 mM ethylenediaminetetraacetic acid. The generation of factor Xa was 

measured by monitoring the rate of cleavage of chromogenic substrate S2765. Solid columns repre-

sent fVIIIYFP; open columns, fVIIIYFP 2092/93. Data represent mean ± SEM for 4 experiments. Maximum 

activity for TRAP-stimulated platelets ranged from 0.5 to 5.5 nM (fVIIIYFP) and 0 to 1.0 nM (fVIIIYFP 

2092/93 )  FXa generated and from 37 to 61 nM (fVIIIYFP) and 9 to 21 nM (fVIIIYFP 2092/93 ) FXa generated 

for A23187-stimulated platelets.
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Figure 6

Cofactor activity of mutants lacking Lys 2092 
and/or Phe 2093 as a function of Ptd-L-Ser 
content in phospholipid vesicles. 
(A) Activity of fVIIIYFP (�■ ) was compared with 

fVIIIYFP 2092 (�▲ ) for vesicles with Ptd-L-Ser con-

tent ranging from 0% to 20%. (B) fVIIIYFP 2093 

(�▲ ) was compared with fVIIIYFP (�■ )  . 

(C) fVIIIYFP 2092/2093 (�▲ ) was compared with  

fVIIIYFP ( ■�). Results indicate that fVIIIYFP 2093 

has intermediate impairment when Ptd-L-Ser 

content is less than 12%, whereas fVIIIYFP 2092 

has activity approaching fVIIIYFP. The concen-

tration of factor VIII was 1U/ml and vesicle 

composition was 0% to 20% Ptd-L-Ser, 20% PE, 

with the balance as PC. Assays were performed 

as for Figure 2. Each point represents the mean 

± SEM for 3 experiments, each performed in 

duplicate.  Data and curve for fVIIIYFP are dis-

played in panels A to C.
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Discussion

This study demonstrates that the factor VIII C1 domain is a component of the phospho-
lipid membrane binding mechanism. Amino acids Lys 2092 and Phe 2093, at the tip of the 
C1 domain, participate in the membrane binding, enhancing the function of factor VIII. 
The membrane-binding contribution of the factor VIII C1 domain is large for membranes 
with low Ptd-L-Ser content but modest for membranes with 15% Ptd-L-Ser. The factor VIII 
C1 domain also participates in binding to platelets where engagement of the C1 domain 
is necessary for full cofactor function.

Our findings are consistent with several prior reports. A preliminary report with antibody 
LE2E9, directed against the C1 domain, showed impaired membrane binding, thus sug-
gesting that the C1 domain participates in binding to phospholipid vesicles 39. Experi-
ments with the C1C2 domain fragment of factor VIII versus the C2 domain fragment indi-
cated that the C1 domain contributes to platelet binding 27. Our results both confirm and 
extend these platelet studies by identifying membrane-interactive amino acids within the 
C1 domain and the role in binding platelets with maximal versus partial Ptd-L-Ser expo-
sure. In addition, our study demonstrates the functional importance of the C1 domain for 
the platelet-supported factor Xase complex. As previously reported, we confirmed that 
the C2 domain contains the major membrane-interactive motif with the C1 domain pro-
viding additional membrane binding affinity 14, 40, 41.

Our results with the factor VIII C1 domain parallel studies with the factor V C1 domain. For 
factor V, residues of both C domains have been identified as membrane binding residues. 
Tyr 1956 and Leu 1957 of the factor V C1 domain, homologous with Lys 2092 and Phe 
2093 of factor VIII, are involved in these interactions 17, 18. A factor V mutant in which these 
residues were replaced by alanine had impaired binding to membranes with 5% Ptd-L-Ser 
but near normal affinity to membranes with 25% Ptd-L-Ser 17.

We developed a new assay for measuring phospholipid vesicle binding (Figure 3). In this 
assay, factor VIII is immobilized by monoclonal antibody ESH8 and binding of biotin-la-
belled vesicles is detected with avidin-HRP. Previous studies have shown that ESH8 is a 
minimally-interfering tag to investigate membrane binding 27, 42, 43. The value of the assay 
is that it appears to report lower affinity binding interactions that are difficult to observe 
with our solution phase, quasi-equilibrium assays 34. The time frame for the prior assays 
emphasizes that they predominantly measure the more rapid phases of membrane asso-
ciation and dissociation. The high phospholipid concentrations, longer incubation times, 
and multiple wash steps in the new assay predict that the new assay allows time for com-
pletion of the slower association step and detects binding that has not yet completed the 
slower dissociation step 44. It is also possible that proximity of phospholipid vesicles to the 
microtiter well surface enhances the binding interaction with factor VIII.
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Identification of Lys 2092 and Phe 2093 as membrane-interactive residues confirms that 
the overall orientation of factor VIII to a phospholipid membrane is similar to that predic-
ted by the recent crystal structures of factor VIII 25, 26. The orientation of the Lys 2092 side 
chain varies modestly between the 2 structures. However, crystal structures at this level of 
resolution (4Å and 3.8Å) cannot precisely define the orientation of side chains and either 
structure is consistent with exposure of Lys 2092 to mAb KM33 and to a phospholipid 
membrane. Lys 2092 and Phe 2093 reside along an imaginary line drawn through the pre-
viously identified pairs of hydrophobic, membrane interactive amino acids of the factor 
VIII C2 domain, presumably in a plane that corresponds to the interfacial region of a phos-
pholipid bilayer (Figure 1B). The experimental data do not establish the angle of elevation 
of the C1C2 domains about the line of membrane engagement. Additional experiments, 
identifying membrane-interactive residues at a distance from the line of engagement will 
be necessary to determine the plane of engagement.

KM33scFv decreased membrane affinity and factor VIII activity more than mutation of Lys 
2092 and Phe 2093 to alanines. This difference implies either that additional amino acids 
of the C1 domain participate in membrane interaction or that steric hindrance of the pre-
ferred orientation of the C1 domain leads to further diminution of membrane affinity. We 
are currently testing the hypothesis that additional C1 domain amino acids participate in 
membrane binding.

The C1 domain apparently has greater importance for engagement of membranes with 
4% Ptd-L-Ser versus 15% Ptd-L-Ser. This difference parallels data reported for factor V, 
when homologous mutations were made in the C1 domain 17. These data underscore pri-
or results that indicate that factor VIII has 2 distinct modes of membrane binding 2. When 
the membrane content of Ptd-L-Ser is less than or equal to�8%, binding is dependent on 
stereo-selective interaction with the head group of Ptd-L-Ser. When the Ptd-L-Ser content 
is more than or equal to 15% the interaction is not specific for Ptd-L-Ser, with other nega-
tively charged phospholipids serving to support high affinity binding. The results from 
our experiments indicate that the different mechanism uses different facets of factor VIII, 
or at least that different amino acids have substantially different importance for mem-
branes with a high content of negatively charged lipids. 

The total contribution of the Lys 2092/Phe 2093 is approximately 3-fold change in affi-
nity, or approximately 0.8 kcal/mol, for membranes with 15% Ptd-L-Ser. This is a smaller 
contribution than would be predicted for loss of immersion of Phe in a hydrophobic en-
vironment or loss of a salt bridge between Lys and a negatively charged phosphatidyl-
serine moiety and we have considered three possible explanations. First, the relatively 
small loss of binding affinity may be explained by the difference between engagement 
of the K2093/F2093 motif and an alternative membrane-interactive motif, presumably on 
the C1 domain. Studies with the isolated factor VIII C2 domain suggest that the alternate 

CHAPTER 2
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membrane-interactive motif is unlikely to reside there (V.N. Novakovic and G.E.G unpub-
lished observations, sept 2008). Second, a possible explanation for the relatively small loss 
of binding affinity results from an unfavorable conformational change induced by mem-
brane binding. The change could be within the factor VIII C2 or C1 domain, or a change 
in the orientation of the C2 domain 25. A third possibility is that engagement of the Lys 
2092/Phe 2093 motif with a phospholipid membrane may alter the local configuration 
of the phospholipid membrane in a manner that makes engagement of the C2 domain 
less favourable. It appears possible that the contribution of Lys 2092/Phe 2093 motif ap-
proaches that predicted by a model in which Phe 2093 provides a major hydrophobic 
interaction. It is possible that the Lys 2092 charge helps to orient factor VIII for favourable 
membrane interaction during approach to the membrane and/or that Lys 2092 partici-
pates in the binding affinity via formation of hydrogen bond(s). 

We note that the affinity of fVIIIYFP for phospholipid membranes is approximately 10-fold 
lower than wild type factor VIII 1. This implies that the YFP domain has either a partial 
steric hindrance of a phospholipid membrane or that the YFP domain subtly modifies the 
factor VIII structure in such a way that phospholipid binding is altered. We do not think 
that this modest difference inhibits interpretation of our data. First, fVIIIYFP was used as 
controls for all binding experiments with fVIIIYFP 2092/93. fVIIIYFP was also used as the control 
for functional studies. Under these circumstances the membrane affinity is unlikely to be 
altered by YFP because YFP is removed when thrombin activates factor VIII 30, 45. Indeed, 
the implied affinity of fVIIIYFP for vesicles under these circumstances is similar to recombi-
nant wild type factor VIII (Figure 2).

An interesting result found in our study is that the binding of fVIIIYFP 2092/93 to TRAP- sti-
mulated platelets is comparable with fVIIIYFP binding. This differs from binding of fVIIIYFP 

2092/93 to A23187 stimulated platelets, which was reduced, compared with fVIIIYFP binding. 
Platelets stimulated by A23187 concentrations more than 1.0 µM have Ptd-L-Ser content 
of 10% to15% in the external membrane 38. Thus, the Ptd-L-Ser content of A23187-stimu-
lated platelets appears to reasonably explain the altered binding and function of fVIIIYFP 

2092/93. The Ptd-L-Ser content on the surface of platelets stimulated by thrombin or TRAP 
is considerably lower 37, possibly in the range of 4% Ptd-L-Ser, as the vesicles used in this 
study. Thus, the equivalent binding of fVIIIYFP 2092/93 does not appear to be well explained, 
based on membrane Ptd-L-Ser content. This raised the question as to whether an un-
identified component of platelet membranes is involved in binding to factor VIII. The me-
chanism behind the specific interaction of factor VIII and the platelet membrane and the 
components involved in this interaction remains a target for further investigation.

This report indicates that protruding amino acids at the tip of the factor VIII C1 domain 
participate in binding to Ptd-L-Ser-containing membranes and that engagement of these 
residues with the activated platelet membrane is essential for full activity of factor VIII. 
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These findings pave the way for studies that will more fully define the facet(s) of the C1 
domain that engage the membrane bilayer and determine whether the stereoselective 
Ptd-L-Ser recognition capability resides within the C1 domain.
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Abstract

Factor VIII (FVIII) catabolism has been demonstrated to involve LDL receptor-related pro-
tein (LRP). We have established that antibody fragment KM33 inhibits cofactor function 
of FVIII by interacting with the membrane binding region 2092-2093 of the C1 domain. 
As KM33 also inhibits LRP-dependent uptake of FVIII, we now assessed the role of region 
2092-2093 for LRP-dependent endocytosis. For this purpose, we employed functional 
fluorescent FVIII-YFP or -GFP derivatives and U87MG cells which express high levels of 
LRP. Confocal microscopy studies and flow cytometry analysis combined with siRNA tech-
nology showed that the fluorescent FVIII derivatives are indeed effectively internalized 
by U87MG cells in a LRP-dependent manner. Competition experiments employing an an-
tagonist of the LDL receptor family members revealed that there is a cell surface binding 
event for FVIII, which is independent of LRP. Cell surface binding proved to be less ef-
fective for the FVIII-YFP variants K2092A, F2093A and K2092A/F2093A. Surface plasmon 
resonance analysis showed that these substitutions affect LRP binding as well. Finally, 
flow cytometry analysis revealed a major reduction of endocytic uptake of these FVIII-YFP 
variants. Our results demonstrate that C1 domain residues 2092-2093 are of major impor-
tance for FVIII endocytosis by contributing to cell surface binding and receptor binding. 

Introduction 

Coagulation factor VIII (FVIII) functions in the coagulation cascade as a cofactor of acti-
vated factor IX that catalyses the conversion of factor X into its activated derivative 1. The 
importance of FVIII within the cascade is illustrated by the notion that functional absence 
of FVIII is associated with the bleeding disorder haemophilia A. Intravenous infusion with 
either recombinant or plasma-derived FVIII has proven to effectively restore the blood 
clotting mechanism. This treatment, however, is severely hampered by the fact that FVIII 
is rapidly removed from the circulation. Research is therefore focussing on the design of 
functional FVIII derivatives with a prolonged in vivo half life 2. Yet, the mechanisms that 
remove FVIII from the circulation have remained poorly understood.

FVIII is a multi-domain protein consisting of a light chain (domains: A3-C1-C2) that is non-
covalently linked to a heavy chain (domains: A1-A2-B) 1. The light chain harbours the bind-
ing sites for Von Willebrand Factor (VWF) that forms a tight complex with FVIII in plasma3. 
In this complex FVIII is protected from even faster clearance from the circulation 4. Func-
tional defects in FVIII – VWF complex formation cause therefore a secondary deficiency of 
FVIII leading to a haemophilia A phenotype 5. These observations demonstrate that VWF 
binds or sterically blocks amino acid regions that contribute to the removal of FVIII from 
the circulation. 

CHAPTER 3
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A receptor that effectively mediates cellular uptake and degradation of FVIII is LDL re-
ceptor-related protein (LRP). Compatible with this notion, it has been demonstrated that 
infusion of Receptor Associated Protein (RAP), which antagonizes ligand binding to LDL 
receptor family members, results in a reduced in vivo clearance rate of FVIII 7-9. A direct role 
for LRP in maintaining the FVIII plasma level has been established by our group employ-
ing a mouse model with a conditional LRP deficiency 10. In vivo studies further showed 
that the related LDL receptor acts in a concerted manner with LRP in the catabolism of 
FVIII12. Other endocytic receptors that have been suggested to mediate the cellular up-
take of FVIII include asialoglycoprotein receptor, VLDL receptor and the macrophage 
mannose receptor 12-16. An in vivo role for these receptors in the catabolism of FVIII is how-
ever unclear. All these receptors do seem to have in common that their binding affinity 
for FVIII is low relative to the FVIII plasma concentration. For the LRP-dependent clearance 
mechanism, it has been proposed that FVIII requires pre-concentration on the surface of 
a cell prior to LRP-dependent endocytosis 17. This implies that the binding interaction of 
FVIII with the cell surface is particularly effective. Employing the isolated A2 domain and 
a peptide comprising amino acid region 558-565 of FVIII, it has been suggested that this 
cell surface binding event is mediated by a heparin binding site located in region 558-565 
of the A2 domain of FVIII 17.

Multiple interactive regions have been identified in FVIII for binding LRP. Region 484-509 
has been demonstrated to comprise a high affinity LRP binding site. This region, however, 
is only exposed for interaction with LRP after proteolytic activation of FVIII 20. The main 
LRP binding region of non-activated FVIII is located in the FVIII light chain 6. We have pre-
viously shown that the amino acids 1811-1818 of the A3 domain encompass at least one 
of the regions that contribute to the interaction with LRP 11. The notion that the main LRP 
binding region is located in the light chain is fully compatible with the observation that 
VWF effectively blocks LRP binding and LRP mediated endocytosis 6. The exact nature of 
the LRP binding region within the FVIII light chain, however, remains to be established. 

We have previously found that single-chain variable domain antibody fragment KM33 in-
hibits the LRP-dependent endocytosis of FVIII 21. Next to this finding, we have established 
that KM33 requires C1 domain residues 2092-2093 for binding FVIII. This finding suggests 
that region 2092-2093 may play a role in the endocytic uptake mechanism of FVIII. How-
ever, as the antibody fragment is about equal in size to the C1 domain of FVIII, the inhibi-
tion of endocytosis could also be explained by steric hindrance of other FVIII regions. In 
the present study, we now investigated the role of region 2092-2093 in the cellular uptake 
of FVIII employing FVIII variants with substitutions in region 2092-2093. The data show 
that this region is of major importance for mediating the endocytosis of FVIII.
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Materials / Methods 

Materials
Fine chemicals employed in this study were all from Merck (Darmstadt, Germany) unless 
otherwise stated. Trypsin and lipofectamine L2000 were supplied by Invitrogen (Breda, 
the Netherlands). DMEM/F12 medium was from Lonza (Breda, the Netherlands), fetal calf 
serum from HyClone (Thermo Fisher Scientific). U87MG cells were obtained from ATCC 
(HTB-14). On target plus smart Human LRP1 was from Thermo Scientific and siRNA scram-
ble (siRNA control) was obtained from Qiagen (Netherlands). 

Proteins
LRP and fluorescein iso-thiocyanate (FITC)-labelled α2-macroglobulin were obtained from 
BioMac (Leipzig, Germany), Annexin V from Sigma-Aldrich (Zwijndrecht, the Netherlands). 
Expression and purification of glutathione-S-transferase (GST)-RAP in expression vector 
pGEX-KG was performed as described 23. GST-RAP was subsequently labelled with FITC us-
ing the FluoReporter FITC labelling kit from Invitrogen (Carlsbad, USA). Full length mono-
clonal antibody (mAb) VK34 (directed against FVIII heavy chain) was constructed from the 
VK34 single chain variable domain antibody fragment essentially as described 24, 25. VK34 
was purified from concentrated medium using Protein A-Sepharose in 50 mM Tris (pH 
7.4), 800 mM NaCl. VK34 was eluted using 0.1 M citric acid pH 4.0. Samples were dialysed 
against 0.1 M NaHCO3, 0.5 M NaCl, (pH 8.3) and coupled to CNBr-Sepharose 4B. FVIII-GFP 
and FVIII-YFP and variants thereof were constructed and expressed by HEK293 cells as 
described 22, 26. These FVIII derivatives were purified from concentrated medium by im-
munoaffinity chromatography employing mAb VK34 coupled to CNBr-Sepharose 4B. FVIII 
was loaded on the VK34 Sepharose column in 50 mM Imidazole (pH 6.7), 50 mM CaCl2, 0.8 
M NaCl. After loading, the column was subsequently washed with 50 mM Imidazole (pH 
6.7), 50 mM CaCl2, 0.8 M NaCl buffer and 50 mM Imidazole (pH 6.4), 40 mM CaCl2, 5% (v/v) 
ethylene glycol buffer. Next, FVIII was eluted from the VK34 Sepharose column in 50 mM 
Imidazole (pH 6.4), 40 mM CaCl2, 55% (v/v) ethylene glycol. FVIII containing fractions were 
diluted in 50 mM Tris (pH 8.8), 100 mM NaCl, 5 mM CaCl2, 10% (v/v) glycerol and adsorbed 
to Q Sepharose FF (Amersham Biosciences, Belgium). Subsequently, the Q column was 
washed with 50 mM Tris (pH 8.0), 100 mM NaCl, 5 mM CaCl2, 10% (v/v) glycerol. FVIII was 
eluted from the Q Sepharose column in 50 mM Tris (pH 7.4), 5 mM CaCl2, 0.8 M NaCl, 10% 
(v/v) glycerol. FVIII-containing fractions were dialyzed against 50 mM Tris (pH 7.4), 5 mM 
CaCl2, 0.8 M NaCl, 50% (v/v) glycerol and stored at -20˚C. Total protein and FVIII antigen 
and activity levels were determined as described26.

Flow Cytometry Analysis
FVIII binding and uptake was measured using a fluorescence-activated cell sorter (Becton 
Dickinson LSR II flow cytometer). Noise was reduced during analysis by eliminating events 
with forward and side scatter values different from those characteristic for U87MG cells. 

CHAPTER 3
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Flow cytometry data were collected using FacsDiva version 5.0.3 (Becton Dickinson) and 
downloaded into the program FlowJo for analysis. The results were converted into a his-
togram from which the mean fluorescence intensity (MFI) of the cells was determined. 

Ligand binding to and uptake by U87MG cells
U87MG cells were grown in 24 well plates for 48 hours on Eagle’s minimal essential me-
dium (EMEM) supplemented with 10% heat inactivated foetal calf serum (FCS) at 37˚C in 
5% CO2. For the endocytic uptake experiments, cells were washed with a buffer contain-
ing 10 mM HEPES (pH 7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4 and incu-
bated with FVIII-YFP, FITC- α2-macroglobulin, or FITC-RAP in the same buffer for 15 min-
utes at 37˚C. After incubation with the ligands, cells were washed respectively with the 
same HEPES buffer and TBS (20 mM Tris-HCl (pH 7.4), 150 mM NaCl). Cells were collected 
employing trypsin, neutralized with EMEM supplemented with 10% heat inactivated FCS, 
washed with TBS and re-suspended in TBS supplemented with 0.5% (w/v) bovine serum 
albumin (BSA). Uptake of fluorescent ligands was determined by flow cytometry analysis. 
For cell binding studies, cells were incubated for 15 minutes in 10 mM HEPES (pH 7.4), 135 
mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4 at 4˚C. Next, cells were incubated with 
the FVIII-YFP derivatives for 45 minutes at 4˚C in the same buffer. After incubation with 
FVIII, cells were washed with ice cold TBS and ice cold TBS supplemented with 0.5% (w/v) 
BSA. Cells were scraped and re-suspended in TBS, and 0.5% (w/v) BSA. FVIII binding was 
determined by flow cytometry analysis. 

siRNA LRP knockdown studies
U87MG cells were grown in 24 wells plates on EMEM supplemented with 10% heat in-
activated FCS at 37˚C in 5% CO2. After 24 hours cells were incubated with a mixture of 
50 nM siRNA LRP or siRNA control and lipofectamine L2000 for 4 hours and afterwards 
grown on EMEM containing 50% heat inactivated FCS. After another 48 hours cells were 
incubated once more with a siRNA LRP or siRNA control and lipofectamine L2000 mixture. 
LRP knockdown was confirmed by incubating the cells for 45 minutes at 4˚C with a phy-
coerythrin (PE) labelled antibody that is directed against LRP-1 (Santa Cruz Biotechnology, 
Germany) as described above. The fluorescence intensity of the cells was assessed by flow 
cytometry analysis.

Confocal Microscopy
U87MG cells were grown on glass coverslips for 48 hours in EMEM supplemented with 
10% heat inactivated FCS at 37˚C in 5% CO2. Cells were washed with 10 mM HEPES (pH 
7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4 and incubated with 20 nM FVIII-
GFP in the same buffer. After incubation with FVIII, cells were washed and fixated for 30 
minutes at 4˚C with 3.7% (v/v) paraformaldehyde in PBS. Cells were subsequently washed 
with PBS and incubated for one hour at room temperature with EEA1 antibody from BD 
Biosciences (Erembodegem, Belgium) which was diluted 500-fold in PBS, 1% (w/v) BSA 
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and 0.02% (w/v) saponin. After removal of the unbound EEA1 antibody with PBS, the cells 
were incubated for one hour at room temperature with the secondary Alexa Fluor 568 
IgG1 conjugated antibody (Invitrogen, Breda, the Netherlands), which was diluted a 1000-
fold in PBS, 1% (w/v) BSA and 0.02% (w/v) saponin. Finally, cells were washed with PBS and 
coverslips with fixed cells were mounted in Mowiol and examined on a Zeiss LSM510 em-
ploying appropriate filter settings and using a Plan-Neofluar 63x/1.3 Oil immersion lens 
(Carl Zeiss BV, Sliedrecht, The Netherlands) as described 26.

Surface plasmon resonance
SPR analysis was performed employing a BIAcoreTM3000 biosensor system (Biacore AB, 
Uppsala, Sweden) as previously described 11, 20. For LRP binding studies, full length LRP 
was covalently coupled (11 fmol/mm2) to the dextran surface of an activated CM5-sensor 
chip via primary amino groups, using the amine-coupling kit as prescribed by the supplier. 
Next, several concentrations of FVIII-YFP, FVIII-YFP K2092A, FVIII-YFP F2093A or FVIII-YFP 
K2092A/F2093A were passed over immobilized LRP. Association and dissociation curves 
were corrected for binding in absence of LRP which was less than 5% of the binding re-
sponse in the presence of LRP. The obtained data were fitted to the two-site association 
equation R(t) =Req1x(1-exp(-kops1xt)) + Req2x(1-exp(-kops2xt)) employing non-linear regres-
sion with Graphpad Prism 4.03 software. The theoretical binding response at equilibrium 
for each employed concentration equals Req1 + Req2.

Results
 
U87MG cells internalize FVIII. 
To assess the role of region 2092-2093 in LRP-dependent endocytosis, we have employed 
U87MG cells as these cells are known for their particularly high expression of LRP 27. To 
facilitate detection of FVIII, we utilized functional FVIII derivatives that contain either the 
green fluorescent protein or the yellow fluorescent protein 22, 26. A 15 minute incubation 
of FVIII-GFP with U87MG cells resulted into the appearance of a green fluorescent punc-
tuate pattern that co-localizes to a large extent with the fluorescent pattern of stained 
early endosomes (Figure 1A). This finding shows that a large fraction of FVIII is internalized 
by U87MG cells. The FVIII-GFP fluorescence that is not co-localized with the early endo-
somes may originate from FVIII that is inside late endosomes, lysosomes or still bound 
to the surface of the cell. As an alternative detection method to monitor FVIII uptake, we 
analysed the increase in fluorescence of U87MG cells in the presence of FVIII-YFP by flow 
cytometry analysis (Figure 1B). For this purpose, FVIII-YFP was incubated with the cells at 
37˚C, and the cells were brought in suspension employing Trypsin-EDTA treatment of the 
cells. Flow cytometry analysis showed a marked increase in fluorescence of the cells that 
were incubated with FVIII-YFP. Identical results were obtained employing FVIII-GFP (not 
shown). No decrease in the mean fluorescence intensity (MFI) of the cells was observed 
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upon co-incubation of cells with Annexin V and FVIII-GFP (Figure 1C). This implies that 
there is virtually no contribution to the fluorescent signal of FVIII-GFP bound to apop-
totic cells which express high levels of phosphatidylserine. The data together show that 
U87MG cells effectively internalize FVIII.

Figure 1

FVIII is internalized by U87MG cells.
(A) 20 nM FVIII-GFP was incubated with U87MG cells for 30 minutes at 37˚C in 10 mM HEPES (pH 

7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4. The fluorescence of FVIII-GFP is shown in 

green (left panel) and early endosomes are depicted in red (middle panel). The right panel shows 

an overlay of the middle and left panel rendering sites of co-localization in yellow. White scalebar 

represents 20 µm. (B) Flow cytometry analysis of U87MG cells that were incubated for 15 minutes 

at 37˚C with (in red) or without (in black) 40 nM FVIII-YFP, 10 mM HEPES (pH 7.4), 135 mM NaCl, 10 

mM KCl, 5 mM CaCl2, 2 mM MgSO4. (C) The residual mean fluorescence intensity of cells that were 

incubated for 30 minutes at 37˚C with 10 nM FVIII-GFP in the presence of increasing concentrations 

of Annexin V in the same buffer as described under A. Shown is the MFI of the cells relative to the 

MFI of cells that were incubated with FVIII-GFP in the absence of Annexin V. Data represent mean ± 

range of two separate experiments.

B C

A
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LRP mediates the endocytosis of FVIII by U87MG cells. 
To confirm the role of LRP in the endocytic uptake of FVIII by U87MG cells, we reduced 
LRP expression by the cells employing siRNA technology. The decreased expression was 
verified employing a PE labelled anti LRP antibody (see inset Figure 2A). We subsequently 
assessed the uptake of FVIII-YFP by flow cytometry analysis. The data show that the mean 
FVIII-YFP fluorescence intensity of the siRNA LRP transfected cells was markedly reduced 
as compared to the cells that were transfected with control siRNA (Figure 2A). This fin-
ding shows that LRP mediates the uptake of FVIII by U87MG cells. Compatible with the 
decreased LRP expression of siRNA LRP transfected cells, a residual mean fluorescence 
intensity of about 20% was observed employing uptake experiments with the FITC-la-
belled LRP-specific ligand α2-macroglobulin. In contrast, the MFI was only reduced to 
about 65% employing FITC-labelled RAP, which is the universal ligand for all LDL receptor 
family members (Figure 2B) 9. This finding implies that U87MG cells express also other LDL 
receptor family members than LRP alone. However, as FVIII-YFP uptake was, like α2-ma-
croglobulin, markedly more decreased than that of FITC-RAP, the results show that LRP is 
the main endocytic receptor for FVIII on U87MG cells. Besides these findings, the above 
described experiments demonstrate that flow cytometry analysis is a powerful semi quan-
titative approach to assess the uptake of FVIII by cells. 

The initial binding step of FVIII to the cell surface is independent of LRP and does not 
involve the heparin binding site of FVIII.
It has been suggested that a heparin binding region within the A2 domain mediates cell 
surface binding of FVIII 17.To address the role of this region for FVIII endocytosis, we as-
sessed FVIII-GFP uptake in the presence of increasing concentrations of heparin. Flow cy-
tometry analysis revealed, however, that there was only a modest effect of heparin on the 
MFI of the cells (Figure 3A). This finding strongly suggests that the heparin binding region 
in the A2 domain is not of critical importance for FVIII endocytosis. To further distinguish 
between the initial cell surface binding event and endocytosis, we incubated FVIII-YFP 
with cells at 4˚C at which temperature no endocytosis takes place. Cells were initially col-
lected employing Trypsin-EDTA treatment prior to flow cytometry analysis. This method, 
however, did not yield any FVIII-YFP positive cells (not shown). This observation is fully 
compatible with the notion that cell surface bound FVIII will be degraded during Trypsin-
EDTA treatment. When the cells were collected by scraping, a marked increase in MFI was 
observed for cells that were incubated with FVIII-YFP. This result shows that cell surface 
bound FVIII can be detected under these conditions. In the presence of an excess of RAP, 
there was no decrease in the MFI of the cells indicating that cell surface binding is not 
mediated by LRP or any other LDL receptor family member (Figure 3B). As a control, we 
repeated this experiment at 37˚C under which condition the endocytic machinery of the 
cells is functional. The results now showed a marked decrease in the mean FVIII YFP fluo-
rescence of the cells in the presence of RAP. These findings together demonstrate that 
endocytosis, but not cell binding is mediated by LRP. 

CHAPTER 3
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Figure 2

LRP mediates the endocytic uptake of FVIII by U87MG cells.
(A) 40 nM FVIII-YFP was incubated for 30 minutes at 37˚C in 10 mM HEPES (pH 7.4), 135 mM NaCl,

10 mM KCl, 5 mM CaCl2, 2 mM MgSO4 with U87MG cells, which were transfected with either con-

trol siRNA (in red) or LRP siRNA (in blue). The fluorescence intensity of the cells was assessed by 

flow cytometry analysis. The black histogram shows the background fluorescent signal of U87MG 

cells. The inset shows the fluorescence intensity of the siRNA LRP transfected cells (in purple) and 

to control siRNA transfected cells (in green) in the presence of PE labelled anti-LRP antibody. The 

black histogram shows the fluorescence of cells in the absence of this antibody. (B) Residual mean 

fluorescence intensity of siRNA LRP U87MG cells relative to cells transfected with control siRNA that 

were incubated for 30 minutes at 37˚C in the presence of 40 nM FVIII-YFP, 40 µg/ml FITC-labelled 

α2-macroglobulin and 50 nM FITC-labelled RAP in a buffer containing 10 mM HEPES (pH 7.4), 135 

mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4. Bars represent mean ± range of two separate ex-

periments. 
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Figure 3

FVIII binding to U87MG cells is independent of the LDL-receptor family.
(A) U87MG cells were incubated for 15 minutes at 37˚C with 10 nM FVIII-GFP and increasing 

concentrations of heparin in 10 mM HEPES (pH 7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM 

MgSO4. Shown is residual mean fluorescence intensity relative to the cells that were incubated with 

FVIII-GFP in the absence of heparin. Data represent mean ± range of two separate experiments. (B) 

Mean fluorescence intensity of U87MG cells that were incubated with 40 nM FVIII-YFP in the pres-

ence or absence of 10 µM RAP for 45 minutes at 4˚C (left panel) or for 15 minutes at 37˚C (right pan-

el) in the same buffer as indicated under A. Error bars represent SEM of at least three experiments.
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Role of the C1 domain in FVIII endocytosis

C1 domain residues K2092 and F2093 mediate the endocytosis of FVIII. 
Because antibody fragment KM33 inhibits FVIII endocytosis, and requires C1 domain resi-
dues 2092 and 2093 for FVIII binding 21, 22, we determined the role of these residues in the 
uptake of FVIII. FVIII-YFP K2092A, FVIII-YFP F2093A and FVIII-YFP K2092A/F2093A were 
incubated with U87MG cells, and the MFI of the cells was assessed employing flow cy-
tometry analysis. The data show that the MFI was markedly reduced in the presence of 
all the derivatives (Figure 4A). This observation was confirmed employing different con-
centrations of FVIII-YFP and its derivatives in the same experimental setup. Whereas a 
dose-dependent increase in MFI of the cells was observed in the presence of increasing 
concentrations of FVIII-YFP, this increase was markedly impaired with the FVIII-YFP deriva-
tives (Figure 4B). These results demonstrate that the C1 domain residues 2092 
and 2093 play a major role in the endocytosis of FVIII. 

Figure 4

FVIII C1 residues Lys 2092 and Phe 2093 are involved in the uptake of FVIII by U87MG cells.
(A) Flow cytometry analysis of U87MG cells in the absence (grey line) or presence of 40 nM FVIII-YFP 

(red), FVIII-YFP K2092A (black), FVIII-YFP F2093A (green) or FVIII-YFP K2092A/F2093A (blue) in a buf-

fer containing 10 mM HEPES (pH 7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4. (B) Mean 

fluorescence intensity of U87MG cells that were incubated with increasing concentrations FVIII-YFP 

(squares), FVIII-YFP K2092A (triangles), FVIII-YFP F2093A (inverted triangles) or FVIII-YFP 

K2092A/F2093A (diamonds) for 15 minutes at 37˚C in 10 mM HEPES (pH 7.4), 135 mM NaCl, 10 mM 

KCl, 5 mM CaCl2, 2 mM MgSO4. Error bars represent SEM of at least three experiments.
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Figure 5

C1 domain surface loop 2092-2093 contributes to LRP binding.
Multiple concentrations (2.5-70 nM) of FVIII-YFP (panel A), FVIII-YFP K2092A (panel B), FVIII-YFP 

F2093A (panel C) or FVIII-YFP K2092A/F2093A (panel D) were passed over LRP that was immobilized 

to a density of 11 fmol/mm2 on a CM5 sensor chip. The binding response is indicated as Response 

Units (RU) and was assessed in 20 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM CaCl2, 0.005% (v/v) 

Tween 20 at a flow rate of 20 µl/min for 6 min at 25˚C. Panel E shows the estimated response at equi-

librium as a function of the FVIII concentration by fitting the data to a two-site association equation 

(see materials and methods). FVIII-YFP is shown in squares, FVIII-YFP K2092A in triangles, FVIII-YFP 

F2093A in circles, and FVIII-YFP K2092A/F2093A in diamonds.
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Role of the C1 domain in FVIII endocytosis

Surface loop 2092-2093 contributes to LRP binding. 
To establish whether the residues 2092 and 2093 are involved in the direct interaction 
with LRP, we investigated the binding of FVIII-YFP, FVIII-YFP K2092A, FVIII-YFP F2093A 
and FVIII-YFP K2092A/F2093A to immobilized LRP employing surface plasmon resonance 
(SPR) analysis (Figure 5). As shown in the panels A-D, a dose-dependent increase in res-
ponse units was observed employing increasing concentrations of FVIII and its deriva-
tives. The data also demonstrated a reduced binding response after 360 seconds of as-
sociation for the FVIII-YFP derivatives K2092A and K2092A/F2093A. The binding curves 
revealed complex binding kinetics involving at least two components. A single-site as-
sociation model could then also not appropriately describe the curves. This result is not 
unexpected as FVIII comprises multiple interactive regions for LRP 6, 11. The notion that LRP 
itself also contains multiple binding sites for FVIII adds to the complexity of the binding 
kinetics 28. To facilitate comparison of the LRP binding interaction of the FVIII derivatives 
without the risk of over-interpretation of the data, we estimated the binding response at 
equilibrium for each concentration by fitting the data to a two-site association model (see, 
dotted lines in Figure 5A-D). The obtained binding response at equilibrium was subse-
quently plotted as a function of the employed FVIII concentration (Figure 5E). The results 
show that the double mutant exhibits the strongest defect in LRP binding followed by 
the single K2092A variants. The binding is however not completely abolished for the FVIII 
variants. These findings together show that region 2092-2093 partially contributes to LRP 
binding. 

C1 domain amino acids K2092 and F2093 contribute to cell surface binding of FVIII. 
We next evaluated the contribution of residues 2092 and 2093 to cell surface binding. 
U87MG cells were incubated with increasing concentrations of FVIII-YFP, FVIII-YFP K2092A, 
FVIII-YFP F2093A and FVIII-YFP K2092A/F2093A for 45 minutes at 4˚C. After washing, cells 
were collected by scraping and binding was assessed by flow cytometry analysis. Figure 6 
shows that the increase in fluorescence of the U87MG cells was impaired in the presence 
of the FVIII variants. This finding suggests that the FVIII variants are less effective in cell 
surface binding as compared to FVIII-YFP. These results indicate that next to LRP binding 
the residues K2092 and F2093 are also required for the binding step of FVIII to the cell 
surface. 
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Figure 6

C1 residues Lys 2092 and Phe 2093 contribute to cell surface binding.
Mean fluorescence intensity of U87MG cells that were incubated with increasing concentrations 

of FVIII-YFP (squares), FVIII-YFP K2092A (triangles), FVIII-YFP F2093A (circles), or FVIII-YFP K2092A/

F2093A (diamonds) at 4˚C for 45 minutes in a buffer containing 10 mM HEPES (pH 7.4), 135 mM 

NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4. Data represent SEM of at least three experiments.
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Discussion

We and others have previously relied on radio-iodine labelling of FVIII in cell based stu-
dies 6, 7, 17. Although this is an established methodology, we feel that iodine labelling of the 
labile FVIII molecule has the potential of randomly modifying macromolecular interaction 
sites on the FVIII protein. This provides a possible explanation for the previous discrepan-
cies in literature about the nature of the LRP binding region on FVIII. Saenko et al have 
initially suggested that the A2 domain comprises the LRP binding region of intact FVIII, 
and that VWF is unable to inhibit the cellular uptake of FVIII 7. We have demonstrated that 
the main LRP binding region is, in fact, within the light chain of FVIII, and that VWF does 
effectively block FVIII endocytosis 6, 10, 11, 20. As an alternative for iodine-labelled FVIII, we 
now employed functional fluorescent FVIII derivatives in which the B domain has been 
replaced by either YFP or GFP 22, 26. Using this approach, we found that heparin has only 
a modest effect on the endocytic uptake of FVIII, and that C1 domain region 2092-2093 
contributes to cell surface binding (Figure 3A, 6). These observations are at variance with 
another study by Saenko and co-workers in which they suggest that a heparin binding 
region in the A2 domain mediates the cell surface binding step of FVIII 17. Although we 
cannot exclude that this is related to the difference in the employed cellular systems, the 
usage of iodine-labelled FVIII may also have contributed to these discrepancies. Finally, 
all apparently discordant findings can be explained when iodine-labelled FVIII had con-
tained some activated FVIII, perhaps due to the labelling procedure. If so, this can then be 
expected to expose the high affinity LRP binding region in the A2 domain and possibly 
also the heparin binding site 20. Moreover, VWF will no longer protect FVIII from endocyto-
sis since VWF does not bind activated FVIII 3. Based on the results from the present study, 
we propose that the C1 domain of the light chain contributes to cell surface binding of 
non-activated FVIII prior to LRP dependent endocytosis. This model is in complete agree-
ment with the notion that VWF effectively protects FVIII from endocytosis through tight 
complex formation with the FVIII light chain 3.

We have previously reported that FVIII region 1811-1818 is partially involved in LRP bind-
ing, and that the C2 domain of FVIII comprises a low affinity LRP binding site 6, 11. SPR ana-
lysis now shows that amino acid substitutions in FVIII region 2092-2093 also partially affect 
LRP binding. Analysis of the FVIII crystal structure reveals, however, that region 2092-2093 
is not in close proximity at all to LRP binding region 1811-1818 29. This notion suggests 
that there are either multiple independent LRP binding regions on FVIII, or that the LRP 
binding region spans an extended area on the protein surface. Ligand binding by LRP is 
mediated by clusters of complement-type repeats each comprising a binding pocket for 
a lysine residue 9, 30, 31. The crystal structure of RAP in complex with two adjacent repeats 
from LDL receptor shows that the distance between these residues is at least 21 Å 30. For 
FVIII, both LRP cluster II of 8 repeats and cluster IV of 11 repeats have been demonstrated 
to bind FVIII 6, 11, 28, 32. As the distance between, for instance, lysine 1804 and lysine 2092 is 
about 72 Å 29, four complement type repeats of a cluster would already be sufficient to 
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span this distance. An extended LRP binding interface on FVIII requiring multiple lysine 
residues is therefore not unlikely. A similar binding model has previously been proposed 
for the interaction between the uPA-PAI-1 complex and the LDL receptor family mem-
bers33, 34.

The contribution to LRP binding of the individual putative contact regions on FVIII ap-
pears relatively small. This apparently differs from the LRP binding model that a specific 
pair of critical lysine residues is required to mediate high affinity binding 30. Possibly, 
for ligands like FVIII, which bind LRP with relatively low affinity, the interaction with LRP 
may be driven by the avidity gain resulting from multiple low affinity contact sites. Whe-
ther or not such a binding model indeed applies to FVIII-LRP interaction is a subject for 
future study. The finding that the K2092A/F2093A variant exhibits a larger LRP binding 
defect than the K2092A derivative might seem at variance with the notion that lysine 
residues mediate ligand binding (Figure 5), as it implies that a hydrophobic residue can 
contribute to LRP binding as well. This suggestion, however, finds support in earlier site-
directed mutagenesis studies of other LRP ligands, and X-ray structure analysis of the LDL 
receptor at pH 5 33, 35, 36. These studies together show that the potential contribution 
of hydrophobic residues in the interaction with a ligand-binding complement-repeat 
is still an open issue. 

FVIII endocytosis has been suggested to involve a two-step mechanism 17. FVIII is first pre-
concentrated to the surface of the cell after which it is transferred to the receptor. The 
findings of the present paper show that replacement of the residues 2092-2093 affects 
both LRP and cell surface binding. This might provide an explanation for the profound 
defect in endocytosis of the FVIII variants by U87MG cells as compared to that of FVIII-YFP 
(Figure 4). We have recently demonstrated that surface loop 2092-2093 also supports co-
factor function by binding phosphatidylserine (PS)-containing phosholipid membranes22. 
The role of this region was most pronounced when the membrane comprised a low per-
centage of PS. Whereas the activity of the K2092A variant approached that of FVIII-YFP, 
the F2093A revealed intermediate activity levels. The K2092A/F2093A variant displayed 
almost no cofactor activity at a low PS concentration. At first sight, it is therefore tempting 
to speculate that exposed PS on viable cells may also mediate cell surface binding of FVIII 
prior to its endocytosis. The fact that Annexin V does not inhibit FVIII uptake (Figure 1C) 
does not argue against this binding model, as this protein only effectively binds cells ex-
posing more than 8% PS on their cell surface 37. On the other hand, our previous study also 
demonstrated that the cofactor function of F2093A variants was markedly more sensitive 
to low PS than the K2092A variant 22. This effect, however, is not apparent in our present 
cell binding studies (Figure 6). The potential role of phospholipids, if any, in mediating cell 
binding events prior to FVIII uptake therefore merits further study. Answering this ques-
tion will be needed to fully understand the mechanism of FVIII clearance, and to develop 
strategies to design novel FVIII derivatives for improved haemophilia A treatment.

CHAPTER 3
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Abstract 

LDL receptor (LDLR) and LDL receptor-related protein (LRP) contribute to the catabolism 
of factor VIII (FVIII). We have previously established that Von Willebrand Factor (VWF) 
blocks the LRP-dependent endocytosis of FVIII. Yet, in spite of the notion that VWF forms 
a tight complex with FVIII in the circulation, LRP does contribute to the clearance of FVIII. 
The role of VWF on the LDLR-dependent uptake of FVIII has not been addressed at all. We 
now investigated in detail the role of VWF in not only the LRP-dependent endocytosis 
of FVIII, but also in the uptake of FVIII mediated by LDLR. Employing FVIII-YFP and LDLR-
expressing rf3 cells in a confocal microscopy study, we first established that LDLR indeed 
internalizes FVIII. The uptake of FVIII by the rf3 cells and FVIII binding to soluble LDLR was, 
however, inhibited by VWF. This finding shows that VWF effectively prevents the endocy-
tic uptake of FVIII mediated by LRP and LDLR, and that VWF binds or sterically blocks both 
the LDLR and LRP binding region on FVIII. Intriguingly, FVIII internalization by the LDLR-
expressing cells was no longer blocked by VWF in the presence of VWF’s conformational 
modulator ristocetin. This result was also obtained with U87MG cells that effectively inter-
nalize FVIII via the LRP-dependent pathway. We propose that a conformational change of 
VWF in the VWF-FVIII complex is required to mediate the cellular uptake of FVIII.

Introduction 

Coagulation factor VIII (FVIII) is a 330 kDa multi-domain protein consisting of a heavy 
chain (A1-A2-B domains) and a light chain (A3-C1-C2 domains). The notion that functional 
absence of FVIII can result in uncontrolled bleeding demonstrates that this cofactor is of 
principle importance in the coagulation cascade 1. One strategy for treating this bleeding 
disorder involves a two to three times per week intravenous infusion with either plasma 
derived FVIII or recombinant FVIII. The necessity for these frequent infusions demonstrates 
that there is a particularly fast clearance mechanism by which FVIII is removed from the 
circulation. Von Willebrand factor (VWF), which forms a tight complex with FVIII in plasma, 
protects FVIII from even faster clearance 2, 3. This is exemplified by the observation that the 
FVIII in vivo half life in humans is reduced from 12-14 hours to less than 3 hours when VWF 
is absent 4, 5.

VWF itself circulates in plasma as a heterogeneous multimeric glycoprotein of which the 
monomers, in turn, consist of multiple domains, i.e. D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-
CK 6. It has been shown that the D’-D3 domains comprise the high affinity binding region 
for the FVIII light chain 7. It has further been suggested that these domains are involved in 
blocking the cryptic platelet-receptor GPIb binding-region in the A1 domain 8. This region 
plays a critical role in initiating platelet adhesion to the subendothelium at sites of vascu-
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lar injury 6. Its functional exposure can be induced when VWF is activated by shear stress, 
by treatment of VWF with the glycoprotein ristocetin, or by immobilization of VWF 9-12.

A cell-surface receptor implicated to play a role in the catabolism of FVIII is low-density 
lipoprotein receptor-related protein (LRP). This LDL receptor family member has first been 
identified as a particularly efficient hepatic endocytic receptor for complexes of alpha-
2-macroglobulin with various proteases. It has later been established that this receptor 
contributes to the catabolism of a range of functionally distinct ligands 13-16. In 1999 and 
2000, it has been reported that LRP also binds FVIII, and that infusion of the LRP antagonist 
Receptor Associated Protein (RAP) in mice leads to an increased plasma level of FVIII17-20. 
Direct evidence of a role for LRP in FVIII clearance has been obtained employing a mouse 
model of a conditional LRP deficiency. In absence of LRP, these mice exhibited a reduced 
clearance of infused human FVIII and an increased level of endogenous FVIII 21. We have 
further demonstrated that the related LDL receptor (LDLR) acts in a concerted action with 
LRP in the clearance of the cofactor. Although single LDLR deficiency showed only a mod-
est effect on the FVIII half life, LRP/LDLR double deficiency in mice resulted in a marked 
increase in FVIII half life as compared to that of mice with single LRP deficiency 22. Recently, 
it has been reported that polymorphisms in LDLR affect the plasma level of FVIII in human 
individuals 23. Next to the LDL receptor family members, it has been suggested that the 
cell surface receptors macrophage mannose receptors, asialoglycoprotein receptor and 
VLDL receptor mediate endocytosis of FVIII 24-26. An in vivo relevance for these receptors 
is however unclear. 

How VWF fits in the LRP/LDLR-dependent clearance pathway has remained unclear. 
Through tight complex formation with FVIII in plasma, VWF prevents the endocytic up-
take of FVIII mediated by LRP 17. Yet, LRP does contribute to the clearance of FVIII from the 
circulation in spite of the presence of VWF. Our finding implies that the FVIII-VWF complex 
has to dissociate prior to the cellular uptake of FVIII mediated by LRP. The effect of VWF 
on the LDLR-dependent endocytosis of FVIII has not been assessed at all. In the present 
paper, we now demonstrate with cell internalization experiments that VWF blocks the 
uptake of FVIII mediated by both LRP and LDLR. We subsequently show that activation of 
VWF leads to the endocytic uptake of FVIII by cells expressing LDLR or LRP.
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Materials
HAM F-10 medium, penicillin, streptomycin and fetal calf serum (FCS) were from Invitro-
gen (Breda, The Netherlands). EMEM medium was purchased from ATCC (Manassas, USA). 
LDL particle deficient serum was obtained from Sanbio (Uden, The Netherlands). The 
Maxisorp and Microlon microtiter plates were from Nunc A/S (Roskilde, Denmark) and 
from Greiner Bio-One (Alphen, The Netherlands), respectively. Fine chemicals were from 
Merck (Darmstadt, Germany) unless otherwise stated. The antibody CLB-CAg12 is de-
scribed by Stel et al 27, 28. Human serum albumin (HSA) was from the Division of Products 
at Sanquin (Amsterdam, The Netherlands).

Proteins and cells
The construction, culturing and purification of the FVIII-YFP derivative as well as the 
purification of recombinant VWF are described elsewhere 29, 30. Plasma derived FVIII light 
chain was purified as previously outlined 31. The construction and purification of soluble 
LDLR, and the purification of receptor associated protein (RAP) are described in Boven-
schen et al 22, 32. ldlA-7 CHO cells expressing LDLR (rf3 cells) were kindly provided by Prof. 
Dr. Blacklow 33. The U87MG cells were purchased from ATCC (Manassas, USA).

sLDLR competition assay
The assay has been performed as essentially described in Bovenschen et al 22. Soluble 
LDLR (5 pmol/well) was absorbed onto microlon microtiter wells in 50 mM NaHCO3 (pH 
9.8) in a volume of 50 µl for 16 h at 4˚C. Wells were blocked with 2.5 % (w/v) HSA, 150 mM 
NaCl, 5 mM CaCl2, and 50 mM Tris (pH 7.4) in a volume of 200 µl for 2 h at 37˚C. Subse-
quently, 100 nM of FVIII light chain was incubated with increasing concentrations of VWF 
in a volume of 50 µl of a buffer containing 150 mM NaCl, 5 mM CaCl2, 1% (w/v) HSA, 0.1% 
(v/v) Tween 20, and 50 mM Tris (pH 7.4) for 2 h at 37˚C. After washing with 150 mM NaCl, 
5 mM CaCl2, 0.1% (v/v) Tween 20, and 50 mM Tris (pH 7.4), bound FVIII was detected by 
incubating with peroxidase-conjugated monoclonal antibody CLB-CAg 12 for 30 min at 
37˚C. Data were corrected for binding to empty microtiter wells.

Cell binding and cell internalization study
For confocal laser scanning microscopy, rf3 cells were grown on 15-mm glass coverslips 
(Menzel-Gläser) in 12-wells multidishes (Nunc Brand Products) in HAM F-10 supplemen-
ted with 4% LDL particle deficient serum and 1 % FCS. The U87MG cells were also grown 
on these glass coverslips but then in EMEM medium supplemented with 5% FCS. The 
uptake of FVIII-YFP was assessed as essentially described in Meems et al 34.  FVIII-YFP with 
or without competitor was incubated for 10 minutes at 37˚C in 10 mM Hepes (pH 7.4), 50 
nM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4. After incubation, cells were washed with 
PBS buffer (Fresenius Kabi Netherlands B.V.,‘s-Hertogenbosch, the Netherlands), and fixed 
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for 30 minutes at 4˚C in PBS containing 4% dissolved paraformaldehyde (PFA). After fixa-
tion, early endosomes were visualized employing the incubation with EEA1 marker (BD 
Biosciences, Erembodegem, Belgium). Alexa 594-conjugated goat anti-mouse (Molecular 
Probes, Breda, The Netherlands) was utilized as a secondary antibody. These antibodies 
were incubated with the cells for 1 hour in PBS containing 1% BSA (w/v) and 0.02 % sa-
ponin (v/v). The mixture containing the secondary antibody was supplemented with (1 % 
v/v) TO-PRO-3 iodide (Molecular probes, Breda, The Netherlands) to visualise the nuclei of 
the cells in blue. Coverslips with fixed cells were mounted in Mowiol supplemented with 
anti-fade reagent (DABCO) and examined on a Zeiss LSM510 employing appropriate filter 
settings and using a Plan-Neofluar 63x/1.3 Oil immersion lens (Carl Zeiss BV, Sliedrecht, 
The Netherlands).
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Results

LDLR internalizes FVIII. 
To explore the role of VWF on the LDLR-dependent uptake of FVIII, we assessed FVIII en-
docytosis by LDLR expressing cells employing a FVIII derivative in which the B domain 
has been replaced by the yellow fluorescent protein (FVIII-YFP) (chapter 2 and 3). As a 
model cell line, we employed ldlA-7 cells in which LDLR is overexpressed (rf3 cells) 33, 35. 
The non-transfected ldlA-7 cells have been demonstrated not to exhibit any endocytic 
activity mediated by LDL receptor family members 35-37. Incubation of FVIII-YFP with rf3 
cells for 10 minutes at 37˚C resulted into the appearance of a fluorescent punctate pat-
tern (Figure 1A). Visualizing the early endosomes via the EEA1 marker revealed that part 
of the punctuate pattern overlaps with the intracellular vesicles of the early endocytic 
compartment (Figure 1 B,C). Almost no YFP fluorescence was observed after 10-minute 
incubation at 37˚C of FVIII-YFP with ldlA-7 cells which lack the functional LDLR (Figure 
1D). These observations strongly suggest that rf3 cells actively internalize FVIII-YFP in an 
LDLR-dependent manner. 

VWF blocks LDLR-dependent internalization of FVIII. 
To establish the effect of VWF on the LDLR-dependent internalization of FVIII, we incu-
bated FVIII-YFP with rf3 cells in the presence of VWF for 10 minutes at 37˚C (see insert 
Figure 2). The result revealed an almost complete absence of FVIII-YFP fluorescence in the 
rf3 cells. This finding suggests that VWF blocks the LDLR-dependent uptake of FVIII. Since 
VWF binds the FVIII light chain, we next employed a solid phase binding assay to assess 
whether VWF effectively blocks the direct binding of FVIII light chain to soluble LDLR (Fig-
ure 2). The data reveal a dose dependent decrease of FVIII light chain binding to LDLR in 
the presence of increasing concentrations of VWF. These findings together demonstrate 
that VWF blocks the LDLR-dependent uptake of FVIII.

Activation of VWF induces the endocytic uptake of FVIII by LDLR-expressing cells. 
As VWF can adopt a range of conformations upon its activation10-12, we addressed the role 
of activation of VWF on the endocytic uptake of FVIII mediated by LDLR. We therefore in-
cubated FVIII-YFP with the rf3 cells in the presence of VWF and ristocetin which activates 
VWF. As figure 3 demonstrates, FVIII-YFP fluorescent vesicles were observed in rf3 cells 
in the presence of activated VWF. Co-localization studies revealed that these fluorescent 
vesicles co-localize with the early endosomal compartment of the cell (Figure 3 B,C,D). 
These findings demonstrate that activated VWF does not prevent the endocytic uptake of 
FVIII by the LDLR-expressing rf3 cells. 
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 Figure 1

Factor VIII is internalized by cells expressing LDLR.
(A,B) 50 nM FVIII-YFP was incubated with rf3 cells for 10 minutes at 37˚C. The fluorescence of FVIII-

YFP is shown in green and the fluorescence of the early endosomes is depicted in red. Panel C shows 

an overlay of the panels A and B rendering sites of co-localization in yellow. (D) 50 nM FVIII-YFP incu-

bated with ldlA-7 cells which lack functional expression of LDLR. The nuclei of the cells are depicted 

in blue. White bars represent 10 µm.

Figure 2

VWF blocks LDLR-dependent binding and endocytosis of FVIII. 
FVIII light chain (100 nM) was incubated with immobilized soluble LDLR in the presence of increa-

sing concentrations (0-1 µM) of VWF as described in materials and methods. FVIII light chain binding 

is expressed as the percentage of binding of FVIII in the absence of VWF and is corrected for nonspe-

cific binding. Data represent the mean ± S.D. of three independent experiments. The inset shows 

rf3 cells that were incubated for 15 minutes at 37˚C in the presence of 50 nM FVIII-YFP and 300 nM 

VWF. The fluorescence of FVIII-YFP is shown in green and the fluorescence of the early endosomes 

is depicted in red. White bars represent 10 µm.
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Figure 3

Ristocetin induces the endocytic uptake of FVIII by rf3 cells in the presence of VWF. 
(A,B) 50 nM FVIII-YFP and 300 nM VWF were incubated with rf3 cells for 10 minutes at 37°C in the 

presence of 1 mg/ml ristocetin. The fluorescence of FVIII-YFP is shown in green and the fluorescence 

of the early endosomes is depicted in red. Panel C shows an overlay of the panels A and B rendering 

sites of co-localisation yellow. The nuclei of the cells are depicted in blue. White bars represent 10 

µm (D) Side view of the cell depicted in C.

Activation of VWF restores LRP-dependent endocytosis of FVIII in the presence of 
VWF. 
To explore the role of activation of VWF in the LRP-dependent uptake of FVIII, we employed 
internalization studies utilizing U87MG cells which effectively internalize FVIII in an LRP-
dependent manner (Chapter 3) 34. Compatible with this observation, FVIII-YFP appeared 
in the early endocytic compartment of the cells after incubation of FVIII-YFP with U87MG 
cells (Figure 4A). In agreement with our previous observation that VWF blocks LRP-de-
pendent endocytosis, no FVIII-YFP fluorescence was detected in or on the U87MG cells in 
the presence of VWF (Figure 4B) 17. Interestingly, a striated fluorescent pattern was visible 
along the U87MG cells when FVIII was incubated with the cells together with Receptor As-
sociated Protein (RAP), which is an effective antagonist of LRP 38. This observation implies 
that at least a fraction of FVIII-YFP remains bound to the cell surface when LRP can no 
longer bind FVIII (Figure 4C). Intriguingly, similar to the result obtained with rf3 cells, part 
of FVIII-YFP was detected inside the early endosomes in the presence of ristocetin (Figure 
5). The data together strongly suggest that activation of VWF alleviates its inhibitory role 
for the endocytic uptake of FVIII mediated by both LRP and LDLR (Figure 5). 
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Figure 4

LRP expressing U87MG cells effectively internalize FVIII.  
30 nM FVIII-YFP was incubated with U87MG cells for 10 minutes at 37°C in the (A) absence or (B) 

presence of 300 nM VWF, and (C) 500 nM RAP. FVIII-YFP fluorescence is shown in green, early endo-

somes are stained in red as described in materials and methods. The right panel shows an overlay of 

FVIII-YFP fluorescence and early endosomes rendering sites of co-localization in yellow. The nuclei 

of the cells are depicted in blue. White bars represent 20 µm.

Role of VWF in FVIII endocytosis
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Figure 5

Ristocetin induces the endocytic uptake of FVIII by U87MG cells in the presence of VWF. 
30 nM FVIII-YFP and 300 nM VWF were incubated with U87MG cells for 10 minutes at 37°C in the 

presence of 1 mg/ml ristocetin. FVIII-YFP fluorescence is shown in green (left panel), early endo-

somes are stained in red (middle panel) as described in materials and methods. Right panel shows 

an overlay of left and middle panels rendering sites of co-localization in yellow. White bar represents 

20 µm.

Discussion

We have previously reported that LDLR and LRP cooperate in the catabolism of FVIII in 
mice 21, 22. Evidence has recently been presented that LDLR is involved in maintaining the 
plasma level of FVIII in humans as well 23. The notion that LDLR contributes to the clea-
rance of FVIII is striking because only a limited amount of LDLR ligands have been identi-
fied so far15. In this study, we feel that we convincingly demonstrate that LDLR can indeed 
mediate the uptake of FVIII (Figure 1). We further show that VWF effectively protects FVIII 
from endocytosis by not only LRP but also by LDLR (Figures 2,4). The fact that VWF forms 
a tight complex with FVIII in the circulation seems therefore incompatible with a role for 
LRP and LDLR in the catabolism of FVIII. We now demonstrate however that activated VWF 
does not prevent the endocytic uptake of FVIII. As ristocetin simulates the effect of shear 
stress on VWF, we are setting up an experimental procedure in which we perfuse the FVIII-
VWF complex over U87MG cells at different conditions of shear stress. Preliminary results 
show that VWF, activated by shear stress, also alleviates the inhibitory role of VWF on FVIII 
endocytosis (data not shown). Our findings together demonstrate that activation of VWF 
may be part of an unexplored molecular mechanism behind the LRP-dependent clear-
ance of FVIII.   

In the presence of both RAP and VWF, FVIII-YFP is not detected in the early endocytic 
compartment of the cell (Figure 4). Intriguingly, a striated fluorescent pattern is visible on 
the U87MG cells in the presence of RAP whereas FVIII-YFP fluorescence is not detected in 
the presence of VWF at all (Figures 4B,C). This finding may be explained by the notion that 
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LRP-dependent endocytosis of FVIII involves a two-step mechanism. FVIII first requires 
pre-concentration to the cell surface prior to the transfer of FVIII to LRP 39. RAP binds LRP 
thereby blocking the transfer of FVIII to the endocytic receptor but not the binding of FVIII 
to the cell surface (chapter 3) 34. The striated fluorescent pattern seems therefore to origi-
nate from cell surface bound FVIII-YFP that cannot be internalized by LRP. For VWF, it has 
previously been demonstrated that it effectively blocks the direct binding of LRP to FVIII 
17. The absence of the striated fluorescent pattern in the presence of VWF suggests that 
VWF also blocks the cell surface binding step of FVIII (Figure 4B). Interestingly, mutation 
of residue Arg-2090 in the FVIII C1 domain directly affects the binding of VWF to FVIII 40. 
This finding implies that a VWF contact site on FVIII involves (or is close to) position 2090. 
This residue is, in turn, situated next to surface loop 2092-2093 which contributes to both 
cell surface binding and LRP binding (Chapter 3) 34. This may explain why VWF effectively 
protects FVIII from endocytosis. It not only blocks association of FVIII to LRP but also the 
interaction of FVIII with the surface of the cell. 

Under conditions of shear stress and in the presence of ristocetin, the multimeric VWF un-
dergoes a structural rearrangement of its monomers as well as its internal domains. As a 
consequence thereof, the binding region in the A1 domain for the platelet receptor GpIb 
exposes for interaction with platelets. Activation of VWF further leads to the exposure 
of binding regions for collagen in the A1 and A3 domains as well as the cleavage site for 
ADAMTS13 in the A2 domain 11, 41, 42. It seems therefore feasible that these rearrangements 
may also lead to the exposure of a binding site for structural elements that are present on 
the cell surface. Through this mechanism, FVIII may bind the cell via VWF. Competition 
at the cell surface between VWF and LRP/LDLR may then be shifted in favor of LRP/LDLR 
thereby triggering the transfer of FVIII to the endocytic receptors in spite of the presence 
of VWF. An alternative explanation for the observations is that activated VWF exhibits a 
markedly reduced binding affinity for FVIII. Activation of VWF may then lead to complex 
dissociation at the cell surface which allows for interaction of FVIII with the endocytic re-
ceptors.   

The physiological relevance of activation of VWF for the uptake of FVIII remains to be 
established. The preliminary flow experiments show that U87MG cells internalize FVIII 
when VWF is activated by shear stress. At first thought, it may seem unlikely that high 
shear rates can be reached in the liver, which is the main site of FVIII clearance. Yet, the 
sinusoidal endothelial cells, which constitute the vascular lining within the capillaries of 
the liver and spleen, comprise narrow fenestrae that allow passage of only small particles 
to the underlying tissue 43. Local shear conditions in these narrow fenestrae may be suf-
ficiently high to activate VWF which allows for LRP/LDLR-dependent endocytosis of FVIII 
by the underlying tissues. High shear conditions in the liver may therefore be not unlikely 
at all. However, further experiments are required to fully elaborate on this issue. Taken 
together, the results of this study open the possibility that activation of VWF may drive the 
LDLR and/or LRP-dependent clearance of FVIII in the presence of VWF. 
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Abstract 

The term KM33 refers to a single-chain variable fragment (scFv) against the C1 domain of 
factor VIII (FVIII) that we previously isolated from a phage display library from the VH gene 
repertoire of a hemophilia A patient. In the present study, KM33 was subjected to site-di-
rected mutagenesis in order to dissect the relation between high affinity FVIII binding and 
FVIII inhibition. Residues at the complementarity-determining regions (CDRs) in the KM33 
heavy chain were replaced by Ala, and somatic mutations at the CDRs were mutated back 
to the sequence of the germ-line VH 3-30. KM33 scFv variants were purified and analysed 
for FVIII binding and inhibition. Surface Plasmon Resonance (SPR) analysis revealed that 
reverse somatic mutation in positions H56 and 57 within the CDR-2 was neutral with re-
gard to affinity for FVIII. In contrast, the reverse mutations in or near the CDR-1 proved of 
major impact. The equilibrium binding constant (Kd) of one variant KM33-D24A was 4.4 
nM, and thus approximately 100-fold higher than that of wild-type KM33 (Kd < 0.05 nM). 
Substitutions in the CDR-3 region reduced affinity for FVIII to a lesser extent. Surprisingly, 
mutations at the CDR-1 region fully abolished FVIII inhibition. This finding was further 
explored using full-length antibody constructs of KM33 and KM33-D24A. The lack of FVIII 
inhibition by KM33-D24A proved to be associated with reduced interference in FVIII-phos-
pholipid binding. Moreover, in comparison with the wild-type antibody, the KM33-D24A 
variant displayed weaker inhibition of FVIII-von Willebrand factor binding, but equally 
strong inhibition of FVIII cellular uptake. These data suggest that, while the factor VIII C1 
domain mediates multiple functions, FVIII activity is driven by an interaction with an affin-
ity in the low nanomolar range, and therefore may escape from antibodies that bind to an 
‘inhibitory’ epitope such as KM33-D24A. Apparently, a single somatic mutation can switch 
a non-inhibitory antibody into a potent FVIII inhibitor.

Introduction

Coagulation factor VIII (FVIII) functions as cofactor for activated factor IX in the membrane-
bound factor X-activating complex, a key step within the coagulation cascade 1-4. Its defi-
ciency or dysfunction is associated with the bleeding disorder hemophilia A which affects 
1-2 in 10,000 males 5. Current treatment consists of FVIII replacement therapy, which has 
proven to effectively restore coagulation. However, the adverse effect of this therapy may 
be the formation of antibodies that neutralize the procoagulant activity of FVIII, occur-
ring in approximately 25-30 % of severe hemophilia A patients 6, 7. FVIII antibodies may be 
directed against various parts of the FVIII protein, which comprises the general domain 
structure of A1-a1-A2-a2-B-a3-A3-C1-C2 8. The majority of FVIII inhibitors has been found 
to be directed towards immunodominant epitopes within the A2 and C2 domains 9. 
However, antibodies with epitopes in the A3 and C1 domain have been reported as 
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well 10, 11. On the functional level, these antibodies may inhibit FVIII procoagulant activity 
by interfering with the assembly of activated FVIII with activated factor IX 12, 13, or with 
phospholipid membranes 14-16. Some antibodies, apart from inhibiting FVIII cofactor acti-
vity, also inhibit the interaction of FVIII with its carrier protein von Willebrand factor (vWF) 
11. In addition to inhibitory antibodies, also non-inhibitory antibodies may occur, which 
remain undetectable by regular inhibitor assays, but may become clinically manifest by 
reduced FVIII in vivo recovery or shortened half-life 17.

We have previously used phage display technology to isolate single chain variable frag-
ments (scFvs) from the immune repertoire of hemophilia A patients 10, 18. Some of these 
scFvs inhibited FVIII activity, whereas others were non-inhibitory, suggesting that both 
types of antibodies may coexist in the immune repertoire of the same patient. While the 
antibody repertoire can recognize a large spectrum of antigens, the structural basis of 
antibody recognition can be reduced to variability in sequence and length of six surface 
loops, the complementarity determining regions (CDRs), which are supported by a highly 
conserved framework 19, 20. Within the primary repertoire, antibody diversity and specifi-
city is particularly driven by the hypervariable CDR-3 in the heavy chain 21. The diversity 
of the repertoire can subsequently be expanded by affinity maturation. Herein, additio-
nal (somatic) mutations in the germline sequences encoding the variable regions of the 
heavy (VH) and light (VL) chains can improve the affinity by several orders of magnitude, 
while maintaining the epitope specificity unchanged 22. The process of affinity maturation 
might also be reflected by the heterogeneity of anti-FVIII antibodies that we identified 
by phage display 10. Whether or not this has any impact on their FVIII inhibitory potential, 
however, has remained unclear.

In the present study, we addressed this question by mutagenesis of the anti-FVIII scFv 
KM33 10, which is directed against an epitope in the FVIII C1 domain that involves residues 
Lys2092 and Phe2093 23. Mutations were created in positions at three CDRs of the VH 
segment, with particular reference to the somatic mutations in or close to these regions. 
KM33 was selected because of the complexity of its inhibitor pattern: scFv KM33 binds 
FVIII with unusually high affinity 10, inhibits FVIII activity 10, interferes with binding to lipids 
and activated platelets 23, and cellular uptake by cells that express endocytic receptors 
of the low-density lipoprotein receptor (LDLR) family 24. By this approach we found that 
a single somatic mutation can make the difference between a FVIII inhibitor and a non-
inhibitory antibody.
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Materials and Proteins
Fine chemicals employed in this study were all from Merck (Darmstadt, Germany) unless 
otherwise stated. Recombinant B-domain deleted FVIII, FVIII-YFP, and VWF were obtained 
and characterized as previously described 23, 25. FVIII light chain has been purified as previ-
ously outlined by Leyte et al 26. scFv KM33 and variants thereof were expressed in E. coli 
strain XL1-Blue and purified by metal chelate chromatography as previously reported 10. 
The variants of scFv KM33 were constructed by quick change mutagenesis according to 
the instructions of the manufacture (Stratagene, La Jolla, CA). Full length KM33 and KM33-
D24A antibodies derived from the scFv variants were constructed in a IgG4 template as 
previously reported 27, 28. Monoclonal antibodies CLB-CAg117 and CLB-RAg20 have been 
described by Leyte et al 26 and Stel et al 29.

Surface plasmon resonance analysis
SPR analysis was performed employing a BIAcoreTM3000 biosensor system (Biacore AB, 
Uppsala, Sweden) essentially as reported 30, 31. The scFv variants were covalently coupled 
to the dextran surface of a CM5-sensor chip to a density of 7-12 fmol/mm2 using the 
amine-coupling kit as prescribed by the supplier. Association to and dissociation from 
immobilized scFv variants of at least 10 different concentrations (between 5 nM and 20 
nM) of FVIII light chain was assessed in 20 mM Hepes (pH 7.4), 150 mM NaCl, 5 mM CaCl2, 
and 0.005% (v/v) Tween 20 at 25°C at a flow rate of 20 µl/min. Association and dissociation 
curves were corrected for non-specific binding to the CM5 matrix in the absence of im-
mobilized scFv variants. Kinetic parameters for the interaction were estimated employing 
a single site binding model (BIAevaluation 3.1 software).

Factor VIII chromogenic assay and the one stage clotting assay
FVIII activity was determined in an assay system using purified coagulation factors and a 
chromogenic substrate according to the manufacturer’s instructions (Chromogenix, Mi-
lan, Italy). To assess the role of the scFv variants and the full-length antibodies on the 
chromogenic activity of FVIII, recombinant B-domain-deleted FVIII was diluted to 1 U/mL 
in the buffer supplied by the manufacture, and subsequently incubated for 15 minutes at 
room temperature with increasing concentrations of the scFv variants or the full-length 
antibodies KM33 and KM33-D24A. Factor Xa generation then was assessed as indicated by 
the manufacturer. In the one-stage clotting assay, full-length antibodies were diluted in 
a buffer containing 50 mM Tris (pH 7.4), 0.2% human serum albumin (HSA). Next, pooled 
normal plasma (Sanquin, Amsterdam, The Netherlands) containing approximately 1 U/mL 
FVIII was added to the antibody dilutions in a 1:1 (v/v) ratio. After 1 hour of incubation, 
serial dilutions of these mixtures were mixed with FVIII deficient plasma and Actin-FSL 
reagent (Siemens Healthcare Diagnostics, Marburg, Germany), and the clotting time was 
recorded employing a Sysmex CA-1500 coagulation analyzer (Sysmex Corporation, Kobe, 
Japan).

CHAPTER 5

binnenwerk-chapter-def.indd   88 12-07-2011   11:32:50



89

Inhibitory mechanism of an anti-C1 domain antibody

Flow cytometry measurements of FVIII-YFP binding to lipospheres
A detailed description of the flow cytometry measurements, and the preparation of the 
lipospheres are described in Meems et al 23. Briefly, 10 nM FVIII-YFP was incubated with 5 
x 106 lipospheres/mL comprising 15%PS/20% PE/65%PC in 50 mM Tris-HCl (pH 7.8), 150 
mM NaCl, 0.1% (w/v) bovine serum albumin (BSA), and 1.5 mM CaCl2 for 15 minutes at 
room temperature. The binding of FVIII-YFP to lipospheres was assessed by flow cyto-
metry as described in chapter 2 23. For measurements in the presence of KM33 and KM33-
D24A, 10 nM FVIII-YFP was first pre-incubated with KM33 and KM33-D24A for 15 min at 
room temperature in 50 mM Tris-HCl (pH 7.8), 150 mM NaCl, 0.1% (w/v) BSA, 1.5 mM CaCl2 
prior to the addition of the lipospheres.

FVIII-VWF binding assay
0.3 nM FVIII was pre-incubated with increasing concentrations of KM33 or KM33-D24A for 
10 minutes at 37°C in a buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 5 mM CaCl2, 
1% (w/v) HSA, and 0.1% (v/v) Tween 20. VWF was subsequently added to the mixture for 
10 minutes at 37°C. The resulting mixture was added to microtiter wells containing CLB-
RAg20, which was immobilized to the wells by overnight incubation at 4°C in a buffer 
containing 50 mM NaHCO3 (pH 9.8). After each incubation step, wells were washed with 
50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 2.5 mM CaCl2, 0.1% Tween 20, 0.2% HSA. Bound 
FVIII was detected with HRP labelled CLB-CAg117 as described 26. 

FVIII binding to and uptake by rf3 cells
rf3 cells were obtained and cultured as described in Chapter 4. The cell binding and cell 
uptake experiments were performed essentially as described in Chapter 3. For the endo-
cytic uptake experiments, cells were washed with a buffer containing 10 mM Hepes (pH 
7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, 2 mM MgSO4 and incubated with 150 nM 
FVIII-YFP in the presence or absence of KM33 and KM33-D24A for 15 minutes at 37°C. Cells 
were washed respectively with the same Hepes buffer and TBS (50 mM Tris-HCl (pH 7.4), 
150 mM NaCl). Cells were collected employing trypsin, and the  uptake of FVIII-YFP was 
determined by flow cytometry analysis as described in Chapter 3 32. For cell binding stu-
dies, cells were incubated for 15 minutes in 10 mM Hepes (pH 7.4), 135 mM NaCl, 10 mM 
KCl, 5 mM CaCl2, 2 mM MgSO4 at 4°C. Next, cells were incubated with 150 nM FVIII-YFP in 
the presence or absence of KM33 and KM33-D24A for 45 minutes at 4°C in the same buf-
fer. After incubation with FVIII, cells were washed with ice cold TBS followed by ice cold 
TBS supplemented with 0.5% (w/v) BSA. Cells were scraped and resuspended in TBS, and 
0.5% (w/v) BSA. FVIII binding was determined by flow cytometry analysis as described in 
Chapter 3 32.
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Mutagenesis strategy in scFv KM33
The germ-line heavy chain variable gene of KM33 displays the highest sequence iden-
tity with the variable gene segment VH 3-30 10. The VH gene segment of KM33 differs in 
22 nucleotides from the VH 3-30 gene segment, which translates in 11 amino acid diffe-
rences. Of these 11 somatic mutations, 5 occur within, or close to, the CDR-1 and CDR-2 
regions, whereas the rest is located in regions encoding the framework regions (Figure 
1). Based on this sequence information, we addressed the role of CDR-1 by converting 
residues 23, 24 and 27 to the germ line residues. Similarly, we converted residues 56 and 
57 back to the germ line residues of CDR-2. As for CDR-3, we replaced residues 99, 102 and 
105 to Ala. Individual substitution into Ala were further constructed in positions 24 and 
57. These KM33 variants were expressed, purified and characterized in FVIII binding and 
inhibition experiments.

Effect of KM33 mutations on interaction with the FVIII light chain
The effect of mutations in KM33 on interaction with the isolated FVIII light chain was de-
termined by Surface Plasmon Resonance (SPR) analysis. FVIII light chain was passed over 
immobilized KM33 or variants thereof and the binding kinetics were determined. Figure 
2A shows representative SPR curves for wild-type KM33 and for a selection of variants 
thereof. It is evident from these data that wild-type KM33 displays very slow dissociation, 
which translates into a remarkably low estimated Kd of < 0.05 nM (Figure 2B). Mutations 
in CDR-2 did not appreciably affect FVIII light chain binding (Figure 2). In contrast, sub-
stitutions in or close to CDR-1 did predominantly affect the dissociation phase. This was 
observed both for the triple substitution variant in positions 23, 24 and 27 and for the 
single substitution at position 24 (Figure 2B). In terms of affinity, this means that these 
substitutions at the CDR-1 region increase the Kd by some 2-3 orders of magnitude. Sub-
stitutions in CDR-3 also reduced the affinity for FVIII light chain, although to a lesser extent 
(Figure 2B). These data demonstrate that mutation in KM33 primarily affects the dissocia-
tion rate constants. The effect of the KM33-D24A substitution is remarkable, because this 
substitution is beyond the contact residues that are supposed to directly interact with the 
antigen 20.
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Figure 1

Sequence alignment of the heavy chain variable domain of KM33 with variable gene segment VH 
3-30 and Joining (J) gene segment JH 4.
Dashes indicate identity with the germ-line sequence. The sequence of KM33 has been previously 

published 10 . The amino acid numbering follows the KM33 and VH 3-30 sequence, which differs from 

the standard numbering due to 4 amino acid insertions 10. The CDR regions are defined according to 

Chothia et al. 20, 43, and correspond to residues 26-32 (CDR-1), 52-57 (CDR-2), and 99-106 (CDR-3) in 

KM33 numbering. Residues that were substituted in this study were numbers 23, 24 and 27 at CDR-

1, 56 and 57 within CDR-2, and 99, 102 and 105 within CDR-3.

A

B

Figure 2

Binding of FVIII light chain to scFv 
KM33 variants.
Increasing concentrations of FVIII light 

chain were passed over immobilized 

scFv KM33 and variants thereof in a 

buffer comprising 20 mM Hepes (pH 

7.4), 150 mM NaCl, 5 mM CaCl2, and 

0.005% (v/v) Tween 20 as described 

in Materials and Methods. Panel A 

displays representative sensorgrams 

of FVIII light chain association to and 

dissociation from the immobilized 

scFv variants (1) KM33-S56N/D57A 

(KM33-germ2), (2) KM33 wild-type, 

(3) KM33-D24A, and (4) KM33-V23A/

D24A/F27L (KM33-germ1). Panel B 

shows the kinetic constants of the 

interaction between FVIII light chain 

and the scFv variants, which were 

obtained from at least 10 different 

concentrations of FVIII light chain per 

immobilized scFv.
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Figure 3

Effect of scFv KM33 and variants thereof on FVIII activity.
Activity of FVIII was assessed by chromogenic assay in the presence of increasing concentrations of 

scFv variants as described in Materials and Methods. Residual FVIII activity is shown in the presence 

of the scFv variants (A) KM33-germ 1, and KM33-D24A in CDR-1, (B) KM33-germ 2 and KM33-D57A 

in CDR-2, and (C) KM33 substitution variants D99A, E102A and I105A in CDR-3. 
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Inhibitory properties of KM33 variants
Purified variant of scFv KM33 were analyzed with regard to inhibition of FVIII activity in 
a chromogenic assay using purified components. The results are shown in Figure 3. The 
triple substitution variant in CDR-1 (KM33-germ1) and the single substitution KM33-D24A 
did no longer display any FVIII inhibition (Figure 3A), whereas mutation in CDR-2 did not 
affect FVIII inhibition at all (Figure 3B). Mutation within CDR-3 resulted in reduced, but still 
appreciable FVIII inhibition (Figure 3C). These data demonstrate that for the scFv KM33, 
in particular residues around CDR-1 contribute to FVIII inhibition. It is particularly striking 
that the single substitution variant KM33-D24A, which is a reverse somatic mutation (see 
Figure 1), reduces FVIII binding and abolishes FVIII inhibition. The lack of FVIII inhibition 
for the KM33-germ1 and KM33-D24A variants was also observed in the classical Bethesda 
assay using the one-stage clotting assay (data not shown).

Inhibitory properties of full-length KM33 antibody
Because the use of scFv preparations may raise issues regarding stability which might 
affect functional characterization, the scFv KM33 and its variant KM33-D24A were con-
structed into a full-length IgG4 background. The D24A substitution variant was consid-
ered of particular interest because of its affinity reduction resulting from a single reverse 
somatic mutation. Purified IgG preparations were characterized for FVIII inhibition (Figure 
4). In the classical Bethesda assay, the divalent KM33 IgG displayed FVIII inhibition with an 
estimated titer of 100 Bethesda Units/nmol IgG, which is in agreement with the inhibitory 
potential of the corresponding scFv 10. In contrast, the KM33-D24A antibody displayed 
little or no FVIII inhibition (Figure 4A). The inhibitory activity of the KM33 antibody was 
even more pronounced in the chromogenic assay which employs purified proteins rather 
than the plasma milieu of the Bethesda assay (Figure 4B). Again, the KM33-D24A variant 
lacked any appreciable inhibitory activity. These data demonstrate that the single reverse 
somatic mutation at position 24 abolishes inhibitory activity in both the scFv construct 
(Figure 3A) and in the full-length IgG4 format (Figure 4).

Effect of KM33 and KM33-D24A on FVIII binding to phospholipids
The effect of KM33, being an antibody against the FVIII C1 domain, has been associated 
with inhibition of FVIII-membrane assembly 23. Based on this notion, the lack of inhibition 
of the variant KM33-D24A (Figure 4) could be due to loss of inhibition of FVIII-membrane 
interaction. This was tested using a previously established liposphere binding assay 33. 
Indeed, KM33-D24A proved less efficient than wild-type KM33 in inhibiting FVIII-lipid in-
teraction (Figure 5), although the difference was relatively small. Under the conditions 
of Figure 5, half-maximal inhibition required approximately 2-fold higher concentration 
of the mutant than of the wild-type antibody. Apparently, the reverse somatic mutation 
D24A reduces the interference of the antibody with FVIII assembly on the phospholipid 
membrane.
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Figure 4

Antibody KM33 but not KM33-D24A inhibits FVIII activity.
Panel A shows a FVIII activity as assessed by one stage clotting assay in the presence of increasing 

concentrations of antibody (squares) KM33 and (triangles) KM33-D24A as described in Materials 

and Methods. Panel B displays residual FVIII activity as assessed by chromogenic assay in the pres-

ence of increasing concentrations of antibody (squares) KM33 and (triangles) KM33-D24A.
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Figure 5

KM33-D24A is less effective than KM33 in inhibiting FVIII-phospholipid interaction.
10 nM FVIII-YFP was pre-incubated with increasing concentrations of antibody (squares) KM33 and 

(triangles) KM33-D24A for 15 min at room temperature in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

0.1% BSA, and 1.5 mM CaCl2. The residual (FVIII-YFP)-phospholipid binding to lipospheres compris-

ing 15%PS/20%PE/65%PC was subsequently assessed in the same buffer by flow cytometry analysis 

as described in Materials and Methods.

Effect of KM33 and KM33-D24A on FVIII interaction with vWF
Antibodies against the FVIII C1-domain have been described to also interfere with FVIII 
association with vWF 11. We therefore addressed the effect of KM33 on the interaction of 
purified FVIII with recombinant vWF. Indeed, wild-type KM33 effectively interfered with 
vWF binding. In contrast, the KM33-D24A variant proved much less effective, with a half-
maximal inhibition (IC-50) of at least 10-fold higher than the wild-type antibody under 
these experimental conditions (Figure 6). This indicates that the single reverse somatic 
mutation D24A reduces the affinity for FVIII to an extent that is insufficient to disrupt the 
high-affinity interaction of FVIII with vWF.

Inhibitory mechanism of an anti-C1 domain antibody
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Figure 6

FVIII-VWF complex assembly in the presence of antibody KM33 and KM33-D24A.
0.3 nM FVIII was pre-incubated with increasing concentrations of antibody KM33 or KM33-D24A for 

10 minutes at 37°C in a buffer comprising 50 mM Tris (pH 7.4), 150 mM NaCl, 5 mM CaCl2, 1% (w/v) 

HSA, and 0.1% (v/v) Tween 20. VWF was subsequently added to the mixture for 10 minutes at 37°C. 

Residual FVIII-VWF binding in the presence of (squares) KM33 and (triangles) KM33-D24A was as-

sessed as described in Materials and Methods.

Effect of KM33 and KM33-D24A on FVIII uptake by LDLR-expressing cells
We recently demonstrated that residues Lys 2092 and Phe 2093 in the FVIII C1-domain are 
involved in cell surface binding and endocytosis of FVIII by cells that express endocytic re-
ceptors of the LRLR family 32. Because the same amino acids also contribute to the epitope 
of KM33 23, we evaluated the effect of KM33 and KM33-D24A on FVIII endocytosis. For this 
purpose we employed LDLR-expressing ldlA-7 cells (referred to as rf3 cells) 34. Cell surface 
binding was studied at 4°C, whereas cellular uptake was assessed at 37°C. As shown in Fi-
gure 7, the wild-type KM33 antibody inhibited both FVIII surface binding and cellular up-
take. Surprisingly, the KM33-D24A variant proved indistinguishable from KM33 without 
this reverse somatic mutation. This indicates that the reduced affinity of the KM33-D24A 
variant is still sufficient to effectively compete with cellular binding sites that mediate FVIII 
surface binding and endocytosis.
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Figure 7

Cell surface binding and endocytosis of FVIII is inhibited by KM33 and KM33-D24A.
Panel A shows the mean FVIII-YFP fluorescence intensity of rf3 cells that were incubated for 45 min-

utes with 150 nM FVIII-YFP in the presence and absence of a 10-fold excess of antibody KM33 or 

KM33-D24A. Binding to the cell surface of FVIII-YFP was assessed at 4°C in a buffer comprising 10 

mM Hepes (pH 7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, and 2 mM MgSO4. Panel B shows the 

mean FVIII-YFP fluorescence intensity of rf3 cells that were incubated with 150 nM FVIII-YFP in the 

presence and absence of a 10 fold excess of antibody KM33 or KM33-D24A. Endocytosis of FVIII-YFP 

was assessed in the same buffer as indicated under A for 15 minutes at 37°C. Mean FVIII-YFP fluores-

cence intensity of the cells in the panels A and B was established by flow cytometry as described in 

Materials and Methods.
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Figure 8

Model of part of the heavy chain of KM33 containing the CDR regions.
The model of the heavy chain of KM33 was prepared employing comparative homology modelling 

employing the software package modeller 6v2. The crystal structure of an antibody that is direc-

ted to Peptostreptococcus magnus protein L was used as a template (which displays 78% sequence 

identity with the heavy chain of KM33). Red lines indicate hydrogen bonds that are present in the 

structure between the side chain of Asp24 (shown in cyan) and the amide backbone atoms of the 

residues Gly26, Leu27 and Phe29.

Discussion

The antibody KM33 was chosen for this study because it inhibits all functional features of 
FVIII, including FVIII activity 10, interaction with lipid membranes 23, binding to vWF (Figure 
6) and FVIII uptake by cells that express endocytic receptors of the LDLR family (Figure 7). 
It seems tempting to attribute all these functions to its epitope, which comprises residues 
2092 and 2093 in the FVIII C1-domain. However, because KM33 binding to FVIII displays 
an extremely low dissociation rate (Figure 2), it seems also possible that KM33 binding to 
the FVIII light chain just sterically hinders multiple macromolecular interactions. To dis-
sect this inhibitory mechanism, we aimed to engineer the affinity of KM33 to FVIII, in order 
to obtain KM33 derivatives directed against the same epitope, but with lower affinity. 
The strategy of reverse somatic mutation was chosen because the sequence of the KM33 
heavy chain displays only a few mutations in comparison with its germ-line VH 3-30, which 
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are largely located at or within the CDR-1 and CDR-2 regions (Figure 1). Of the various 
derivatives made, we selected the variant KM33-D24A for further study for a variety of 
reasons. First, its affinity for FVIII was some 100-fold lower than that of the wild-type KM33. 
Second, the affinity decrease was due to only a single mutation back to the germ-line 
sequence, and third we expected minimal interference with the original epitope of KM33 
because residue 24 is considered not to be involved in direct antigen contact 20.

The finding that the single amino acid replacement Asp24 to Ala has such a major func-
tional impact on FVIII binding of the antibody to FVIII remains to be explained. The basic 
local alignment search tool (BLAST) shows that the heavy chain of KM33 shares 78% se-
quence identity with an antibody directed to Peptostreptococcus magnus protein L. This 
antibody comprises Ala at position 24 as is also present in the variable gene segment VH 
3-30. Analysis of the crystal structure of this antibody (PDB code 1HEZ) shows that the side 
chain of Ala24 has a hydrophobic interaction with Phe27 and Phe29 35. The structure fur-
ther demonstrates that Ala24 is in close proximity to the CDR-1 region that mediates the 
direct interaction with the antigen. Remarkably, the sequence of KM33 shows that Ala24 
has been replaced by the negatively charged Asp24, while amino acids at the positions 
27 and 29 have retained their hydrophobic nature (i.e. Leu27 and Phe29). To gain further 
insight into this issue, we constructed a homology model of KM33 based on the antibody 
1HEZ. The model revealed that the side chain of Asp24 interacts with the amide backbone 
of Leu27 and Phe29 and not with the side chain of these residues (Figure 8). It seems 
therefore likely that introduction of Asp at position 24 induces a structural change in the 
CDR-1 region which reduces FVIII dissociation and thereby increases affinity.

While we anticipated that the strategy of reverse somatic mutation should be successful 
in affinity engineering, it was surprising that the D24A substitution resulted in virtually 
complete loss of FVIII inhibitory activity (Figures 3A and 4). Due to the D24A substitution, 
KM33 apparently does no longer interfere with FVIII-dependent factor X activation. 
This suggests that KM33 blocks an interaction that drives the assembly of the factor X 
activating complex, while KM33-D24A, with its Kd in the low nM range is not able to do 
so. An attractive explanation lies in the notion that KM33, with its epitope in the mem-
brane-binding interface 23, interferes with lipid binding. For the interaction of FVIII with 
phospholipids Kd values have been reported that are in the subnanomolar range 3, 33, 36, 37. 
If this binding indeed involves the KM33 epitope in the C1 domain, it seems reasonable 
to expect that KM33-D24A, with its Kd in the low nanomolar range, does not compete 
with lipid binding, whereas wild type KM33 does. Our lipid binding studies (Figure 5) do 
not fully fit with this explanation, because the D24A variant still inhibits lipid binding, al-
though less effectively than wild-type KM33. However, the effect of the D24A substitution 
might be more prominent on membranes of different phospholipid composition.

It is striking that KM33 also inhibits the interaction of FVIII with VWF (Figure 6). In this res-
pect KM33 seems similar to the antibody LE2E9 described by Jacquemin et al 11. Because 
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vWF binds to FVIII with a Kd in the subnanomolar range 26, 38, 39, one might expect that the 
affinity of KM33-D24A should be insufficient to inhibit FVIII-vWF interaction, like the wild-
type KM33 does. Nevertheless, some inhibition still occurs, albeit less than for wild-type 
KM33 (Figure 6). One explanation for this observation is that vWF binds on a site distinct 
from the KM33 epitope, or perhaps even not within the C1-domain at all. It seems concei-
vable that KM33, and to a lesser extent also KM33-D24A, affect the alignment of the C1-C2 
domain interface, and as such also the interaction of vWF to the FVIII C2-domain 40.

In contrast to the effects of the D24A substitution on various FVIII interactions, receptor-
mediated endocytosis of FVIII binding was still effectively blocked, both at the level of cell 
binding (Figure 7A) and cellular uptake (Figure 7B). Because FVIII variants with substitu-
tions in the KM33 epitope display reduced cellular uptake on cells that express members 
of the LDLR family 32, it seems likely that this part of the C1 domain contributes to inter-
action with endocytic components at the cell membrane. The fact that KM33-D24A still 
competes in this process means that the interactions that drive endocytosis have lower 
affinity. This would be compatible with the reported affinity for the interaction of FVIII 
with members of the LDLR family (Kd 30-60 nM) 31, 41.

Our current findings might have some implications for the screening of hemophilia A pa-
tients for anti-FVIII antibodies. Recently, Krudysz-Amblo et al. have been able to quantify 
anti-FVIII antibodies in a considerable number of apparently inhibitor-free patients 42. The 
existence of non-inhibitory antibodies has been previously recognized, and proposed to 
reflect antibodies that bind FVIII at non-functional epitopes, which thereby interfere with 
FVIII recovery or half-life 17. Our antibody KM33-D24A, with its Kd in the low nanomolar 
range, can certainly not be regarded as a “low-affinity” antibody, while there is no doubt 
that its epitope is a functional site in the FVIII C1-domain. This is fully compatible with the 
notion that FVIII activity involves FVIII assembly on lipid membranes, for which the affinity 
is in the subnanomolar range 3, 33, 36, 37. If high-affinity, non-inhibitory antibodies like KM33-
D24A occur in vivo, we expect these to be predominantly directed to the membrane-
binding surface loops in the C1 and C2 domain. Previously, phage display studies have 
demonstrated the co-existence of inhibitory and non-inhibitory antibodies in the same 
patients, which may reflect differences in their affinity maturation state 10. We now find 
that a single somatic mutation may switch a non-inhibitor into an inhibitory antibody. The 
detection of such apparently immature antibodies may be needed to better understand 
the diversity of immune response against FVIII in hemophilia A.
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The studies described in the present thesis were designed to gain more insight in the 
functional role of the C domains of Factor VIII (FVIII). We focussed on the assembly with 
activated factor IX (FIXa) in the factor X-activating complex as well as on receptor-medi-
ated endocytosis by clearance receptors. In the present chapter, the major conclusions 
and potential implications thereof are discussed with particular reference to the role of 
the FVIII C1 domain in these processes. 

The role of the C1 domain in complex formation with inhibitory anti-
bodies

In Chapter 2 and 5, we demonstrate that antibody KM33 is particularly effective in inhibi-
ting the cofactor function of FVIII, the cell surface binding of FVIII, and the binding of FVIII 
to VWF 1. KM33 binds FVIII with high affinity and requires the C1 domain residues Lys-2092 
and Phe-2093 for effective interaction 1. These findings show that a single antibody can 
have a major impact on multiple distinct biological processes that involve FVIII. This fur-
ther demonstrates that the C1 domain is of critical importance for FVIII biology. In Chapter 
5 we present the interesting observation that a single amino acid replacement (Asp-24 to 
Ala) in KM33 abrogates its capability to inhibit the cofactor function of FVIII. Yet, the scFV 
antibody fragment that is derived from antibody KM33-D24A still demonstrates consider-
able binding to FVIII (Kd ~ 4.4 nM). This binding affinity, however, appears to be too low to 
inhibit the complex assembly of the activated-factor X-generating complex. 

An intriguing observation is that Asp-24 is not part of one of the complementarity deter-
mining regions (CDRs) of the antibody that mediate the direct binding of KM33 to FVIII. 
The fact that residue Asp-24 is indispensable for high affinity binding of KM33 to FVIII rai-
ses therefore questions about the position of this residue in the KM33 structure. Analysis 
of a 3-dimensional model of KM33 reveals that Asp-24 is spatially close to the CDR1 region 
of the heavy chain of KM33 (Figure 8, chapter 5). We hypothesize that Asp-24 is required 
to stabilize this CDR1 region in a fixed FVIII binding conformation in the KM33-FVIII com-
plex. Mutation of Asp-24 to Ala could then result in a less stable, more dynamic CDR1 
region leading to the increased dissociation rate constant that was found for the (KM33-
D24A)-FVIII complex (Figure 2, chapter 5). 

The remarkable observation remains that KM33 effectively inhibits multiple distinct bio-
logical mechanisms of FVIII, including phospholipid binding, cell surface binding and VWF 
binding. In this light, it is interesting to analyse the crystal structures of FVIII that have 
been published in the beginning of 2008 2, 3. The structures show that the C2 domain 
is only loosely tethered to the FVIII structure, whereas the C1 domain exhibits extensive 
contacts with the A3 domain of FVIII. This observation suggests that the C2 domain can 
adopt multiple orientations relative to the C1 domain in solution. Interestingly, residues 
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in both the C1 domain and the C2 domain have been identified that contribute to the 
interaction with VWF and phospholipid membranes 1, 4, 5. These findings may imply that 
the orientation of the C2 domain is fixed when FVIII is in complex with these ligands. Be-
sides binding a functional region in the C1 domain, KM33 may restrict the orientational 
freedom of the C2 domain through e.g. steric hindrance. As a consequence, KM33 binding 
to FVIII may disturb the optimal orientation of the C2 domain for effective FVIII binding to 
phospholipid membranes and to VWF. Restricting the C domains in a less optimal orienta-
tion may be a general mechanism by which antibodies can effectively inhibit the multiple 
processes involved in FVIII biology.  

The role of the C1 domain in phospholipid binding

It has previously been established that the C2 domain is of critical importance for mem-
brane binding of FVIII. Four hydrophobic residues (i.e. Met-2199, Phe-2200, Leu-2251, Leu-
2252) have been identified that interact with the phospholipid membrane 5. In addition, 
mutation of the C2 domain region Trp-2313 - His-2315 has been described to affect the 
binding of FVIII to the phospholipid membrane 6. In the present thesis we report the novel 
finding that the C1 domain contributes to membrane binding as well. We show that the 
residues Lys-2092 and Phe-2093 are involved in binding membranes comprising a low 
percentage of PS (chapter 2) 1.

Recently, the group of Gilbert reported that the C1 domain residues Gln-2042, Tyr-2043, 
Arg-2090, Gln-2091 and Arg-2159 also contribute to the interaction of FVIII with the mem-
brane 7. They have proposed that the C1 and C2 domain act in a concerted manner in 
the interaction with the phospholipid membrane. Recent studies from the same group 
indicate that the membrane-binding mechanism of FVIII is more complex than previously 
described.  They show that the interaction between the isolated C2 domain and phos-
pholipid membranes is not specific for PS, and that it predominantly occurs under low 
salt conditions 8. They further demonstrate that the isolated C2 domain does not com-
pete with intact FVIII for binding to the membrane. These observations suggest that the 
C2 domain is less important for phospholipid binding than has been previously postu-
lated 8. Another study has recently revealed that FVIII lacking the C2 domain still exhibits 
residual cofactor activity suggesting that the C1 domain alone is sufficient to mediate 
lipid binding 9. However, the conclusion that the C2 domain is only of minor importance 
for phospholipid binding is, in our view, incompatible with the finding that mutating the 
C2 domain residues Met-2199, Phe-2200, Leu-2251, and Leu-2252 into alanines almost 
completely abrogates the binding of FVIII to phospholipid membranes containing a low 
and a high percentage of PS 5. We do feel, however, that the isolated C2 domain may not 
represent a good model to study FVIII-phospholipid interactions. We hypothesise that the 
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C2 domain requires interaction with the C1 domain to stabilize its 3-dimensional structure 
in an optimal, less dynamic, lipid binding conformation. This would be in analogy with 
the model that the restricted dynamics of the CDR1 region of KM33, compared to that of 
KM33-D24A, increases the stability of the KM33-FVIII complex. We therefore agree with Lü 
et al and Novakovic et al that the C1 and C2 domain cooperate to mediate high affinity 
binding of FVIII to PS containing phospholipid membranes 7, 8.

Figure 1

Putative structure of FVIII in the presence and absence of phospholipid membranes.
The right panel shows the crystal structure of FVIII that has been reported by Shen et al. (PDB ID: 

2r7e) 2. The C domains are aligned in this structure to facilitate membrane interaction. The left panel 

shows a putative model of FVIII in solution in which the C2 domain can freely rotate in the FVIII 

structure. The residues of FVIII that have been identified to contribute to phospholipid binding are 

indicated in cyan. 
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The membrane binding regions of the C1 domain contain mainly residues which are hy-
drophilic in character whereas these regions in the C2 domain comprise predominantly 
hydrophobic residues 1, 5, 7. This suggests that the C1 domain residues may interact with 
the polar phospholipid head group region of the phospholipid bilayer, whereas the C2 
domain residues interact with the hydrophobic core of the membrane. The initial interac-
tion between activated FVIII and the membrane may therefore be driven by electrostatic 
interactions between the C1 domain and the phospholipid head group region. The C2 
domain may subsequently bind the C1 domain leading to a stabilized C2 domain that 
optimally interacts with the hydrophobic core of the membrane.  In this manner, the FVIII 
molecule is locked in a high affinity membrane binding configuration which will subse-
quently facilitate the binding of FIXa to the procoagulant phospholipid membrane.   

The role of the C1 domain in FVIII endocytosis

Reducing the in vivo clearance rate of FVIII would be of great benefit for haemophilia A 
patients as they require frequent intravenous infusions with plasma derived or recombi-
nant FVIII 10. Prolonging the half-life of FVIII could for example be achieved by mutating 
FVIII residues involved in LRP binding without affecting the cofactor function of FVIII 11.  It 
remains remarkable however that the affinity of FVIII for LRP (Kd ~ 60 nM) is low relative to 
the concentration of FVIII in plasma (0.3 nM) 12, 13. It has therefore been proposed that FVIII 
endocytosis occurs via a two-step binding mechanism, in which FVIII is first pre-concen-
trated on the cell surface 14. Increasing the concentration at the cell surface will eventually 
facilitate the transfer of FVIII to LRP for receptor-mediated internalization. We now show 
in chapter 4 that blocking LRP with its antagonist RAP leads to the detection of only cell 
surface bound FVIII 15. No cell surface bound FVIII was observed in the absence of RAP. This 
observation is in favour of the model that pre-concentration of FVIII is part of the LRP-de-
pendent uptake mechanism of FVIII. 

It has initially been thought that the A2 domain of FVIII drives cell surface binding of 
FVIII 14. In the studies described in chapter 3, we demonstrate, however, that the C1 do-
main of FVIII contributes to the binding of FVIII to the cell surface 15. We show that region 
2092-2093 not only contributes to phospholipid binding but also to the binding of FVIII 
to the surface of the cell. This binding event seems independent of PS as annexin V does 
not prevent the endocytic uptake of FVIII (Chapter 3). Yet, annexin V predominantly binds 
phospholipid membranes comprising a high percentage of PS (>8 %) 16, 17. In chapter 2, 
however, we showed that the C1 domain 2092-2093 residues are required for binding 
membranes comprising a low percentage of PS 1. We therefore performed additional ex-
periments in which we assessed FVIII endocytosis in the presence of increasing concentra-
tions of lactadherin (Figure 2). This protein is particularly effective in binding membranes 
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comprising a PS content between 0- 2 % 16, 17. The results show that also lactadherin 
is unable to block FVIII endocytosis by the LRP-expressing U87MG cells. These observa-
tions preclude a role of PS in the initial cell surface binding event of FVIII. The findings de-
monstrate that the identity of the structural elements on the cell surface involved in 
FVIII binding remains to be established. 

Figure 2

Endocytosis of FVIII YFP by U87MG cells and binding to lipospheres in the presence of lactad-
herin.
(A) 50 nM FVIII YFP was incubated with U87MG cells in the presence of an increasing concentration 

of lactadherin for 15 min at 37°C in 10 mM Hepes (pH 7.4), 135 mM NaCl, 10 mM KCl, 5 mM CaCl2, 

2 mM MgSO4. The residual mean FVIII YFP fluorescent intensity of the U87MG cells was determined 

by flow cytometry as described in chapter 3. (B) 5 nM FVIII YFP was incubated with 5% PS- or 15% PS-

containing lipospheres in the presence of an increasing concentration of lactadherin for 10 min at 

RT in 50 mM Tris, 150 mM NaCl, 1.5 mM CaCl2, 0.1% bovine serum albumin. The residual mean FVIII 

YFP fluorescent intensity of the lipospheres was determined by flow cytometry (chapter 2).

CHAPTER 6
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General Discussion

It has previously been demonstrated that VWF blocks the direct interaction between FVIII 
and LRP 12. In chapter 4, we show that FVIII is not detected at all in or on LDL receptor and 
LRP-expressing cells in the presence of VWF. When VWF would only block LRP binding of 
FVIII, cell surface bound FVIII should have been detected as has been found for blocking 
FVIII endocytosis by RAP (Figure 4, chapter 4). This observation suggests that VWF pre-
vents the binding of FVIII to the cell surface as well. This provides an explanation why VWF 
is an effective competitor for FVIII endocytosis. VWF inhibits the initial cell surface binding 
step of FVIII, which will prevent pre-concentration of FVIII to the cell surface, and therefore 
also the endocytic uptake of FVIII. Intriguingly, changing the conformation of VWF 18, 19 
alleviates this inhibitory effect on the cellular uptake of FVIII.  An explanation for this phe-
nomenon could be that a change in the conformation of VWF may liberate the C domains 
that are locked in the VWF binding orientation. If so, the C domains may reorient in a con-
figuration to facilitate cell surface binding which will eventually lead to LRP-dependent 
endocytosis. Whether this process occurs remains a subject for future investigation. 

The role of the C1 domain in binding coagulation Factor IXa

Functional regions in FVIII have been previously identified employing experimental ap-
proaches that involve enzyme kinetics of the activated factor X-generating complex in 
the presence of FVIII peptides, isolated FVIII domains and monoclonal antibodies directed 
against FVIII 7, 20-24. Several of these studies have revealed that the FVIII C domains comprise 
FIXa binding regions in addition to the interactive sites that contribute to binding the 
phospholipid membrane. Soeda et al for instance describe that FVIII C2 region 2228-2240 
interacts with the Gla-domain of FIXa, and Lü et al report that C1 residues Arg-2090/Gln-
2091 and Gln-2042/Tyr-2043 are involved in the interaction with FIXa 7, 20. These findings 
imply that FIXa exhibits an extended binding interface on FVIII involving regions of the 
A2, A3, C1 and C2 domains 7, 20, 22, 23, 25. Lü et al have further suggested that the FIXa binding 
regions in the C1 domain contribute to the interaction with the phospholipid membrane 
as well. It seems, however, unlikely that the same amino acid regions are critical for phos-
pholipid and FIXa binding. We feel therefore that additional investigation is required to 
assess whether or not the C domains truly comprise interactive regions for FIXa. 

The current paradigm is that the A2 domain of FVIII binds FIXa with low affinity whereas 
the light chain of FVIII binds FIXa with high affinity 24, 26. According to this model, the inter-
action between FIXa and FVIIIa is mainly driven by FIXa association to interactive sites in 
the FVIII light chain, which may include the proposed binding regions in the C domains. 
To gain more insight into this issue, we have now employed the approach that takes maxi-
mum advantage of the phospholipid binding study described for FVIII in Chapter 2 1. For 
this purpose, we have utilized FIXa that is labeled with a fluorescent probe in its active site 
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(Fluorescein-EGR-FIXa). The binding of FIXa to lipospheres was assessed in the presence 
of activated FVIII by flow cytometry analysis. The results showed that the addition of non-
activated FVIII to the lipospheres does not result in binding of FIXa. Binding of labeled 
FIXa to the lipospheres was, however, observed after one minute of activation of FVIII by 
thrombin (Figure 3). These findings are in agreement with the current view that states 
that FVIIIa first binds with high affinity to phospholipid membranes to subsequently pro-
vide a high-affinity binding site for FIXa 27, 28. 

Surprisingly, prolonged incubation of FIXa with FVIIIa resulted in gradual decline of the 
amount of FIXa bound to the phospholipid membrane. Since FVIIIa is unstable due to ra-
pid dissociation of the A2 domain, this decline can be explained if inactivated FVIII would 
be incapable to facilitate binding of FIXa to the membrane surface. As Brinkman et al have 
demonstrated that the inactivated light chain, which includes both C domains, remains 
bound to the membrane, this finding also implies that the light chain may not facilitate 
the binding of FIXa at all 29. This result suggests a prominent role for the FVIII A2 domain 
in FIXa binding and a less important function for the light chain therein. This suggestion 
contradicts, however, the previous findings that the isolated A2 domain binds FVIII with a 
moderate affinity 26. An alternative explanation for the above-mentioned observations is 
that high affinity interaction between FIXa and activated FVIII requires the presence of the 
entire FIXa binding interface. This interface may involve regions in the A2 and A3 domains 
and possibly also the C domains. Irrespective of the outcome of future studies that ad-
dress this issue, our findings strongly suggest that only the intact activated cofactor binds 
FIXa with high affinity.   

Figure 3

Binding of fluorescein-EGR labeled FIXa to lipospheres in the presence of FVIIIa.
FVIII (30 nM) and Fluorescein-EGR-FIXa (10 nM) were added to lipospheres containing 15%PS/20% 

PE/65%PC in a buffer comprising 50 mM Tris, 150 mM NaCl, 1.5 mM CalCl2, 0.1% bovine serum al-

bumin. FVIII was activated by addition of thrombin (3 nM) and binding of Fluorescein-EGR-FIXa was 

measured by flow cytometry at the indicated time points as described in chapter 2 1.  

CHAPTER 6
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General Discussion

Future directions

Whereas the A domains and the C2 domain have been frequently addressed in scientific 
studies, the functional role of the C1 domain in the biological processes that involve FVIII 
has remained poorly understood. Furthermore, the orientation of the C domains with res-
pect to the A domains has been a debate for years. Initially, Stoylova et al proposed a FVIII 
model, derived from 2 dimensional crystal structures in the presence of phospholipids, in 
which the C1 domain is positioned on top of the C2 domain 30. Based on these studies, the 
C1 domain has been suggested to function as a spacer region between the membrane 
bound C2 domain and the A domains. The crystal structures that were obtained of FVIII in 
the absence of phospholipids, however, show that the C domains are parallelly aligned in 
the FVIII structure suggesting a role for both domains in phospholipid binding 2, 3. In this 
thesis, we have now established that the C1 domain not only contributes to phospholipid 
binding but also to the interaction of FVIII with the cell surface prior to FVIII endocytosis. 

A disadvantage of the crystal structures of FVIII is that it shows FVIII in a rigid configura-
tion. No information is obtained from these structures about the dynamics of the domains 
within FVIII under physiological conditions. The observation that the C2 domain has only 
a limited interaction with the other FVIII domains suggests that this domain may be highly 
dynamic in solution. We therefore feel that the orientation of the C domains or the change 
therein in the FVIII structure may be of critical importance in the biological processes that 
involve FVIII. Novel experimental approaches are, however, required to address the issue 
of domain dynamics for FVIII function. Challenges to overcome in these approaches will 
be, amongst others, the relative large size of FVIII, the inherent instability of activated FVIII, 
as well as the heterogeneous nature of the protein.    

A promising approach involves fluorescence resonance energy transfer (FRET) between 
two fluorescent molecules 31. This approach can be used to assess the distance, or chan-
ges therein, between two sites on proteins that are labeled with a fluorescent probe.  FVIII 
can be site-specifically labeled via a cysteine residue that is introduced at a specific site 
within the protein 32. The distance between this labeled site and the labeled active site of 
FIXa can be determined. In addition, the change in distance can be assessed between a 
labeled C domain and a labeled phospholipid membrane upon FIXa binding 8. An alterna-
tive approach involves hydrogen-deuterium (H-D) exchange mass spectrometry 33. This 
method relies on the exchange rate of hydrogen atoms of the amide backbone of poly-
peptides for deuterium atoms upon changing the solvent from H2O to D2O. The subse-
quent change in mass is identified by mass spectrometry. An advantage of this technology 
is that the experiments can be performed at physiological conditions. This technology will 
provide information about the surface exposure of regions in FVIII and the change therein 
upon binding of FVIII to its ligands. It further provides insight in the local conformational 
changes that may occur upon, for instance, activation of FVIII.    
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We feel that such studies may reveal that VWF effectively protect FVIII from rapid clea-
rance by locking the C domains in an unfavourable position for effective cellular uptake 
of FVIII. In addition, these studies may show that the C1 domain locks and stabilizes the 
C2 domain in a membrane binding orientation in the presence of phospholipids. It seems 
feasible that there may be distinct orientations of the C domains in the FVIII structure for 
optimal binding of VWF, phospholipids, and the cell surface. Taken together, understan-
ding the dynamics of the C domains is indispensable to gain further insight into the bio-
logy of FVIII. 
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Coagulation factor VIII (FVIII) comprises multiple domains that in a concerted manner me-
diate the role of FVIII as a cofactor for activated factor IX (FIXa) in the coagulation cascade. 
These domains of FVIII are grouped in a heavy chain (domains A1-A2-B) and a light chain 
(domains A3-C1-C2). At sites of vascular injury, FVIII is activated and assembles with FIXa 
on procoagulant membranes comprising phosphatdylserine (PS) in the outer leaflet of 
the bilayer. Defects therein are associated with the bleeding disorder hemophilia A, which 
can be treated with intravenous infusion with purified FVIII. Effective treatment, however, 
is severely hampered by the fact that FVIII is rapidly removed from the circulation. One 
relevant biological modifier of the FVIII half-life is von Willebrand factor (VWF), which 
forms a tight complex with FVIII in the circulation. In this complex, FVIII is protected from 
even faster clearance from plasma. The role of the A domains and the C2 domain in the 
interaction with phospholipid membranes, FIXa, VWF and the FVIII clearance receptors 
has been extensively studied. The potential function of the C1 domain in these molecular 
mechanisms has been hardly investigated and is therefore poorly understood. Yet, anti-
C1 domain antibodies have been identified that effectively inhibit multiple FVIII functions. 
The subject of investigation of this thesis is to gain insight into the role of the C1 domain 
in the biological processes that involve FVIII. 

CHAPTER 1 provides general background information of the structure, function and the 
mechanisms of clearance of FVIII. The current knowledge of the role of the FVIII domains 
in these biological processes is described. In this chapter, we identify several intriguing 
questions that involve the potential function of the C1 domain. The main questions in-
clude:  Does the C1 domain contribute to binding to phospholipid membranes and, if so, 
which amino acid residues mediate this interaction? Is the FVIII C1 domain involved in 
interaction with the FVIII clearance receptors LDL receptor-related protein (LRP) and LDL 
receptor (LDLR), and what is the role of VWF therein? What is the mechanism behind the 
effective inhibition of FVIII functions by antibodies that are directed to the C1 domain?

To answer these questions, we address in CHAPTER 2 the role of the C1 domain in binding 
to phospholipid membranes and platelet membranes by making optimal use of single 
chain variable domain antibody fragment (scFV) KM33 that requires residues 2092-2093 
in the C1 domain for binding FVIII. The results show that this scFV is particularly effec-
tive in blocking the interaction of FVIII with phospholipid membranes and with activated 
platelets. We further employed phospholipid binding studies with fluorescent FVIII YFP 
constructs in which Lys-2092 and/or Phe-2093 are replaced by alanines. We report the 
key observation that these C1 domain residues contribute to binding phospholipid mem-
branes comprising a low percentage of PS. To assess the role of these residues in the 
interaction with physiological relevant procoagulant surfaces, we performed functional 
studies employing the FVIII YFP derivatives and activated platelets. The results show that 
residues 2092-2093 are also of major importance for the interaction of FVIII with the acti-
vated platelets. In addition, we have observed that platelet membranes that comprise a 
low percentage of PS, expose a binding site for FVIII which is independent of PS.
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Besides inhibiting the interaction between FVIII and phospholipid membranes, we have 
previously found that scFv KM33 blocks endoyctosis of FVIII mediated by LRP. Therefore, 
in CHAPTER 3 we report on the role of FVIII C1 domain region 2092-2093 in the LRP-de-
pendent endocytosis of FVIII. Employing LRP-expressing U87MG cells, we demonstrate 
that this region is critical for the uptake of FVIII. An intriguing finding is that there is 
a cell surface binding step for FVIII that is independent of LRP. This binding step is of 
critical importance in the mechanism of LRP-dependent uptake of FVIII. We show that 
the C1 domain residues 2092-2093 contribute to both cell surface binding as well as 
receptor binding. We have further found that the cell binding step of FVIII is not medi-
ated by PS. The identity of this receptor is therefore subject for future investigations.                                                                                     
                                                            
As FVIII is tightly bound to VWF in the circulation, we address in CHAPTER 4 the role of 
VWF on the LDLR- and LRP-dependent endocytosis of FVIII. We demonstrate that VWF 
not only inhibits the interaction between FVIII and LRP but also the direct binding of FVIII 
to LDLR. We have further performed uptake experiments in the presence of RAP, which 
blocks the binding of FVIII to LRP. The results of these experiments show that FVIII is con-
centrated at the cell surface when the transfer to LRP cannot occur. VWF, however, ap-
pears to effectively prevent the cell surface binding of FVIII.  As this step is a critical part in 
the mechanism of FVIII endocytosis, this observation provides an explanation for the par-
ticularly high efficiency by which VWF protects FVIII from cellular uptake. In this chapter, 
we furthermore report the novel finding that activation of VWF eliminates the protective 
effect of VWF for FVIII endocytosis. We have therefore concluded that activation of VWF, 
induced by for example shear stress, may be part of the mechanism that drives the LRP- 
and LDLR-dependent clearance of FVIII. 

In CHAPTER 5 we addressed the remarkable observation that KM33 blocks multiple pro-
cesses that involve the C1 domain of FVIII, including cofactor function, cell surface binding 
and VWF binding. We report on the interesting observation that only one single amino 
acid replacement in KM33 (KM33-D24A), outside the FVIII binding region, abrogates the 
inhibitory properties of the antibody completely. However, the cell surface binding and 
endocytosis of FVIII is still effectively blocked by KM33-D24A. These results indicate that 
antibodies, which bind to the same epitope on FVIII, may exert different functional defects 
in FVIII. In addition, these results show that antibodies, which do not inhibit cofactor func-
tion, can still be directed towards a critical epitope on FVIII.

Finally, in CHAPTER 6 the major conclusions of this thesis are discussed. We conclude that 
the C domains of FVIII act in a concerted manner in the biological processes involving FVIII. 
We discuss that unraveling of the dynamics of the FVIII C domains in the FVIII structure are 
a key element to gain further insight into the structure and function of coagulation FVIII.
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Factor VIII (FVIII) is een eiwit dat een centrale rol speelt in de bloedstollingscascade. Het 
is een cofactor voor factor IX (FIX) in de activering van factor X. Afwezigheid of dysfunc-
tie van FVIII leidt tot de stollingsstoornis hemofilie A. De ernst van deze aandoening illu-
streert het belang van FVIII voor het correct functioneren van de bloedstollingscascade. 
Hemofilie A kan worden behandeld door intraveneuze toediening van gezuiverd FVIII. 
Het effect van deze substitutie therapie wordt echter beperkt doordat FVIII in de circulatie 
slechts een beperkte halfwaardetijd heeft. FVIII circuleert in plasma in complex met von 
Willebrand factor (VWF), dat voorkomt dat FVIII nog sneller geklaard wordt. Voordat FVIII 
zijn functie in de stollingscascade kan vervullen dient het eerst geactiveerd te worden. 
Het geactiveerde FVIII (FVIIIa) dissocieert vervolgens van VWF waarna het assembleert 
met geactiveerd FIX (FIXa) op fosfolipidemembranen waarin phosphatidylserine (PS) ver-
rijkt aanwezig is. Dit eiwit-fosfolipiden complex is bijzonder effectief in het genereren van 
geactiveerd factor X (FXa).

FVIII bestaat uit meerdere domeinen die gegroepeerd zijn in een zware keten (domeinen 
A1-A2-B) en een lichte keten (domeinen A3-C1-C2). Sinds de ontdekking van de FVIII do-
meinstructuur is er relatief veel onderzoek verricht naar de rol van de A domeinen en het 
C2 domein in de interactie met fosfolipidemembranen, FIXa, VWF. Hetzelfde geldt voor 
de interactie met de receptoren die betrokken lijken te zijn bij de klaring van FVIII. Aan 
de mogelijke rol van het C1 domein in deze moleculaire interacties is echter veel minder 
onderzoek gewijd. Daardoor is dit nog grotendeels onbekend terrein. Dit proefschrift 
richt zich daarom op de rol van het C1 domein in de verschillende biologische processen 
waarbij FVIII betrokken is.

HOOFDSTUK 1 bevat algemene achtergrondinformatie over de structuur en functie van 
FVIII. Verder wordt ingegaan op het mechanisme van klaring van FVIII waarin de recepto-
ren LDL receptor en LDL receptor-related protein (LRP) een belangrijke rol lijken te spelen. 
De huidige kennis over de rol van de afzonderlijke FVIII domeinen in deze biologische 
processen wordt hier beschreven. In dit hoofdstuk identificeren wij verschillende vragen 
met betrekking tot de functie van het C1 domein. De belangrijkste daarvan zijn: (a) draagt 
het C1 domein bij aan binding aan fosfolipidemembranen en zo ja, welke residuen zijn 
betrokken bij deze interactie? (b) is het C1 domein van FVIII betrokken bij de binding aan 
LDL receptor en aan LRP en wat is de rol van VWF daarin? en (c) waarom zijn antilichamen 
die gericht zijn tegen het C1 domein zo effectief in het remmen van de functie van FVIII?

Om deze vragen te kunnen beantwoorden hebben we in HOOFDSTUK 2 de rol van het 
C1 domein onderzocht in de binding van FVIII aan fosfolipidemembranen en membranen 
van bloedplaatjes. We hebben hiervoor gebruik gemaakt van een antistof fragment (scFv) 
KM33, dat gericht is tegen de regio in het C1 domein die de aminozuren 2092 en 2093 
bevat. Onze resultaten laten zien dat dit KM33 fragment effectief de interactie tussen FVIII 
en fosfolipidemembranen en membranen van bloedplaatjes remt. Daarnaast hebben we 
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gebruik gemaakt van fluorescente FVIII-YFP constructen waarin Lys-2092 en/of Phe-2093 
zijn vervangen voor alanines. Bindingsexperimenten toonden aan dat deze residuen bij-
dragen aan de binding aan fosfolipidemembranen, vooral wanneer die slechts een laag 
percentage PS bevatten. Om de rol van deze residuen in de interactie met fysiologische 
membranen te bepalen, hebben we functionele studies uitgevoerd met de FVIII-YFP vari-
anten en geactiveerde bloedplaatjes. De resultaten laten zien dat de aminozuren 2092-
2093 ook betrokken zijn bij de binding van FVIII aan bloedplaatjes. Daarnaast laten deze 
experimenten zien dat bloedplaatjes met een laag percentage PS in de buitenste laag van 
het membraan een bindingsplaats voor FVIII bevatten die wellicht onafhankelijk is van 
PS.

Het antistoffragment KM33 remt, behalve de interactie tussen FVIII en fosfolipidemem-
branen, ook de cellulaire opname van FVIII door de endocytose receptor LRP. Daarom 
hebben wij in HOOFDSTUK 3 onderzocht in hoeverre het FVIII C1 domein, en in het bij-
zonder de aminozuren 2092-2093 daarin, betrokken is bij de LRP-gemedieerde endocy-
tose van FVIII. Met behulp van U87MG cellen, die veel LRP tot expressie brengen, laten 
wij in dit hoofdstuk zien dat dit deel van het C1 domein inderdaad van groot belang is 
voor de opname van FVIII. Een interessante bevinding is dat endocytose van FVIII via LRP 
vooraf wordt gegaan door binding van FVIII aan het celoppervlak. Deze interactie is onaf-
hankelijk van LRP, en vormt een onmisbare stap in het opnamemechanisme van FVIII via 
LRP. Daarin dragen de C1 domein aminozuren 2092 en 2093 bij aan binding aan zowel 
het celoppervlak als de receptor. Tenslotte suggereren onze resultaten dat de binding 
van FVIII aan het celoppervlak niet gemedieerd wordt door PS. Het ophelderen van de 
identiteit van de primaire bindingspartner voor FVIII op het celoppervlak blijft daarom 
een belangrijk onderwerp voor vervolgonderzoek.

Omdat de complexvorming met VWF de halfwaardetijd van FVIII in de circulatie verlengt, 
hebben we in HOOFDSTUK 4 de rol van VWF in FVIII endocytose nader onderzocht. Onze 
resultaten laten zien dat VWF niet alleen de interactie tussen FVIII en LRP remt, maar ook 
die tussen FVIII en de LDL receptor (LDLR). De opname van FVIII werd geremd door de 
LRP antagonist Receptor Associated Protein (RAP). RAP bleek echter niet in staat de bin-
ding van FVIII aan het celoppervlak te remmen. Wij vonden juist dat FVIII geconcentreerd 
werd op het celoppervlak. Dat is in overeenstemming met een mechanisme waarin de 
volgende stap, de overdracht aan LRP, geblokkeerd is. De binding van FVIII aan het celop-
pervlak werd effectief voorkomen door VWF. Het feit dat VWF zowel de initiële associatie 
met het celoppervlak als de daarop volgende binding aan LRP remt, vormt een verklaring 
voor de waarnemening dat VWF zo efficient de cellulaire opname van FVIII voorkomt. Dit 
beschermende effect van VWF wordt echter teniet gedaan door activering van VWF, zoals 
dit onder stromingscondities (“shear stress”) kan optreden. Het lijkt daarom waarschijn-
lijk dat activering van VWF onderdeel is van het fysiologische mechanisme dat receptor-
gemedieerde klaring van FVIII drijft.
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In HOOFDSTUK 5 hebben we aandacht besteed aan de bijzondere waarneming dat anti-
stof KM33 verschillende FVIII functies remt waarbij het C1 domein betrokken is. Dit betreft 
niet alleen de cofactor functie van FVIII, maar ook de binding van FVIII aan het celopper-
vlak en aan VWF. In dit hoofdstuk hebben we door middel van mutagenese varianten van 
KM33 geproduceerd, en daarvan het remmend effect in kaart gebracht. Hierbij bleek dat 
de remming van de cofactor functie volledig teniet gedaan wordt door vervanging van 
maar één enkel aminozuur in KM33. Deze variant, KM33-D24A, remt de binding van FVIII 
aan het celoppervlak en de endocytose van FVIII echter net zo effectief als normaal, onge-
muteerd KM33. Blijkbaar kunnen antilichamen die aan dezelfde plaats op het C1 domein 
van FVIII binden, afhankelijk van hun affiniteit, verschillende FVIII functies blokkeren.

Ten slotte worden in HOOFDSTUK 6 de resultaten uit de voorgaande hoofdstukken bedis-
cussieerd. Het lijkt aannemelijk dat de C domeinen niet zozeer afzonderlijke, autonome 
functies binnen FVIII vervullen, alswel samenwerken in de biologische functie van FVIII. 
Bestudering van de dynamica van de C domeinen binnen het eiwit zou de sleutel kunnen 
vormen tot verdere ontrafeling van FVIII functie in de toekomst.
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Dankwoord

Ik kijk omhoog naar de blauwe lucht boven mij en haal diep adem. Ik voel de lucht mijn 
longen instromen. Mijn spieren staan strak gespannen en mijn bloed stroomt door mijn 
lijf. Mijn hart bonkt. Vanuit mijn ooghoeken zie ik mijn coach langs de zijlijn staan. Het ene 
moment ontspannen, het andere moment in opperste concentratie. Ik denk terug aan de 
tijd dat ik bij deze club ben begonnen. Koen, bedankt voor je vertrouwen en de moge-
lijkheid die je me hebt gegeven om aan dit project te werken. Voor de mogelijkheid van 
een tijdelijke transfer naar een andere club. Je hebt me tijd en ruimte gegeven om mezelf 
te ontwikkelen en profileren als onderzoeker. Dear Gary, thanks for the nice collaboration 
and for giving me the opportunity to work in your lab in Boston for five months. I have 
learned several excellent techniques in your lab which turned out to be very useful in 
other research projects in our department as well. It is great that you will join us on August 
31st! Valerie, thanks for your excellent technical assistance during my stay in Boston!

Ik draai me om en kijk in de ogen van de aanvallende mid die startklaar staat, van den 
Biggelaar. Ik denk dat ze uitkijkt naar de 3e helft. Onvermoeibaar, creatief, efficiënt en met 
enthousiasme speelt zij het spel. Soms krijg ik de bal van haar recht in mijn voeten, soms 
speelt ze hem in de ruimte. Maartje, ik heb veel van je geleerd en altijd met veel plezier 
met je samen gewerkt! Ik wens je heel veel succes met de aanvraag van beurzen voor je 
eigen onderzoeksproject en met je verdere carrière!

Ik kijk om mij heen en vraag me af waar nummer 5, van der Zwaan staat. Ze staat al jaren in 
de basis, maar het is altijd weer een verrassing welke positie zij gaat innemen. Links, rechts 
of in het midden. Ze rent over het hele veld en helpt andere spelers waar ze kan. Begrijpt 
precies hoe ze het spel moet spelen. Heeft geen coaching nodig. Carmen bedankt! Je hebt 
me altijd met enthousiasme geholpen waar nodig. Ik heb met veel plezier met je samen 
gewerkt en ben blij dat je mijn paranimf bent geworden!

Onze linkshalf staat nog buiten de lijn. Ze neemt de laatse energy-reep tot zich en sprint 
vervolgens het veld in. Helaas zal ze binnenkort ons team verlaten vanwege een carrière-
switch. Mariska, thanks voor de leuke en gezellige samenwerking! Het is natuurlijk jam-
mer als een persoon zoals jij het onderzoek vaarwel zegt, maar ik geloof dat je iets hebt 
gevonden wat echt bij je past. Ik wens je veel succes op de kunstacademie! Wie weet zien 
ze jou hier nog eens terug in Galerie Joghem. 

Achter de aanvallende mid zie ik een speelster druk bezig met knieheffen, rekken en strek-
ken. Ze controleert of haar sokken en scheenbeschermers goed zitten en trekt nog een 
laatste sprintje. Altijd goed voorbereid: onze voorstopper Bloem. Esther, bedankt voor de 
leuke samenwerking. Vele gedeelde ideeën, proeven, zuiveringen en factories. Het delen 
van onze labtafel. Het was een klein plekje, maar het ging altijd goed. Ik wens je veel suc-
ces met het afronden van jouw promotieonderzoek!
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De laatste linie, sterke spelers, gevormd door onze aanvoerder en laatste man, Meijer. Aan 
zijn linker en rechterkant bijgestaan door een Nederlandse, Spaanse of Italiaanse. Ze van-
gen alle afvallende ballen op. Sander, bedankt voor jouw onmisbare rol als aanvoerder. Je 
bent een bron van creativiteit en enthousiasme in dit team en ik heb veel van je geleerd. 
Bedankt voor al je inzet voor mijn project! Zeker ook in het allerlaatste traject.

Ik hoor geschreeuw vanaf de tribune en kijk rond naar de supporters. Overige collega’s van 
Plasma Eiwitten, collega’s van Bloedstolling en ex-collega’s. Grazie molte, paldies, muchas 
gracias, dzię kuję bardzo, nagyon köszönöm, bedankt voor de samenwerking en gezel-
ligheid op het lab! Familie en vrienden, bedankt voor al jullie steun op welke manier dan 
ook! Eveline, het was fijn om deze laatste fase niet helemaal alleen te doorlopen. Ik wens 
je een goede tijd in San Diego! Job, bedankt voor al je inzet voor de cover en layout.

Ik kijk nog eenmaal om en zie de scheids grijpen naar zijn fluitje. Het geluid wat daarop 
volgt is oorverdovend.... 

The game is over!
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