Factor VIII trafficking
to Weibel-Palade bodies

Maartje van den Biggelaar

Cover: Three-dimensional model of the factor VIII C-domains with amino
acid residues implicated in von Willebrand factor binding represented in ball
and stick.
Lay out: Tarja van der Boon
ISBN: 978-90-9023271-3
Printed by PrintPartners Ipskamp B.V., Enschede, The Netherlands
The research described in this thesis was performed at the Department of
Plasma Proteins, Sanquin Research, Amsterdam, The Netherlands and the
Department of Pharmaceutics, Utrecht University, Utrecht, The Netherlands.
© Maartje van den Biggelaar, 2008, Amsterdam. All rights reserved.
No part of this publication may be reproduced, stored or transmitted in any
form or by any means without prior written permission from the author.

Factor VIII trafficking
to Weibel-Palade bodies
De route van factor VIII naar Weibel-Palade bodies
(met een samenvatting in het Nederlands)

Proefschrift
ter verkrijging van de graad van doctor aan de Universiteit Utrecht
op gezag van de rector magnificus, prof. dr. J. C. Stoof, ingevolge het besluit
van het college voor promoties in het openbaar te verdedigen
op woensdag 27 augustus 2008 des middags te 2.30 uur

door

Maartje van den Biggelaar
geboren op 24 april 1980, te ‘s Hertogenbosch

Promotoren:
			

Prof. Dr. K. Mertens
Prof. Dr. G. Storm

Co-promotoren:
			

Dr. J. Voorberg
Dr. N.A. Kootstra

Financial support by the Netherlands Heart Foundation and J.E. Jurriaanse
Stichting for the publication of this thesis is gratefully acknowledged.
Additional financial support was obtained from Stichting Haemophilia,
Sanquin Research, BD Biosciences Benelux, TAC Trade and Converting B.V.
and Tebu-Bio.

Contents
Page
Chapter 1.

General introduction

9

Chapter 2.

Requirements for cellular co-trafficking
of factor VIII and von Willebrand factor
to Weibel-Palade bodies.

27

Chapter 3.

Intracellular co-trafficking of factor VIII
and von Willebrand factor ‘Normandy’ variants
to storage organelles

45

Chapter 4.

Intracellular trafficking of factor VIII variants
associated with mild or moderate hemophilia A
to von Willebrand factor-containing storage
organelles

65

Chapter 5.

Storage and regulated secretion of factor VIII
in blood outgrowth endothelial cells

81

Chapter 6.

General discussion

99

Summary

119

Samenvatting

123

Curriculum vitae

129

List of publications

133

Dankwoord

139

Chapter 1
General introduction
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Chapter 1
Scope of this thesis
Factor VIII (FVIII) is an important hemostatic protein that functions as a cofactor in the
enzymatic coagulation cascade. A defect in the gene encoding for FVIII results in the Xchromosome linked inherited bleeding disorder hemophilia A. In plasma, FVIII circulates
together with its carrier protein von Willebrand factor (VWF). It has been generally recognized that complex assembly with VWF protects FVIII from proteolytic degradation and
premature clearance. The complex between FVIII and VWF involves one of the tightest
protein-protein interactions known. However, when and where FVIII and VWF first interact has remained poorly understood. One view is that FVIII and VWF originate from different cells and form a complex in plasma upon cellular secretion. During the last decade,
however, increasing evidence has become available suggesting that the human body also
comprises a storage pool that contains both VWF and FVIII.
These apparently distinct views raise numerous questions regarding the FVIII/VWF
complex. For instance, do FVIII and VWF merely interact by high-affinity binding in the
circulation, or is it possible that complex assembly precedes their secretion in plasma? If
there is a storage pool of VWF and FVIII, is FVIII then taken up from the circulation?
Or are FVIII and VWF endogenously synthesized within the same cell? These issues are
particularly interesting in view of new cellular and genetic approaches for the treatment of
hemophilia A. From a therapeutic point of view, targeting of FVIII to storage organelles
would result in a rapidly recruitable reservoir of FVIII, which could provide an approach
to more efficiently treat bleeding episodes when compared to current treatment protocols.
The objective of the present investigations was therefore to study the relationship between complex assembly of FVIII and VWF in the circulation and intracellular targeting
of FVIII and VWF to storage organelles. In the following paragraphs the current understanding of the biosynthesis of the FVIII/VWF complex is described in more detail and the
implications of FVIII and VWF co-expression is discussed.

Hemophilia A and von Willebrand’s disease
Hemophilia A is an X-chromosome linked bleeding disorder affecting 1-2 in 10.000 males1.
Von Willebrand’s disease is an autosomally inherited bleeding disorder with an estimated
prevalence varying between 1:1.0001 and 1:10.0002. Although hemophilia A and von Willebrand’s disease were recognized as two separate clinical syndromes due to differences in
inheritance pattern, researchers have assumed for a long time that the factors lacking in hemophilia A and von Willebrand’s disease were located on one bifunctional molecule. It was
not until the early seventies that it was discovered that the FVIII/VWF complex consists of
two separate molecular entities that travel in plasma in a high-affinity protein complex3-6.
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From that point on it was recognized that hemophilia A and von Willebrand’s disease are
inherited bleeding disorders that either result from a primary deficiency in the FVIII and
VWF protein or from the inability of FVIII and VWF to assemble in the circulation to form
a high-affinity protein complex7-9.
FVIII plays an essential cofactor function in the enzymatic coagulation cascade by
modulation of the active site of factor IXa, thereby enhancing the catalytic rate of factor X
activation10. Genetic defects in FVIII include missense and nonsense point mutations, deletions, insertions and rearrangements/inversions. Loss in correct mRNA processing generally results in severe hemophilia A11. Missense point mutations which result in one amino
acid substitution generally result in mild or moderate hemophilia A. This may be due to a
defect in FVIII secretion, cofactor function or ability to associate with VWF11,12. Clinical
symptoms of hemophilia A include frequent bleeding episodes that affect joints, muscles,
internal organs and brain and depend on the residual FVIII plasma levels (severe <1 %,
moderate 1-5 %, mild 5-20 %)1. Treatment involves protein replacement therapy (profylactic or on-demand) with concentrates of recombinant or plasma-derived FVIII13. In addition, mild and moderate hemophilia A patients may also be treated with the vasopressin
analogue desmopressin (DDAVP)14,15.
VWF is a large, multimeric adhesive glycoprotein that plays an essential role in the
formation of a platelet plug following vascular injury16. In addition, VWF functions as a
molecular chaperone for FVIII in the circulation10. A wide variety of genetic VWF defects
have been reported resulting in quantitative deficiencies (type 1 and 3) that affect both
VWF as well as FVIII plasma levels or qualitative deficiencies that affect binding of VWF
to platelets (type 2A, 2B or 2M) or to FVIII (type 2N)17. First treatment of choice is infusion with DDAVP which releases endogenous VWF from storage pools. In patients that are
unresponsive to DDAVP, treatment includes transfusion with blood products containing
the VWF/FVIII complex 2.

Structure of FVIII and VWF
The FVIII translation product consists of a 19 amino acid signal peptide followed by a 2332
amino acid precursor protein that is organized in a distinct domain structure: A1-a1-A2-a2B-a3-A3-C1-C2. Due to intracellular proteolytic processing, FVIII circulates in plasma as
a heterodimer consisting of a 90-220 kDa heavy chain (A1-a1-A2-a2-B) and a 80 kDa light
chain (a3-A3-C1-C2). The heavy chain and light chain of FVIII remain associated through
a variety of interactions, some of which are metal-ion dependent (Figure 1A)18.
VWF is synthesized as a 2813 amino acid pre-pro-polypeptide which is proteolytically
processed to generate a 22 amino acid signal peptide, a 741 amino acid propeptide (D1D2) and a mature VWF subunit (D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK) that consists
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of 2050 amino acid residues16,19 (Figure 1B). During its biosynthesis, VWF subunits are
converted into high-molecular weight multimers through the formation of intermolecular
disulfide bonds at the amino- and carboxyterminal part of the molecule16,20-22.

Figure 1. Domain structures of FVIII and VWF. (A) The FVIII translation product contains a 19 amino acid
signal peptide (SP). The mature FVIII protein consists of a heavy chain (A1-a1-A2-a2-B) and a light chain (a3A3-C1-C2). Both chains are metal-ion linked through the A1 and A3 domains. The grey areas represent acidic
rich regions called a1, a2 and a3. FVIII is activated by thrombin-mediated cleavages at Arg372, Arg740 and
Arg1689, indicated by arrows. Cleavage at Arg1689 releases the acidic a3 region from the FVIII light chain,
thereby abolishing high-affinity interaction with VWF. (B) VWF is a pre-pro-polypetide which is proteolytically processed to generate a 22 amino acid signal peptide (SP), a 741 amino acid propeptide (D1-D2) and a 2050
amino acid mature VWF subunit (D’-D3-A1-A2-A3-D4-B-C1-C2-CK). The mature VWF subunit contains
multiple repetitive A, B, C and D domains and a carboxyterminal cysteine knot domain (CK). The propeptide
cleavage site is located at Arg763, indicated by the arrow. During its biosynthesis, VWF subunits are converted
into high-molecular weight multimers through the formation of intermolecular disulfide bonds (S-S) at the
amino- and carboxyterminal part of the molecule.
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FVIII/VWF interaction
The interactive site of FVIII for VWF is located on the FVIII light chain 23. Multiple regions
on the FVIII light chain are implicated in VWF binding, including the acidic a3 region, the
C1 domain and the C-terminal part of the C2 domain. Monoclonal antibodies and synthetic
factor VIII peptides against residues 1677-1684 have been demonstrated to inhibit FVIII/
VWF interaction 24-27. Sulfation of Tyr1680, located within this region, is essential for highaffinity interaction with VWF28-31. However, a synthetic sulfated peptide comprising amino
acid residues 1673-1689 fails to show any binding to VWF, indicating that other regions
on the FVIII light chain contribute to VWF binding29. Initial studies using monoclonal
antibodies directed against the C1 and C2 domains of FVIII indicated that both C domains
may be involved in VWF binding32,33. In agreement with these observations, amino acid
replacements scattered throughout the C1 and C2 domains have been shown to reduce
binding of FVIII to VWF (Figure 2, Table 1)34-39.

Figure 2. Amino acid residues in the FVIII light chain involved in VWF binding. The C1 and C2 domains of
FVIII are represented in solid ribbon format based on the crystal structure of FVIII (PDB code 2r7e)91. Residues
located in the C1 and C2 domains implicated for VWF binding are indicated in black ball and stick 34-39. Depicted
are the front view (A), 45° angled view (B), side view with C2 in front (C) and side view with C1 in front (D).
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Table 1. Overview of point mutations in FVIII and VWF that result in impaired complex assembly. Summary of point mutations that have been reported to result in hemophilia A or von Willebrand’s disease as a result
of reduced complex assembly. Indicated are the respective domains of FVIII and VWF, the amino acid numbering
and the amino acid substitution 34-39,45.
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The isolated C2 domain has been shown to directly bind to VWF, albeit with low affinity32.
These results have led to the current view that binding of FVIII to VWF is a complex intermolecular interaction that occurs over an extended surface. It has been proposed that the
acidic a3 and C2 region of the FVIII light chain are in close proximity and form one highaffinity binding site for VWF40. The exact role of amino acids in the C1 and C2 domain
is not fully understood, but may be important in stabilizing the VWF binding conformation35.
The high-affinity binding site for FVIII on the VWF molecule becomes exposed
upon post-translational processing through cleavage of the VWF propeptide at position
Arg76341,42 (Figure 1B). The first 272 amino acids of the N-terminal part of the mature
subunit of VWF comprise the high-affinity binding site for FVIII43,44. This region spans
the D’D3 domains of VWF (Figure 3). So far, over 20 point mutations in the D’D3 region
of VWF have been identified that result in reduced FVIII binding and von Willebrand’s
disease type 2N45 (Table 1).
Complex assembly of FVIII and VWF serves as a protective mechanism for FVIII,
increasing its half-life by preventing proteolytic degradation and premature clearance10. In
order for FVIII to attain full cofactor function, the protective effect of VWF needs to be
eliminated. This occurs through activation of FVIII by thrombin and subsequent FVIII/
VWF complex dissociation. Thrombin cleavage at Arg1689 at the a3-A3 junction in the
FVIII light chain results in the removal of the a3 domain46,47 (Figure 3). Removal of the
negatively charged acidic a3 domain is expected to result in a conformational change in the
FVIII light chain40. This conformational change induces loss of the high-affinity binding
site for VWF and exposes a positively charged high-affinity lipid-binding site in the FVIII
C2 domain. This enables the FVIII light chain to interact with negatively charged phosphatidylserine-head groups on phospholipid membranes18,48 (Figure 3). Two hydrophobic
spikes, including Met2199, Phe2200 and Leu2251, Leu2252, in the FVIII C2 domain which
have been implied in VWF binding, also participate in membrane binding by protruding
into the core of the membrane37. In this manner, dissociation from VWF allows FVIII to
perform its cofactor function by interacting with its enzyme factor IXa, with factor X and
with phospholipid membranes. Once activated, FVIII is rapidly inactivated by spontaneous
A2 dissociation and proteolysis by activated protein C49-52. In addition, activated FVIII is
cleared from the circulation by the low-density lipoprotein receptor-related protein (LRP)
and the low-density lipoprotein (LDL) receptor10.
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Figure 3. Schematic representation of FVIII and VWF interaction. The interactive site on FVIII for VWF
is located on the FVIII light chain (a3-A3-C1-C2). Sulfation (OSO3-) at Tyrosine 1680 in the acidic a3 domain
of FVIII is essential for high-affinity interaction to VWF. The isolated C2 domain binds to VWF with low affinity. The current model proposes that the acidic a3 domain and the C2 domain of FVIII are in close proximity
and form one high-affinity binding site. The interactive site on VWF for FVIII comprises the first 272 amino
acid residues of the mature protein located in the D’D3 region. This region becomes exposed upon cleavage of
the VWF propeptide at Arg763, indicated by the arrow. Upon activation of FVIII by thrombin, the FVIII light
chain is cleaved at Arg1689 at the a3-A3 junction, which results in the removal of the acidic a3 region. Removal
of the negatively charged a3 region is expected to induce a conformational change in the FVIII light chain. This
conformational change induces loss of high-affinity interaction to VWF. In addition, a positively charged highaffinity lipid-binding site is exposed in the C2 domain, enabling the FVIII light chain to interact with negatively
charged phosphatidylserine (PS)-head groups on phospholipid membranes.

FVIII/VWF biosynthesis
VWF is exclusively synthesized in megakaryocytes and vascular endothelial cells53,54. The
main source of plasma VWF is the endothelial cell55. In endothelial cells, VWF is stored
in elongated cigar-shaped secretory organelles called Weibel-Palade bodies (WPBs) that
release their content upon agonist-induced stimulation16.
The site of FVIII biosynthesis has remained a controversial issue over the years. The liver
represents the main source of FVIII biosynthesis as liver transplantations have been demonstrated to cure hemophilia A in men and dogs56-59. However, FVIII levels never dropped
below 20% when a hemophilic liver was transplanted to a normal dog, indicating that
extrahepatic FVIII biosynthesis contributes significantly to circulating FVIII plasma
levels59. The cellular site within the liver that is responsible for FVIII synthesis is also a
matter of debate. Both hepatocytes60,61 as well as liver sinusoidal endothelial cells62-65 have
been proposed to represent the cellular site of FVIII biosynthesis. In addition, a variety
of tissues including spleen, lung and kidney, have been demonstrated to contain FVIII
mRNA63.
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FVIII/VWF in vivo storage pools
As no cells have been established to co-synthesize VWF and FVIII in vivo, it has generally
been assumed that FVIII and VWF are separately secreted in plasma and assemble in the
circulation by virtue of high-affinity interaction. However, during recent years evidence
has been presented that suggest that the human body may also comprise a storage pool of
both FVIII and VWF.
Infusion with the vasopressin analogue desmopressin (DDAVP) results in a rapid increase of both FVIII and VWF in the circulation66,67. Three models have been proposed
to explain the source of this releasable pool of VWF and FVIII, including (1) secondary
rise in FVIII levels as a result of increased VWF plasma levels and increased protection
of FVIII, (2) uptake of circulating FVIII/VWF complex and storage in a releasable endocytic compartment, (3) co-release of endogenously synthesized FVIII and VWF from the
same cell.
The kinetics of FVIII increase after DDAVP treatment is not compatible with a secondary protective effect of VWF. While FVIII levels increase rapidly after DDAVP infusion
with a maximum between 2-4 hours, restoration of FVIII plasma levels by infusing purified VWF in a severe VWD type 3 patient occurs much slower with a maximum after 24
hours68. The hypothesis that circulating VWF/FVIII complex may be taken up from the
circulation and be subsequently released from endocytic storage pools, is also not likely.
Studies have shown that restoration of VWF and FVIII plasma levels to therapeutic levels
in severe von Willebrand’s disease type 3 patients as well as in hemophilia A patients or
hemophilia A dogs fails to re-establish the DDAVP-mediated increase of FVIII plasma
levels68-71. These observations point in the direction of an in vivo storage pool of VWF and
FVIII which would require synthesis and storage in the same cell68,71.
The exact source of DDAVP releasable VWF and FVIII remains to be established.
DDAVP directly acts on the endothelium by activation of the vasopressin V2R receptor and
thereby inducing cAMP-mediated exocytosis of WPBs72. The in vivo cell type to co-synthesize VWF and FVIII is therefore expected to be endothelial-like. Lung microvascular
endothelial cells have been reported to express the V2R receptor and exocytose their WPBs
upon stimulation with DDAVP73 and have also been suggested to synthesize both FVIII and
VWF74. In addition, it has recently been described that transplantation of liver sinusoidal
endothelial cells can correct the hemophilic phenotype of mice64,75.

FVIII/VWF storage pools in vitro
In endothelial cells, VWF is stored in WPBs. Synthesis of VWF drives the biogenesis of its
own storage organelle. In a variety of cells that do not normally synthesize VWF, introduc-
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tion of VWF cDNA induces storage of VWF in secretory organelles that can recruit additional cargo and membrane proteins76-80. In agreement with the view that the human body
should also comprise a storage pool of both FVIII and VWF, in vitro expression of FVIII
in cells that also synthesize VWF results in FVIII storage in VWF-containing storage
organelles28,81-83. This co-targeting is expected to result from complex assembly of FVIII
and VWF in a manner analogous to ability of VWF to recruit its cargo by a direct association with interleukin-8, VWF propeptide, P-selectin and osteoprotegerin 22,84-87.

Potential of FVIII/VWF storage pools
From a therapeutical point of view, expression of FVIII in cells that also synthesize VWF is
expected to result in a recruitable pool of FVIII in complex with VWF28,68,81,82,88,89. Targeting FVIII to cells that endogenously synthesize VWF is therefore expected to be beneficial
compared to current treatment strategies with respect to on-demand release of high levels
of FVIII, prolongation of FVIII half-life by complex formation with VWF and potential
protection of FVIII from cells of the immune system68,90.

Questions addressed in this thesis
The circulating complex of VWF and FVIII is well established. However, several questions remain regarding the assembly of the complex: Where do VWF and FVIII interact?
May assembly of the FVIII/VWF complex precede cellular secretion? What is the benefit
of co-storage of VWF and FVIII? Is the complex of FVIII and VWF stored and secreted?
Is storage of FVIII driven by complex assembly with VWF? To address these intriguing
questions we have created fluorescently tagged VWF and FVIII proteins and studied their
collateral intracellular trafficking.
In chapter 2, we demonstrate that co-storage of FVIII in VWF-containing granules does
not require the presence of Tyrosine 1680, located on the FVIII light chain, which is essential for high-affinity interaction with VWF in the circulation. As this finding was unexpected, we analyzed the structural requirements that determine intracellular co-trafficking
of FVIII to VWF-containing storage organelles in more detail by making use of VWF and
FVIII variants with impaired interaction. In chapter 3, we demonstrate that VWF variants
causative for von Willebrand’s disease type 2N, are capable of recruiting FVIII to storage
organelles. In addition, we report the remarkable observation that presence of FVIII results
in a transition from cigar-shaped WPBs to spherical organelles. In chapter 4, we studied
intracellular trafficking of FVIII variants that cause hemophilia A due to reduced assembly
with VWF. We have made the interesting observation that the amount of FVIII stored in
VWF-containing granules is independent of the affinity for VWF.
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The potential benefit of targeting FVIII to cells that also produce VWF is studied in
chapter 5. In this chapter we have made use of endothelial progenitor cells which have
the potential to be used for autologous cell transplantation. Blood outgrowth endothelial
cells were isolated and transduced using a lentiviral vector encoding for FVIII-GFP. The
amount of FVIII sorted to WPBs is quantified and the potential of on-demand secretion is
studied.
Chapter 6 provides a general view on protein targeting to storage vesicles and indicates future directions.
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Summary
Background: von Willebrand factor (VWF) serves a critical role as carrier of factor (F)
VIII in the circulation. While it is generally believed that FVIII and VWF assemble in the
circulation after secretion from different cells, an alternative view is that cells should exist
that co-express FVIII and VWF. Objectives: In this study, intracellular co-expression of
FVIII and VWF was studied, with particular reference to complex assembly and highaffinity interaction. Methods: Using Yellow Fluorescent Protein-tagged FVIII (FVIII-YFP)
and Cyan Fluorescent Protein-tagged VWF (VWF-CFP), we studied intracellular trafficking in Human Embryonic Kidney (HEK293) cells and Human Umbilical Vein Endothelial
Cells (HUVEC). The role of high-affinity interaction between FVIII and VWF was assessed using a FVIII-YFP variant carrying a Tyr1680Phe substitution, which abolishes
high-affinity binding to VWF. Cellular trafficking studies were complemented by binding
studies employing purified proteins. Results: Solid phase binding assays employing FVIIIYFP demonstrated that the presence of the fluorescent moiety did not compromise highaffinity binding (K D = 0.065 ± 0.008 nM) whereas the binding of the Tyr1680Phe FVIII-YFP
variant was significantly reduced. Co-expression studies in HEK293 cells revealed intracellular co-storage of both FVIII-YFP and Tyr1680Phe FVIII-YFP within VWF-containing
storage organelles. In addition, expression of FVIII-YFP and Tyr1680Phe FVIII-YFP in
HUVEC demonstrated co-trafficking with endogenous VWF to authentic Weibel-Palade
bodies (WPBs). Conclusions: Our findings demonstrate that FVIII trafficking to WPBs is
independent of Tyr1680 and high-affinity binding to VWF. We therefore conclude that the
structural requirements that determine intracellular co-trafficking differ from those that
determine complex assembly in the circulation.

Introduction
Factor VIII (FVIII) and von Willebrand factor (VWF) are important hemostatic proteins
that act at different stages during the blood coagulation process. FVIII plays a major role
in the secondary hemostasis by acting as cofactor for factor IXa in the factor Xa generating
complex1. Although the cellular origin of FVIII biosynthesis has not been definitely established, transplantation studies have identified the liver as the major site of FVIII biosynthesis2. FVIII is expressed as a 2351 amino acid precursor. Proteolytic processing generates a
heterodimer consisting of a heavy chain (A1-a1-A2-a2-B) and a light chain (a3-A3-C1-C2).
Both chains carry a variety of post-translational modifications including N- and O-linked
glycosylation and tyrosine sulfation 3. VWF is a large, multimeric, adhesive glycoprotein
that is synthesized by megakaryocytes and vascular endothelial cells in the form of a
pro-polypeptide4. Proteolytic processing generates propeptide (D1-D2) and mature VWF
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(D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2). In addition to its function in the primary hemostasis by promoting the adhesion of platelets to the injured vessel wall4, VWF, by virtue of
its high affinity for FVIII, serves as molecular chaperone that protects FVIII from premature clearance and proteolytic degradation1. The structural requirements that determine
complex assembly of VWF and FVIII in plasma have been studied in detail. The highaffinity binding site for FVIII is located on the first 272 amino acids in the D’D3 region
of the mature VWF protein that is exposed upon cleavage of the propeptide from mature
VWF5. The high-affinity binding site for VWF on the FVIII molecule is formed by amino
acid residues 2248-2312 on the FVIII C2 domain together with amino acids 1649-1689 located in the acidic region at the N-terminal part of the A3 domain of FVIII6. In particular,
sulfation at Tyr1680 is essential for high-affinity interaction of FVIII and VWF7.
It has been generally assumed that complex assembly occurs in plasma upon VWF
secretion by vascular endothelial cells and FVIII secretion by hepatocytes8. However, during the past few years, evidence has been provided in favour of significant extra-hepatic
sources2,9 that might be compatible with in vivo biosynthesis and co-storage of FVIII and
VWF within the same cell10. More recently, ex vivo perfusion studies have identified human lungs and pulmonary microvascular endothelial cells as potential source of both FVIII
and VWF11. In the absence of established cell-lines that co-express FVIII and VWF, previous studies have been performed using various transfected mammalian cells. In Chinese
Hamster Ovary (CHO) cells which lack a regulated secretion pathway, exogenous addition
of VWF or co-expression with VWF promotes the stable assembly of FVIII heavy chain
and light chain resulting in the accumulation of FVIII in the conditioned medium12. In cells
that do contain a secretory pathway, such as mouse pituitary cells (AtT-20 cells) or primary
endothelial cells, co-expression with VWF has been suggested to redirect FVIII intracellular trafficking to VWF-containing secretory granules in a manner that is dependent on a
direct binding of FVIII to VWF in the late secretory pathway13,14. In contrast, expression of
FVIII in megakaryocytes ultimately leads to platelets which store FVIII in α-granules in a
VWF-independent fashion15.
The question remains whether or not intracellular co-trafficking is driven by a direct
high-affinity interaction of FVIII and VWF. Immunohistochemistry studies have been
hampered by low expression levels of FVIII and difficulties in finding appropriate antibodies for immunohistochemical staining. In this paper, we have studied the intracellular trafficking of fluorescently tagged FVIII and VWF. To address the structural requirements for
targeting of FVIII to VWF-containing storage organelles, a Tyr1680Phe FVIII-YFP variant
was constructed that demonstrates impaired high-affinity binding to VWF. Our results
suggest that sulfation at Tyr1680 is dispensable for co-trafficking and low-affinity interactions between FVIII and VWF are sufficient for trafficking of FVIII to VWF-containing
storage organelles.
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Materials and methods
Materials
All chemicals used were of analytical grade. Pfu HotStart polymerase was from Stratagene
(Cambridge, UK). Endotoxin Free Plasmid Isolation kits were from Qiagen (Hilden, Germany). Oligonucleotide primers, dNTPs, expression vector pcDNA3.1(+), DMRIE-C reagent, Geneticin G-418 sulphate, trypsine, RPMI medium and M199 medium were supplied
by Invitrogen (Breda, the Netherlands). DNA modifying enzymes were from Invitrogen
(Breda, the Netherlands), Fermentas (St. Leon-Rot, Germany) and New England Biolabs
(Ipswich, MA, USA). DMEM/F12 medium, penicillin, streptomycin and fetal calf serum
were from BioWhittacker (Verviers, Belgium). Microtiter plates (Immunolon) were from
Dynatech (Plockingen, Germany) and (Maxisorp) from Nunc A/S (Roskilde, Denmark).

Plasmid mutagenesis
B-domain deleted FVIII-YFP in pcDNA3.1(+) was constructed essentially as described16. In
short, Green Fluorescent Protein (GFP) was amplified from pEGFP-N3 (Clontech, Mountain View, CA, USA) using primers containing a HindIII and EcoRI restriction site. This
fragment was ligated together with KpnI-HindIII, EcoRI-BglII and BglII-NotI fragments
from pCLB-BPV fl FVIII17, a BamHI-KpnI fragment from pCLB-BPVdB69518 and a NotIBamHI fragment from pcDNA3.1(+) (Invitrogen, Breda, the Netherlands). Using appropriate primers and Quick Change mutagenesisTM technology, GFP was replaced for YFP and
the portion of the B-domain downstream YFP was deleted while retaining the first 3 and
last 9 amino acids of the B-domain. The Tyr1680Phe single point mutation was introduced
by Quick Change mutagenesisTM using primers (sense) 5’-GATTTTGACATTTTTGATGAGGATG-3’ and (antisense) 5’-CATCCTCATCAAAAATGTCAAAATC-3’. Coding regions of all constructs were verified. Sequence reactions were performed with BigDye Terminator Sequencing kit (Applied Biosystems, Foster City, CA, USA). Wild type VWF and
VWF-GFP have been described previously19,20. VWF-CFP in pcDNA3.1(+) was created by
exchanging GFP for CFP amplified from pECFP-N1 (Clontech, Mountain View, CA, USA)
using primers (sense) 5’-ATACCCGGGATGGTGAGCAAGGGCGAGG-3’ and (antisense)
5’-ATATCCGGACTTGTACAGCTCGTCCATGC-3’.

Expression of fluorescent FVIII variants in HEK293 cells
HEK293 cells were grown in DMEM-F12 medium supplemented with 10 % FCS, 100
units/ml penicillin and 100 µg/ml streptomycin. HEK293 cell-lines, stably expressing recombinant protein, were produced as described 21. Production levels of FVIII were determined by transient expression of FVIII by nucleofection of 1 × 106 cells using the V5
cell-line nucleofector kit (AMAXA, Cologne, Germany) using 5 µg of plasmid DNA. Cells
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were seeded in gelatin coated 6-wells plates and grown for 72 hours. Conditioned media
were centrifuged at 13,000 g for 10 min and analyzed as described below.

Purifications of recombinant protein
Recombinant VWF was purified from conditioned medium from HEK293 cells by immunoaffinity chromatography employing monoclonal antibody CLB-RAg2022 coupled to
CNBr sepharose 4B (Amersham Biosciences, Buckinghamshire, UK). Multimeric VWF
was eluted using 0.1 M NaCl, 1 M KSCN, 50 mM Hepes (pH 7.4). VWF-containing fractions were dialyzed against 150 mM NaCl, 50 % (v/v) glycerol, 50 mM Hepes (pH 7.4)
and stored at -20ºC. Recombinant FVIII variants were purified from conditioned medium
by immunoaffinity chromatography employing monoclonal antibody CLB-CAg11723 (directed against FVIII light chain) coupled to CNBr sepharose 4B. FVIII was eluted using
1 M NaCl, 5 mM CaCl2, 55 % (v/v) ethyleneglycol, 20 mM Lysine (pH 11) and immediately
neutralized by the addition of 1/10 (v/v) 1 M Imidazole (pH 7.4). FVIII containing fractions
were diluted 10 times in 100 mM NaCl, 50 mM Tris (pH 7.4) and adsorbed to Q sepharose
FF (Amersham Biosciences, Buckinghamshire, UK). FVIII was eluted by addition of 10 %
(v/v) glycerol, 50 mM Tris (pH 7.4) using a linear NaCl gradient (from 100 mM to 1 M) to
separate intact protein from dissociated FVIII light chain. Fractions were analyzed on YFP
emission using a fluorescent microplate reader (Synergy HT, Bio-Tek Instruments, Winooski, Vermont, USA) and on total protein content using the method of Bradford 24. FVIII
containing fractions were dialyzed against 100 mM NaCl, 50 % (v/v) glycerol, 50 mM Tris
(pH 7.4) and stored at -20ºC. All steps were performed at 4ºC. Protein concentrations were
determined by the method of Bradford and purified VWF and FVIII preparations were analysed by 7.5 % SDS-PAGE analysis under reduced conditions followed by silver staining.

Immunoassays
VWF antigen concentrations were determined by ELISA 25. Multimeric composition was
analyzed using agarose gel electrophoresis and Western blotting with rabbit polyclonal
anti-VWF DAKO-HRP (DAKO, Denmark A/S, Glostrup, Denmark)19. Purified FVIII preparations were analysed by 7.5 % SDS-PAGE analysis followed by Western Blot analysis
and subsequent chemiluminescence detection (Roche, Mannheim, Germany). Monoclonal
antibodies CLB-CAg69 and CLB-CAg9 have been described previously23. Anti-GFP (JL8)
was from BD PharMingen (San Diego, CA, USA). Goat anti-mous HRP was from Sanquin
Reagents (Amsterdam, The Netherlands). Amounts of FVIII light chain were determined
by an enzyme-linked immunosorbent assay essentially as described 26. FVIII activity was
determined with a chromogenic assay according to the manufacturer’s instructions (Chromogenix, Milano, Italy).
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FVIII binding to VWF
FVIII binding to VWF was performed as described7 with minor modifications. Briefly,
1 µg/ml CLB-RAg20 was immobilized to a microtiter plate and incubated with 1 µg/ml
recombinant wild type VWF. Plates were subsequently incubated with equal amounts of
FVIII variants. After 3 short washes (1.5 sec), bound FVIII was measured using a chromogenic assay (Chromogenix, Milano, Italy). Initial rates of FXa formation were determined
and the FVIII concentration was estimated using purified FVIII as a standard. The amount
of FVIII bound to VWF was plotted against the amount of FVIII added and corrected for
non-specific binding in the absence of VWF. Data were analyzed by non-linear regression
using a standard hyperbola to generate apparent K D values (GraphPad Prism 4 software,
San Diego, CA, USA).

Immunofluoresence analysis
HEK293 cells were grown in DMEM-F12 medium supplemented with 10 % FCS, 100 units/
ml penicillin and 100 µg/ml streptomycin. Endothelial cells (HUVECs) were isolated from
umbilical veins and cultured as described19. 1 × 106 cells were transfected using the V5 cellline nucleofector kit (HEK293) and Basic nucleofector kit for primary human endothelial
cells (HUVEC) (AMAXA, Cologne, Germany) using 5 µg of plasmid DNA. Cells were
prepared for immunofluorescence as described19. Sheep polyclonal anti-TGN46 antibody
(Serotec, Oxford, United Kingdom) was used as marker for trans-Golgi network, rabbit
polyclonal anti-cathepsin D (a gift from Dr. J.M.F.G. Aerts, Department of Biochemistry,
Academic Medical Center, Amsterdam, the Netherlands) was used as lysosomal marker,
mouse monoclonal anti-EEA-1 antibody (BD PharMingen, San Diego, CA, USA) was used
as early endosomal marker, rabbit polyclonal anti-PDI A66 (obtained from Dr. I. Braakman, Department of Chemistry, Utrecht University, Utrecht, the Netherlands) was used
as marker for endoplasmatic reticulum and mouse monoclonal anti-Mannose 6 Phosphate
Receptor (Abcam, Cambridge, United Kingdom) was used as marker for late endosomes.
Monoclocal antibody CLB-RAg3519 was used to visualize VWF. Alexa Fluor 594-, Alexa
Fluor 633- and Alexa Fluor 647-conjugated secondary antibodies were from Invitrogen
(Breda, the Netherlands). Confocal Laser Scanning Microscopy was performed using a
Zeiss LSM510 and results were analyzed using Zeiss LSM510 version 4.0 software (Carl
Zeiss, Heidelberg, Germany).
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Results
Construction, expression and purification of fluorescent FVIII variants in
HEK293 cells
In order to facilitate visualization of the intracellular trafficking of FVIII, a fluorescent
B-domain deleted variant of FVIII was constructed in which the B-domain was replaced
by the YFP moiety16. To address the role of VWF binding in intracellular co-trafficking of
FVIII we constructed a variant that lacks high-affinity binding to VWF due to a Tyr1680Phe replacement7. Constructs were expressed in HEK293 cells and production levels were
quantified. Transient expression of FVIII-YFP resulted in the production of 171 ± 11 fmol
FVIII/106 cells per 72 hours displaying an activity/antigen ratio (defined as the Units FVIII
activity/Units FVIII light chain antigen) of 0.92 ± 0.03 (Table 1). The effect of the Tyr1680Phe replacement on FVIII expression levels was assessed. Production levels of Tyr1680Phe
FVIII-YFP proved to be approximately 2-fold decreased relative to FVIII-YFP (Table 1).
The activity/antigen ratio was slightly reduced compared to FVIII-YFP (Table 1). After purification, the values for the specific activity of the FVIII-YFP and Tyr1680Phe FVIII-YFP
preparations were > 2000 U/mg, a value similar to that of a purified plasma FVIII preparation (Table 1). SDS-PAGE analysis of the subunit composition of FVIII-YFP and Tyr1680Phe FVIII-YFP demonstrated that the FVIII protein was processed and secreted correctly
as a heterodimer with virtual absence of single chain FVIII. As expected, the heavy chain
of FVIII also comprised the fluorescent YFP moiety (Fig. 1B-C).

Table 1. FVIII production levels, activity/antigen ratio and specific activity. HEK293 cells were transfected
using 5 µg of plasmid DNA. Conditioned medium was harvested 72 hrs post-transfection and analysed on production levels and activity/antigen ratio (FVIII activity (in U) per FVIII antigen (in U)). Purified preparations
from cell-lines stably expressing FVIII variants were analysed on specific activity (FVIII activity (in U) per mg
of protein). Each value (number of experiments) represents the mean ± SD.
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Figure 1. Subunit composition of purified fluorescent FVIII variants. Schematic representation of (Tyr1680Phe) FVIII-YFP including antibody epitopes (A). Purified protein preparations were analyzed by SDS-PAGE
under reducing conditions followed by Western Blot analysis using monoclonal antibodies CLB-CAg69, CLBCAg9 and JL8 to visualize the FVIII light chain (LC), FVIII heavy chain (HC) and YFP, respectively (B) or
by silver staining (C). Subunit composition of FVIII-YFP (1) and Tyr1680Phe FVIII-YFP (2) were comparable.
Me2+ = divalent metal ion.
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FVIII/VWF binding
To verify the validity of the FVIII-YFP construct for VWF binding studies, we determined
the binding of FVIII-YFP to VWF in a solid phase binding assay. The apparent dissociation
constant for FVIII-YFP was 0.065 ± 0.008 nM (Fig. 2) indicating that FVIII-YFP bound
to VWF with high affinity. This value is comparable to published data varying between
0.4 nM and 1.0 nM6,27. Although our data did not allow quantitative analysis to determine
affinity estimates for the Tyr1680Phe FVIII-YFP variant, it is clear that the binding to
VWF is significantly reduced compared to wild type FVIII-YFP. These data are in agreement with data published by Leyte et al. that no binding could be observed for a B-domain
deleted FVIII variant using FVIII concentrations below 20 mU/ml (6 pM)7. Using higher
concentrations of Tyr1680Phe FVIII-YFP, however, binding to VWF was observed to an
appreciable extent (inset Figure 2), which is in agreement with binding data published by
Michnick et al.28 and consistent with a report that a patient with the Tyr1680Phe mutation
has significant levels of circulating FVIII and a moderate form of hemophilia A 28,29.

Figure 2. Effect of Tyr1680Phe replacement on FVIII binding to VWF. FVIII-YFP (open boxes) and
Tyr1680Phe FVIII-YFP (closed boxes) (0-2 nM) were incubated for 2 hours with recombinant VWF bound to
monoclonal antibody CLB-RAg20. The amount of FVIII bound to VWF was measured by chromogenic assay
and calculated using purified plasma derived FVIII as a standard. Values were corrected for non-specific binding
in the absence of VWF. Each value represents the mean of 3 experiments and the SEM is indicated. The curve
was fitted to a standard hyperbola using non-linear regression resulting in the mentioned K D value. To facilitate
the assessment of binding of the Tyr1680Phe FVIII-YFP variant to VWF, the inset shows the same data on an
expanded Y-axis.
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Effect of VWF co-expression on intracellular FVIII trafficking in HEK293 cells
The intracellular trafficking of FVIII and VWF was addressed using fluorescent derivatives. In order to study intracellular co-trafficking, HEK293 cells and HEK293 cells stably
expressing VWF-CFP were transfected with FVIII-YFP and analysed by Confocal Laser
Scanning Microscopy (CLSM). In absence of VWF-CFP expression, no FVIII-YFP was
observed in granular structures. Instead, FVIII-YFP was found in the trans-Golgi network
as shown by its co-localization with antibody TGN46 (Fig. 3D). In agreement with previous findings, expression of VWF-CFP in HEK293 cells induced the formation of structures
that resemble WPBs in terms of morphology and their capability to store VWF (Fig. 3F,J)30.
To address whether VWF influences the trafficking of FVIII, HEK293 cells stably expressing VWF-CFP were transfected with FVIII-YFP. Co-expression of FVIII-YFP and VWFCFP resulted in routing of FVIII to VWF-containing storage organelles (Fig. 3L).

Figure 3. Intracellular localization of FVIII in absence and presence of VWF. HEK293 cells were transfected with FVIII-YFP (A-D). HEK293 cells stably expressing VWF-CFP were untransfected (E-H) or transfected
with FVIII-YFP (I-L). Cells were stained for trans-Golgi network using polyclonal antibody TGN46. Triple fluorescent detection is shown in the colour merges (D, H, L). FVIII-YFP expression alone resulted in perinuclear
FVIII staining that largely co-localized with the trans-Golgi network (D). VWF-CFP expression alone resulted
in a granular staining pattern of elongated rod-shaped WPB-like structures (H). Co-expression of FVIII-YFP
and VWF-CFP resulted in a shift of FVIII staining from trans-Golgi network towards granular staining together
with VWF (L). Note that, for clarity, we have pseudo-coloured YFP green and CFP red. Representative images
are shown and the bar in each image represents 10 µm.
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Intracellular FVIII/VWF trafficking in absence of high-affinity binding
To study the role of high-affinity binding to VWF on intracellular FVIII trafficking, we
analyzed the trafficking of Tyr1680Phe FVIII-YFP in HEK293 cells. Transient expression
of the Tyr1680Phe FVIII-YFP demonstrated that this variant was present in a perinuclear
region of the cell, largely overlapping with the trans-Golgi network (Fig. 4D) similarly as
observed for FVIII-YFP (Fig. 3D). Surprisingly, when Tyr1680Phe FVIII-YFP was coexpressed together with VWF-CFP, the majority of Tyr1680Phe FVIII-YFP co-localized
to VWF-containing granules (Fig. 4H-L). Staining of transfected cells with intracellular
markers confirmed that the FVIII and VWF-containing granules differed from late endosomes (Fig. 4J), early endosomes (Fig. 4K) and lysosomes (Fig. 4L).

Figure 4. Tyr1680Phe replacement does not abolish intracellular co-trafficking with VWF. (Panel A)
HEK293 cells (A-D) or HEK293 cells stably expressing VWF-CFP (E-H) were transfected with Tyr1680Phe
FVIII-YFP. Cells were stained for trans-Golgi network using polyclonal antibody TGN46. Triple fluorescent
detection is shown in the colour merges (D, H). Tyr1680Phe FVIII-YFP expression alone resulted in perinuclear
FVIII staining (A) that largely co-localized with the trans-Golgi network (D). Co-expression of VWF-CFP resulted in shift of the FVIII staining pattern from trans-Golgi network to granular staining (E) that co-localized
with VWF (H). (Panel B) HEK293 cells stably expressing VWF-CFP were transfected with Tyr1680Phe FVIIIYFP (I-L). Cells were stained for (I) endoplasmatic reticulum (polyclonal antibody PDI), (J) late endosomes
(monoclonal antibody M6PR), (K) early endosomes (monoclonal antibody EEA-1) and (L) lysosomes (polyclonal antibody cathepsin D). Triple fluorescent detection is shown (I-L). Note that, for clarity, we have pseudo-coloured YFP green and CFP red. Representative images are shown and the bar in each image represents 10 µm.
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These results indicate that replacement of Tyr1680 by Phe does not affect targeting of FVIII
to VWF-containing granules in heterologously transfected HEK293 cells. In vivo, VWF
is produced and secreted by endothelial cells. Therefore, we explored FVIII co-trafficking
with endogenously synthesized VWF to authentic WPBs in HUVEC. Untransfected HUVECs demonstrate VWF expression in elongated cigar-shaped vesicles (Fig. 5B, E, H).
Upon expression in HUVEC the majority of FVIII-YFP was stored together with endogenously synthesized VWF in WPBs (Fig. 5F). As in HEK293 cells, Tyr1680Phe FVIII-YFP
displayed co-trafficking and co-storage with VWF (Fig. 5I), showing that storage granules
observed in HEK293 cells mimic the genuine WPBs. Together, these data demonstrate that
Tyr1680Phe FVIII-YFP can co-traffic with VWF to WPBs despite the lack of high-affinity
binding to VWF.

Figure 5. FVIII-YFP and Tyr1680Phe FVIII-YFP are co-stored with VWF in authentic Weibel-Palade
bodies in HUVEC. Untransfected HUVECs (A-C) were compared to HUVECs transfected with FVIII-YFP
(D-F) or Tyr1680Phe FVIII-YFP (G-I). Cells were stained for endogenous VWF using monoclonal antibody
CLB-RAg35 (B, E, H). Dual fluorescent detection is shown in the colour merges (C, F, I). In untransfected HUVECs, no FVIII fluorescence was observed (A,C). Expression of FVIII-YFP showed FVIII in granular storage
vesicles (D) that co-localized with VWF (F). Similar co-storage was observed upon expression of Tyr1680Phe
FVIII-YFP (I). Note that, for clarity, we have pseudo-coloured YFP green. Representative images are shown and
the bar in each image represents 10 µm.
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Discussion
In agreement with co-expression studies performed in mouse pituitary cells (AtT-20 cells)
and primary endothelial cells (HUVEC)14, our co-expression studies in HEK293 cells and
HUVEC demonstrated that fluorescent FVIII is stored in VWF-containing granules (Fig.
3L & 5F). One key observation is that despite the lack of high-affinity binding, Tyr1680Phe
FVIII-YFP is able to co-traffic to VWF-containing granules, both in HEK293 cells as well
as in HUVECs (Fig. 4H-L & 5I).
The intracellular co-trafficking of FVIII to VWF-containing granules has been previously studied in mouse pituitary AtT-20 cells14. In that study, VWF variants containing a
FVIII binding defect were not capable of co-transporting FVIII to VWF-containing granules indicating that the co-trafficking phenomenon results from direct binding14. These
data can be reconciled with our current data by assuming that instead of high-affinity
interaction only a weak interaction suffices to direct FVIII to VWF-containing granules.
The FVIII C2 domain contains a low-affinity binding site for VWF which, in concert with
sulfation of Tyr1680, transforms into the high-affinity binding site for VWF6,7. One possible
explanation for the intracellular co-trafficking of Tyr1680Phe FVIII-YFP may be that the
affinity of the C2 domain alone is sufficient to establish an intracellular interaction in the
trans-Golgi network.
An alternative explanation for the co-trafficking of Tyr1680Phe FVIII-YFP together
with VWF could be that co-trafficking does not result from direct binding of FVIII and
VWF, but from passive targeting. The accumulation of VWF induces the biogenesis of secretory granules that are surrounded by a lipid bi-layer (reviewed in 31). It is well established
that the FVIII C2 domain, in addition to its VWF binding site, contains a high-affinity
lipid-binding site and can readily interact with phosphatidylserine32. It seems conceivable
that the high-affinity lipid-binding site on the FVIII C2 domain can interact with phosphatidylserine (PS)-containing membranes that may be exposed when the membrane asymmetry is locally disturbed during the budding process of secretory granules from the transGolgi network 33. This could also explain the occurrence of ectopic FVIII in α-granules in
platelets of VWF deficient mice15.
Sulfation is a post-translational modification occurring at the level of the trans-Golgi
network. Therefore, it has been assumed that sulfation at Tyr1680 comprises one of the
final steps before the budding of the FVIII/VWF containing storage granule14. The data
presented in this study demonstrate that sulfation at Tyr1680 is not required for intracellular co-trafficking. Therefore, our data question if sulfation is a processing event taking
place prior to intracellular interaction of FVIII and VWF.
Taken together, our data demonstrate that the structural requirements that determine
intracellular co-trafficking are different from those that determine complex assembly in
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the circulation. Our data raise the possibility that also other hemophilic mutations with
decreased binding to VWF will traffic to WPBs. This would be compatible with a mechanism in which assembly of FVIII and VWF precedes their association in plasma10 and consistent with the observation that patients carrying a FVIII gene mutation impairing FVIII
binding to VWF may respond unexpectedly well to desmopressin (DDAVP) treatment 34.
FVIII (bio)synthesis in cells that co-express FVIII and VWF may therefore be particularly
relevant in patients that suffer from impaired FVIII/VWF complex assembly.
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Abstract
Weibel-Palade bodies (WPBs) are the endothelial storage organelles that are formed upon
von Willebrand factor (VWF) expression. Apart from VWF, WPBs contain a variety of
hemostatic and inflammatory proteins. Some of these are thought to be targeted to WPBs
by directly interacting with VWF in the secretory pathway. Previous studies have demonstrated that co-expression of factor VIII (FVIII) with VWF results in co-storage of both
proteins. However, whether co-trafficking is driven by intracellular FVIII-VWF assembly
has remained unclear. We now have addressed this issue using recombinant VWF type 2N
variants that are known to display reduced FVIII binding in the circulation. Binding studies using purified fluorescent FVIII and VWF type 2N variants revealed FVIII binding defects varying from moderate (Arg854Gln, Cys1060Arg) to severe (Arg763Gly, Thr791Met,
Arg816Trp). Upon expression in HEK293 cells, all VWF variants induced formation of
WPB-like organelles that were able to recruit P-selectin, as well as FVIII. WPBs containing FVIII did not display their typical elongated shape, suggesting that FVIII affects the
organization of VWF tubules therein. The finding that VWF type 2N variants are still
capable of co-targeting FVIII to storage granules implies that trafficking of WPB cargo
proteins does not necessarily require high-affinity assembly with VWF.

Introduction
Von Willebrand Factor (VWF) is a large, multimeric adhesive glycoprotein that is involved
in the formation of a platelet plug following vascular injury1. In addition, VWF functions
as a molecular chaperone for Factor (F)VIII in the circulation, preventing its proteolytic
degradation and premature clearance2. Mutations and deletions in the gene encoding VWF
are associated with an autosomally inherited bleeding disorder. Quantitative defects of
VWF (type 1 and 3 von Willebrand disease (VWD)) affect both VWF as well as FVIII
plasma levels while qualitative defects (type 2 VWD) affect binding of VWF to platelets
(type 2A, 2B or 2M) or FVIII (type 2N, formerly referred to as ‘Normandy’ variants)3.
VWF is synthesized exclusively in megakaryocytes and vascular endothelial cells.
The translation product is a 2813 amino acid pre-pro-polypeptide which is proteolytically
processed to generate a 22 amino acid signal peptide, a 741 amino acid propeptide (D1D2) and a mature VWF subunit (D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK) that consists
of 2050 amino acid residues1,4. During its biosynthesis, VWF subunits are converted
into high-molecular weight multimers through the formation of intermolecular disulfide
bonds at the amino- and carboxyterminal part of the molecule1,5-7. In endothelial cells,
high-molecular weight VWF multimers are stored in elongated cigar-shaped secretory
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organelles called Weibel-Palade bodies (WPBs) that release their content upon appropriate
physiological stimulation1.
WPB formation is driven by synthesis of VWF8,9. Depending on the endothelial environment, WPBs can contain a variety of other hemostatic proteins and inflammatory
mediators10. Some of these molecules, including VWF propeptide, interleukin-8 and P-selectin, have been shown to directly associate with VWF7,11-14. These data suggest that VWF
may select the content of the WPB by virtue of a direct association with WPB cargo in the
secretory pathway. It has therefore been anticipated that FVIII, which forms a high-affinity
protein complex with VWF in the circulation, should also be stored in VWF-containing
organelles upon co-expression in the same cell15,16. Indeed, it has been shown that FVIII can
be co-stored in VWF-containing granules in a variety of cells15-18. These findings raise the
question as to whether intracellular co-targeting of FVIII to VWF-containing organelles
is driven by assembly of the FVIII/VWF complex within the secretory pathway. Pertinent
to this point is our observation that a FVIII variant carrying a Tyr1680Phe replacement is
stored in WPBs despite the absence of high-affinity binding of FVIII to VWF19.
The aim of the present study was therefore to analyze the relationship between assembly of the VWF/FVIII complex and intracellular trafficking of FVIII to VWF-containing
storage vesicles. To address this issue we studied binding of various VWF type 2N variants
to FVIII and the ability of these variants to redirect FVIII to intracellular VWF-containing
storage organelles.

Materials and methods
Materials
All chemicals used were of analytical grade. Pfu HotStart polymerase was from Stratagene (Cambridge, UK). Endotoxin Free Plasmid Isolation kits were from Qiagen (Hilden,
Germany). Oligonucleotide primers, dNTPs, expression vector pcDNA3.1(+), DMRIE-C
reagent, Geneticin G-418 sulphate and trypsin were supplied by Invitrogen (Breda, the
Netherlands). DNA modifying enzymes were from Invitrogen (Breda, the Netherlands),
Fermentas (St. Leon-Rot, Germany) and New England Biolabs (Ipswich, MA, USA).
DMEM/F12 medium, penicillin, streptomycin and fetal calf serum were from BioWhittaker (Verviers, Belgium). Culture flasks and cell-factories (6320 cm 2) were purchased from
Nunc A/S (Roskilde, Denmark). CNBr-Sepharose 4B and Q-Sepharose FF were obtained
from Amersham Pharmacia Biotech (Roosendaal, The Netherlands). Microtiter plates (Immunolon) were from Dynatech (Plockingen, Germany) and (Maxisorp) from Nunc A/S
(Roskilde, Denmark). BIAcoreTM3000 biosensor system and reagents (amino-coupling kit,
research grade CM5 sensorchips) were from Biacore AB (Uppsala, Sweden).
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P-selectin 20, FVIII-YFP with YFP replacing the B-domain19 and VWF-CFP with CFP
replacing the A2 domain19 in pcDNA3.1(+) have been described before. VWF-YFP in
pcDNA3.1(+) was created by exchanging CFP for YFP amplified from pEYFP-N1 (Clontech, Mountain View, CA, USA). Point mutations Arg763Gly, Arg854Gln and Cys1060Arg
in VWF-CFP were introduced by Quick Change mutagenesisTM using appropriate primers. Point mutations Thr791Met and Arg816Trp21,22 were ligated into VWF-CFP using
HindIII and Bsu36I. The coding regions of all constructs were verified by sequence analysis.
Sequence reactions were performed with BigDye Terminator Sequencing kit (Applied Biosystems, Foster City, CA, USA).

Purification and analysis of recombinant proteins
Recombinant VWF and FVIII variants were purified as described19. Purified FVIII and
VWF preparations were analyzed by 7.5 % SDS-PAGE analysis followed by silver staining. Multimeric composition of purified VWF-CFP (variants) preparations were analyzed
as described 23. VWF antigen concentrations were determined by ELISA. Monoclonal antiVWF antibody CLB-RAg2024 was coated into a 96-well microtiterplate (1 µg/ml; 100 µl/
well) in 50 mM NaHCO3 (pH 9.6) for at least 16 hours at 4°C. Plates were washed with
0.1% (v/v) Tween20, phosphate buffered saline (PBS) (pH 7.4). Samples were diluted in
0.1% (v/v) Tween20, 1% (w/v) Bovine Serum Albumin (BSA) (Albumin Fraktion V, Merck,
Darmstadt, Germany), PBS (pH 7.4) and incubated with the immobilized antibody for 2
hr at 37°C. Horse Radish Peroxidase labeled polyclonal rabbit anti-human VWF antibody
(DAKO, Glostrup, Denmark) was used to detect bound VWF. FVIII antigen was quantified
using an anti-light chain ELISA. Monoclonal anti-FVIII light chain antibody CLB-CAg1225
was coated into a 96-well microtiterplate (2.5 µg/ml; 100 µl/well) in 50 mM NaHCO3 (pH
9.6) for at least 16 hours at 4°C. Plates were washed with 0.1% (v/v) Tween20, PBS (pH 7.4).
Samples were diluted in 2% (v/v) Huma Serum Albumin (HSA) (Cealb, Sanquin, Amsterdam, the Netherlands), 1 M NaCl, 50 mM Tris (pH 7.4) and incubated with the immobilized
antibody for 2 hr at 37 °C. Horse Radish Peroxidase labeled monoclonal anti-FVIII light
chain antibody CLB-CAg11726 was used to detect bound FVIII light chain. FVIII activity was determined with a chromogenic assay according to the manufacturer’s instructions (Chromogenix, Milano, Italy). Protein concentrations were determined by the method
of Bradford 27.

VWF/FVIII binding assays
Pseudo-equilibrium binding of FVIII to VWF in an ELISA-based format was assessed as
described19. Association and dissociation of FVIII-YFP interaction with VWF-CFP variants was monitored by Surface Plasmon Resonance (SPR) analysis employing a BIAcore
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3000TM biosensor. VWF-CFP variants (22 fmol/mm 2) were immobilized onto a CM5 sensor chip using the amine coupling method according to the manufacturer’s instructions.
Varying concentrations of FVIII-YFP (1-5 nM) were passed over the immobilized VWFCFP variants in a buffer containing 150 mM NaCl, 5 mM CaCl2, 5% (v/v) glycerol, 0.005%
(v/v) Tween20, 20 mM Hepes (pH 7.4) at 25°C with a flow rate of 20 µL/min. The sensor
chip surface was regenerated by three repeated washes in the same buffer containing 1M
NaCl. Binding to VWF-CFP variants was corrected for binding in absence of VWF.

Cell culture, transfection, production levels and intracellular retention
HEK293 cells were grown in DMEM-F12 medium supplemented with 10 % FCS, 100
units/ml penicillin and 100 µg/ml streptomycin. HEK293 cell-lines, stably expressing recombinant protein were produced as described 28. Production levels and intracellular content of VWF variants were determined by transient transfection of HEK293 cells. HEK293
cells were seeded at 2.5 × 105 cells per 10 cm 2. Medium was refreshed 4 hours before
transfection and cells were transfected 24 hours after seeding using the calcium phosphate
co-precipitation method using 5 µg of plasmid DNA 29. Medium was exchanged 24 hours
post-transfection and conditioned media were collected after an additional 72 hour incubation. Cells were subsequently lysed on plate with ice-cold immunoprecipitation buffer
(IPB) (1 M NaCl, 5 mM EDTA, 10 mM Tris (pH 7.4) further containing 1% (v/v) Nonidet
P40 and 1 tablet/50 ml protease inhibitor cocktail tablet (Roche, Mannheim, Germany).
Cell lysates were subjected to three freeze-thaw cycli. Conditioned media and cell lysates
were centrifuged at 13,000 g for 10 min prior to quantification of production levels and
intracellular retention of VWF by ELISA as described above.

Immunofluorescence analysis
To determine the capability of VWF-CFP 2N variants to induce the formation of elongated
storage granules and ability to recruit P-selectin, HEK293 cells were transiently transfected with VWF-CFP 2N variants alone or in combination with P-selectin using 5 µg of (each)
plasmid DNA. To determine the capability of co-trafficking FVIII to storage granules,
HEK293 cells stably expressing FVIII-YFP were transfected with the various VWF-CFP
2N variants alone or in combination with P-selectin using 5 µg of (each) plasmid DNA.
HEK293 cells were transiently transfected using the calcium co-precipitation method as
described above. Endothelial cells (HUVECs) were isolated from umbilical veins and cultured as described 30. HUVECs (1 × 106 cells) were transfected by nucleofection (Basic nucleofector kit for primary human endothelial cells, AMAXA, Cologne, Germany) using 5
µg of plasmid DNA. Cells were fixed in 3.7% paraformaldehyde 96-hours post-transfection
and prepared for immunofluorescence analysis as described 30. Monoclonal antibody CLBRAg3530 was used to visualize VWF. Rabbit polyclonal antibody anti-human CD62P (BD
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PharMingen, San Diego, CA, USA) was used to visualize P-selectin. Monoclonal antibody
CLB-Pro1731 was used to visualize VWF propeptide. Alexa 488- and Alexa 594-conjugated
secondary antibodies were from Invitrogen (Breda, the Netherlands). Cells were embedded
in Vectashield mounting medium and viewed by Confocal Laser Scanning Microscopy using a Zeiss LSM510 (Carl Zeiss, Heidelberg, Germany). Images were generated by making
optical sections (Z-stacks with 0.4 µm intervals) and three-dimensional analysis (Projections software, Zeiss LSM510 version 4.0).

Results
Expression of VWF-CFP type 2N variants in HEK293 cells
Expression of VWF in Human Embryonic Kidney (HEK293) cells results in the formation
of elongated VWF-containing granules that resemble WPBs. These pseudo-WPBs contain internal striations and can recruit transmembrane proteins like CD63 and P-selectin32. We therefore used HEK293 cells as a model system for VWF expression. VWF type
2N variants were created carrying an Arg763Gly, Thr791Met, Arg816Trp, Arg854Gln or
Cys1060Arg substitution. In order to facilitate visualization, variants were generated in
fluorescently tagged VWF-CFP. Constructs were expressed in HEK293 cells and VWF
levels in culture media and cell lysates were quantified. Transient expression of wild type
VWF-CFP resulted in the secretion of 5.8 ± 0.2 pmol VWF/106 cells per 72 hours (Table
1). A substantial portion of wild type VWF-CFP (27 ± 2 %) was retained within the cell
(Table 1). Secretion levels of the VWF-CFP 2N variants were slightly reduced. The percentage of VWF, retained within the cell after 72 hours, was similar for all VWF-CFP
variants (Table 1). HEK293 cell-lines stably expressing the different VWF-CFP variants
were generated and the variants were purified from conditioned medium using immunoaffinity chromatography. Analysis by SDS-PAGE under reducing conditions revealed that
the VWF-CFP variants were more than 95% pure (Figure 1A). All variants demonstrated
a protein band at a monomeric size of about 220 kDa, with the exception of the Arg763Gly variant (Figure 1A lane 2). This is consistent with lack of VWF propeptide cleavage
due to substitution of the Arginine residue at position 76333,34. Multimeric analysis of the
purified proteins demonstrated the presence of the full range of VWF multimer subunits
with a similar distribution for all VWF-CFP 2N variants, again with the exception of the
Arg763Gly variant (Figure 1B lane 2). Due to lack of propeptide cleavage, the individual
size of the multimer subunits for the Arg763Gly variant was increased compared to wild
type VWF-CFP (Figure 1B).
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Table 1. VWF secretion and retention. HEK293 cells were transfected using 5 µg of plasmid DNA. Conditioned medium and cell lysate were analyzed on VWF levels. Each value represents the mean ± SD of three
transfections.

Figure 1. Purity and multimeric composition of VWF-CFP type 2N variants. (A) Purified VWF preparations were analysed by sodium dodecylsulfate polyacrylamide gel electrophoresis under reducing conditions
followed by silver staining. (B) Multimeric composition was analysed by 2.5 % agarose gel electrophoresis
followed by Western Blot analysis using rabbit polyclonal anti-human VWF. Lanes correspond with wild type
VWF-CFP (lane 1), Arg763Gly (lane 2), Thr791Met (lane 3), Arg816Trp (lane 4), Arg854Gln (lane 5) and
Cys1060Arg (lane 6).
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FVIII/VWF binding
The interaction of the individual VWF-CFP type 2N variants with FVIII-YFP was assessed using two distinct techniques. First, Surface Plasmon Resonance (SPR) analysis was
employed for comparison between mutants. Representative SPR experiments are shown in
Figure 2A. For the interaction of FVIII-YFP to wild type VWF-CFP, both association and
dissociation displayed single exponential kinetics (Figure 2A curve a). However, FVIII
binding appeared partially irreversible, suggesting fast re-association of FVIII during the
dissociation phase. The apparently fast binding further suggests that association is mass
transport limited35. While this prohibits detailed quantitative assessment of binding kinetics, these SPR data remain particularly useful for qualitative, comparative analysis between mutants (curves b-f in Figure 2A)36. These data are summarized in Figure 2B. All
VWF type 2N variants displayed impaired FVIII binding, although to a varying extent.
VWF substitution mutants Arg854Gln and Cys1060Arg had an apparently minor defect. In
contrast, mutants Arg763Gly, Thr791Met and Arg816Trp (Figure 2A-B) displayed less than
10% residual FVIII binding.

Figure 2. FVIII-YFP binding to VWF-CFP type 2N variants (A) FVIII-YFP was passed over a chip to which
22 fmol/mm 2 VWF-CFP type 2N variants were coupled. Association and dissociation were both followed for
240 seconds. Depicted is a representative SPR experiment showing the average curve of three injections of 5
nM FVIII-YFP. (B) Summary of binding for all VWF-CFP 2N variants. Percentage of binding was calculated
relative to wild type VWF-CFP after 235 seconds of association. Each value represents the mean of nine injections (1-5 nM FVIII-YFP) and the SEM is indicated. (C) FVIII-YFP (0-3 nM) was incubated for 2 hours with
recombinant VWF-CFP variants bound to monoclonal antibody CLB-RAg20. The amount of FVIII bound to
VWF was measured by chromogenic assay and calculated using plasma derived FVIII as a standard. Each
value represents the mean of three experiments and the SEM is indicated. The curves were fitted to a standard
hyperbola using non-linear regression analysis. (A-C) wild type VWF-CFP (a), Arg763Gly (f), Thr791Met (d),
Arg816Trp (e), Arg854Gln (b) and Cys1060Arg (c).

We further analyzed the binding of purified FVIII-YFP to immobilized VWF-CFP type 2N
variants in a pseudo-equilibrium binding assay (Figure 2C). As described previously19 and
in agreement with our SPR data, FVIII-YFP readily bound to wild type VWF-CFP with
high affinity (Figure 2C). As was demonstrated from our SPR data, all VWF-CFP type
2N variants demonstrated a binding defect, which varied considerably depending on the
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amino acid replacement. The apparent dissociation constant for the VWF-CFP variant carrying an Arg854Gln replacement was considered mildly reduced with an 8-fold increased
apparent dissociation constant (Figure 2C). Binding also occurred to an appreciable extent
for the variant carrying a Cys1060Arg replacement, while no binding could be observed
for the variants carrying an Arg763Gly, and Thr791Met or Arg816Trp replacement (Figure
2C). Thus, these three variants fail to assemble with FVIII under the conditions of Figure
2, while the other two display reduced affinity.

VWF type 2N variants induce the formation of elongated storage granules that
are able to co-target VWF propeptide and P-selectin
We subsequently addressed the question whether VWF-CFP type 2N variants are stored
in pseudo-WPBs in HEK293 cells. We analyzed the subcellular localization of the VWFCFP type 2N variants 96 hours post-transfection. In the majority of the cells, VWF-CFP
could be visualized only in pseudo-WPBs. All VWF-CFP type 2N variants were able to
induce the formation of elongated cigar-shaped storage vesicles that in addition to VWF
also contained VWF propeptide (Figure 3A). Weak propeptide staining was observed for
the VWF-CFP type 2N variant carrying an Arg763Gly replacement, which may be caused
by a reduced accessibility of the binding site of CLB-Pro17 in this variant (Figure 3A).
In addition, we assessed if the transmembrane protein P-selectin could be recruited
to the VWF-containing storage organelles by performing a co-transfection of individual
VWF-CFP type 2N variants with P-selectin. All VWF-CFP type 2N variants were able
to recruit P-selectin to elongated cigar-shaped VWF-containing granules (Figure 3B), indicating that VWF type 2N replacements have no effect on the formation of WPB-like
organelles or on the ability to recruit additional WPB cargo.

VWF-CFP type 2N variants are capable of co-trafficking FVIII-YFP to VWFcontaining storage granules that retain the ability to recruit P-selectin
As we described previously19, expression of FVIII-YFP alone in HEK293 cells resulted in
a faint staining with FVIII immunolocalized at the level of the trans-Golgi network. Upon
co-expression of wild type VWF-CFP, intracellular localization of FVIII-YFP was rerouted
to granular staining together with VWF-CFP in WPB-like organelles (Figure 4A)19. These
storage organelles can also contain P-selectin (Figure 4A), indicating that the presence of
FVIII does not alter the general ability of VWF to recruit other WPB cargo molecules.
These data further demonstrate that the presence of FVIII and P-selectin is not mutually
exclusive. To address the role of the VWF type 2N replacements in co-trafficking of FVIII,
we co-transfected individual VWF-CFP type 2N variants with P-selectin in a HEK293
cell-line stably expressing FVIII-YFP and analyzed the subcellular distribution of FVIIIYFP and P-selectin. VWF-CFP type 2N variants with a moderately reduced capacity to
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Figure 3. VWF-CFP type 2N variants induce the formation of storage organelles that recruit VWF propeptide and P-selectin in HEK293 cells HEK293 cells were transfected with VWF-CFP type 2N variants alone
(A) or in combination with P-selectin (B). Cells were stained for VWF propeptide using monoclonal antibody
CLB-Pro17 (A) and for P-selectin using rabbit polyclonal anti-human CD62P antibody (B). Shown is the merge
of double fluorescent detection of representative 3D projections (Z-stacks 0.4 µm). Regions of co-localisation
are shown in yellow. VWF-CFP 2N variants are depicted in red and VWF propeptide as well as P-selectin are
depicted in green. The scale bar represents 10 µm.

bind to FVIII-YFP (Arg854Gln and Cys1060Arg) retained the ability to trigger intracellular rerouting of FVIII to co-storage in VWF-containing vesicles (Figure 4B). Surprisingly,
also the VWF-CFP 2N variants that displayed a severely impaired binding to FVIII-YFP
(Arg763Gly, Thr791Met and Arg816Trp) were able to change the intracellular routing of
FVIII from trans-Golgi network towards storage in VWF-containing granules (Figure 4C).
Irrespective of the VWF type 2N replacement, VWF-containing organelles were able to
simultaneously co-recruit FVIII-YFP and P-selectin to the same vesicle (Figure 4B-C). In
fact, most of the VWF-containing granules contained both FVIII and P-selectin, indicating that both FVIII as well as P-selectin readily co-segregate with VWF type 2N variants
(Figure 4B-C).

Figure 4. VWF-CFP type 2N variants induce formation of storage organelles that recruit both Factor
VIII-YFP and P-selectin. HEK293 cells stably expressing FVIII-YFP were transfected with P-selectin and
wild type VWF-CFP (A), P-selectin and VWF type 2N variants that display a moderately reduced binding
to FVIII (Arg854Gln, Cys1060Arg) (B) or P-selectin and VWF type 2N variants that display a severely reduced binding to FVIII (Arg763Gly, Thr791Met, Arg816Trp) (C). Cells were stained for P-selectin using rabbit
polyclonal anti-human CD62P antibody. Shown is triple fluorescent detection of representative 3D projections
(Z-stacks 0.4 µm). VWF-CFP, FVIII-YFP and P-selectin are shown in red, green and blue respectively. Triple
fluorescent detection is shown in the colour merges (regions of triple co-localisation are shown in white). The
scale bar represents 10 µm.
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VWF-containing vesicles that contain FVIII-YFP are round
Evaluation of the generated CLSM data revealed a different morphology for FVIII-containing organelles (compare Figure 3B and Figure 4A-C) as opposed to P-selectin and VWFcontaining granules. These observations are visualized in detail in Figure 5A-B. While
granules containing VWF-CFP and P-selectin were elongated and cigar-shaped (Figure
5A), the vesicles containing VWF-CFP and FVIII-YFP demonstrated a loss in elongated
structures and the appearance of round WPB-like structures (Figure 5B). Figure 4A-C
demonstrates that the formation of round FVIII-containing organelles was independent of
the presence of VWF type 2N replacements. To exclude that these observations result from
the use of HEK293 cells as a model system for VWF expression and storage, we additionally studied FVIII-YFP expression in Human Umbilical Vein Endothelial Cells (HUVECs).
In agreement with studies in HEK293 cells, storage of FVIII-YFP in authentic WPBs induced a transition from elongated (Figure 5C left panel) to round organelles (Figure 5C
middle panel). In contrast, expression of VWF-YFP resulted in storage in normal WPBs
(Figure 5C right panel), indicating that the transition of elongated into round structures did
not result from the YFP moiety but originated from the presence of FVIII itself.

Discussion
With regard to the VWF-CFP type 2N variants employed in this study, we can distinguish between two distinct categories. One group, consisting of the variants Arg763Gly,
Thr791Met and Arg816Trp, displays a severe defect in FVIII binding (Figure 2A-C), which
is in agreement with previous studies21,22,33. A second group, consisting of the variants
Arg854Gln and Cys1060Arg, still shows appreciable binding to FVIII (Figure 2A-C). The
data concerning the Arg854Gln variant are in agreement with previous studies reporting
a 4- to 8-fold reduction in FVIII binding37-39 and consistent with the observation that patients carrying a homozygous Arg854Gln replacement have higher residual FVIII levels
in plasma than patients carrying a homozygous Arg816Trp replacement40. A VWF variant carrying a Cys1060Arg replacement has been previously reported to be severely impaired in FVIII binding41. Under our experimental conditions, this variant demonstrated
impaired, but still appreciable binding to FVIII under pseudo-equilibrium conditions (Figure 2C) and a relatively minor defect in FVIII binding using SPR analysis (Figure 2A-B).
Although mass transport limitations may underestimate defects in association between
mutants, our SPR data indicate that some of the VWF type 2N replacements (Arg854Gln
and Cys1060Arg) induce relatively minor differences in binding kinetics (Figure 2A-B).
Because FVIII plasma levels are so low (0.3 nM), however, even a minor loss in affinity in
the subnanomolar range may already compromise the stability of the VWF/FVIII complex
in the circulation.
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All VWF-CFP type 2N variants were able to induce the formation of elongated storage
granules that resemble WPBs in terms of morphology and ability to recruit the transmembrane protein P-selectin (Figure 3B). This is not surprising as VWF type 2N variants are
generally considered to be structurally and functionally normal with the exception of binding to FVIII. However, in this respect it is noteworthy to mention that Michaux et al. have
recently demonstrated that the D’D3 region of VWF interacts with the luminal domain of
P-selectin thereby providing a targeting motif for P-selectin to gain entry into the WPBs12.
Based on those data, Michaux et al. speculated that VWF type 2N variants may display a
dysfunctional VWF/P-selectin interaction12. However, our experimental data indicate that
intracellular co-trafficking of P-selectin to VWF-containing granules is normal for VWF
type 2N variants. We therefore expect that VWD type 2N patients have normal exposure
of P-selectin and subsequent leukocyte recruitment following WPB exocytosis.
To our surprise, despite the variety in binding defects, all VWF-CFP type 2N
variants were able to target FVIII-YFP to VWF-containing storage organelles (Figure 4),
indicating that high-affinity VWF/FVIII complex assembly is not the driving force behind
FVIII/VWF co-storage. This finding may seem unexpected in view of previous reports
that suggest that a number of WPB members, including VWF propeptide7,11, P-selectin12,
osteoprotegerin14 and interleukin-813, are co-targeted with VWF as a result of a direct
interaction in the secretory pathway. However, the affinities thereof have not been rigorously assessed12,14 or estimated to be in the µM range13. If affinity in the µM range indeed
results in complex assembly of VWF with its cargo in the secretory pathway, it is conceivable
that residual low-affinity interactions between FVIII and VWF type 2N variants, although
not sufficient to stabilize the VWF/FVIII complex in the circulation, support intracellular
co-trafficking.
An alternative hypothesis is that co-trafficking of FVIII to VWF-containing granules
does not require assembly of the FVIII/VWF complex, but is secondary to the VWFinduced biogenesis of secretory granules. These contain –in addition to VWF– a variety
of other cargo proteins and membrane constituents which may contribute to FVIII targeting. In this respect, we should mention that previous experiments by Rosenberg et al.16
demonstrated that co-trafficking of FVIII to VWF-containing storage organelles in murine
pituitary tumor AtT20 cells does depend on high-affinity interaction. The observation that
FVIII trafficking in HEK293 cells and HUVEC does not depend on high-affinity interaction19, while this is required for co-targeting in AtT20 cells16, suggests that cell-specific
elements contribute to FVIII targeting to VWF-containing granules. Targeting of P-selectin displays similar cell-dependent targeting differences between AtT20 cells, HEK293
cells and HUVEC12,42,43. In addition, AtT20 cells differ from HEK293 cells and CV-1 cells
in that they do not form pseudo-WPBs upon expression of the VWF Arg763Gly variant9,44.
It therefore seems conceivable that targeting of FVIII to VWF-containing granules
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Figure 5. Factor VIII-YFP induces morphological transition from elongated cigar-shaped structures to
round circular-shaped organelles. (A) HEK293 cells were co-transfected with VWF-CFP and P-selectin.
Cells were stained for P-selectin using rabbit polyclonal anti-human CD62P antibody. Shown is double fluorescent detection of representative 3D projections (Z-stacks 0.4 µm). VWF-CFP, P-selectin and regions of colocalisation are shown in red, green and yellow respectively. The scale bar represents 10 µm. (B) HEK293 cells
stably expressing FVIII-YFP were transfected with VWF-CFP. Shown is double fluorescent detection of representative 3D projections (Z-stacks 0.4 µm). VWF-CFP, FVIII-YFP and regions of co-localisation are shown in
red, green and yellow, respectively. The scale bar represents 10 µm. (C) HUVECs (left panel) were nucleofected
with FVIII-YFP (middle panel) or VWF-YFP (right panel). Endogenous VWF was stained using monoclonal
antibody CLB-RAg35. Shown is the merge of double fluorescent detection. Endogenous VWF is shown in red,
FVIII-YFP (middle panel) and VWF-YFP (right panel) are depicted in green and regions of co-localisation are
yellow. The inset shows the morphology of vesicles. The scale bar represents 20 µm.
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involves an additional key-player that is absent in AtT20 cells, but present in HEK293 cells
and HUVECs.
Another remarkable observation is that FVIII-containing WPBs seem to have lost their
characteristic elongated shape (Figure 5B and C middle panel). The shape of the WPB has
been suggested to result from tubular packing of VWF strings45. Recently, Huang et al.46
have provided evidence that this tubule assembly results from association of two individual
VWF propeptide moieties with one D’D3 dimer of VWF. We therefore hypothesize that the
spherical shape of the FVIII-containing WPBs is caused by disturbed tubular packing of
VWF due to the presence of FVIII. Whether this disturbance results from binding of FVIII
to the D’D3 region of VWF, thereby preventing the D’D3 region to assist in tubule assembly remains to be established. The fact that the presence of P-selectin, which has also been
proposed to bind to the D’D3 region of VWF12, has no effect on WPB shape suggests that
P-selectin and FVIII are differently orientated within the WPB. Alternatively, the luminal
domain of P-selectin, being much smaller than FVIII, does not preclude the D’D3 region to
interact with VWF propeptide. Changes in WPB morphology have recently been described
in a study on WPB exocytosis. Babich et al.47 demonstrated that WPBs become spherical upon partial loss of cargo through a so-called ‘lingering kiss’ event. Why presence of
FVIII induces a similar morphological change remains unknown. However, it suggests that
WPB morphology depends on its intra-organelle content. Future studies on cargo-induced
morphology may contribute to understanding the complexity of WPB sorting.
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Abstract
Objective: Point mutations resulting in reduced factor (F)VIII binding to von Willebrand
factor (VWF) are an important cause of mild/moderate hemophilia A. Treatment includes
desmopressin infusion, which concomitantly increases VWF and FVIII plasma levels,
apparently from storage pools containing both proteins. Here, we examined whether coexpression of mild/moderate FVIII variants and VWF results in substantial co-storage
pools. Methods and Results: We studied intracellular co-trafficking of fluorescently tagged
FVIII and VWF to storage organelles. The role of VWF binding was studied by using
mild/moderate hemophilic FVIII variants that display reduced VWF interaction. Binding
studies using purified proteins revealed that all FVIII variants displayed a VWF binding
defect varying from moderate (Arg2150His, Del2201, Pro2300Ser) to severe (Tyr1680Phe, Ser2119Tyr). Intriguingly, 80-100% of VWF-containing granules co-stored FVIII,
independent of the FVIII mutation. Subcellular fractionation studies demonstrated that
approximately 20% of FVIII antigen was present within VWF-containing organelles, a
value consistent for all FVIII variants. Conclusions: Our studies demonstrate that substantial amounts of FVIII are stored in VWF-containing storage organelles. The potential of
co-storage in VWF-containing storage organelles is not affected by reduced VWF binding. These data support the hypothesis that co-expression and co-storage represents the
desmopressin-releasable storage pools of VWF and FVIII in vivo.

Introduction
Factor (F)VIII is an essential cofactor in the factor Xa generating complex by accelerating
the factor IXa mediated-conversion of factor X (FX) into activated factor X (FXa)1. The
FVIII translation product consists of a 19 amino acid signal peptide followed by a 2332
amino acid precursor protein that is organized in a distinct domain structure: A1-a1-A2-a2B-a3-A3-C1-C2. Due to intracellular proteolytic processing, FVIII circulates in plasma as
a heterodimer consisting of a 90-220 kDa heavy chain (A1-a1-A2-a2-B) and a 80 kDa light
chain (a3-A3-C1-C2). The heavy chain and light chain of FVIII remain associated through
a variety of interactions, some of which are metal-ion dependent2. In the circulation,
FVIII travels in complex with its carrier protein von Willebrand factor (VWF), preventing
premature clearance and proteolytic degradation of FVIII1.
A defect in the gene encoding for FVIII results in the X-chromosome linked bleeding disorder hemophilia A. Large deletions, frame-shifts, premature stop codons or intron inversions are most commonly associated with severe hemophilia A and result in
functional FVIII levels below 1%3. Severe hemophilia A patients are treated with on-demand or prophylactic protein replacement therapy using plasma derived or recombinant
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FVIII concentrates. Point mutations and small insertions or deletions in the FVIII gene
generally result in a moderate or mild hemophilia A phenotype with circulating functional
FVIII plasma levels between 1-5% and 5-30% respectively3. The molecular mechanisms
that underlie moderate and mild hemophilia A include defects with respect to biosynthesis,
altered interaction with factor IXa, reduced binding to phospholipid membranes, impaired
thrombin activation, impaired stability in the circulation or a reduced ability to associate
with VWF in plasma3,4. In addition to protein replacement therapy, mild or moderate hemophilia A patients can be treated with infusions of the vasopressin analogue desmopressin
(DDAVP)5,6.
Administration of DDAVP releases both VWF and FVIII in the circulation7. The source
of DDAVP-releasable VWF and FVIII has not been established. However, several lines of
research have suggested that the FVIII/VWF co-storage pools may originate from in vivo
biosynthesis and co-storage of FVIII and VWF within the same cell8,9. This view is supported by the observation that in vitro co-expression of VWF and FVIII results in storage
of FVIII in VWF-containing organelles10-13. Lung microvascular endothelial cells and liver
sinusoidal endothelial cells have been suggested to be among the cells that co-synthesize
VWF and FVIII in vivo14-16.
The aim of this study was to analyze whether co-expression of FVIII in cells that also
express VWF can result in sufficient FVIII storage pools in order to explain the DDAVP
response of patients with mild/moderate hemophilia A due to reduced stability of the
FVIII/VWF complex. To address this issue we have co-expressed a panel of five of such
FVIII variants together with VWF and analyzed the qualitative and quantitative targeting to VWF-containing granules. Our results demonstrate that, despite impaired complex
assembly with VWF, all FVIII variants retain the capability to traffic to VWF-containing
organelles.

Materials and methods
Plasmid mutagenesis
Construction of wild type VWF13, VWF-CFP with the Cyan Fluorescent Protein moiety
replacing the A2 domain13, B-domain deleted (del 746-1639) FVIII-YFP with the Yellow
Fluorescent Protein moiety replacing the B-domain13 and P-selectin17 in pcDNA3.1(+) has
been described previously. Point mutations and deletions in FVIII-YFP were introduced
by Quick Change mutagenesisTM using appropriate primers. B-domain deleted FVIII
variants lacking the YFP moiety were created by removal of the YFP moiety by Quick
Change mutagenesisTM using appropriate primers. The coding regions of all constructs
were verified by sequence analysis. Sequence reactions were performed with BigDye Terminator Sequencing kit (Applied Biosystems, Foster City, CA, USA).
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Expression and purification of recombinant proteins
HEK293 cells were grown in DMEM-F12 medium supplemented with 10 % FCS, 100 units/
ml penicillin and 100 µg/ml streptomycin (BioWhittacker, Verviers, Belgium). HEK293
cell-lines, stably expressing recombinant protein were produced as described18. Recombinant VWF and FVIII variants were purified and analyzed as described13.

Binding of FVIII variants to VWF
Association and dissociation of FVIII variants to wild type VWF assessed by Surface Plasmon Resonance (SPR) analysis employing a BIAcore 3000TM biosensor (Biacore AB, Uppsala, Sweden). Recombinant wild type VWF (22 fmol/mm 2) was immobilized onto a CM5
sensor chip using the amine coupling method according to the manufacturer’s instructions.
Binding to coated channels was corrected for binding in absence of VWF. Varying concentrations (1-5 nM) of FVIII-YFP variants were passed over the immobilized wild type VWF
in a buffer containing 150 mM NaCl, 5 mM CaCl 2, 5% (v/v) Glycerol, 0.005% (v/v) Tween
20 and 20 mM Hepes (pH 7.4) at 25°C with a flow rate of 20 µL/min. The sensor chip
surface was regenerated using the same buffer containing 1 M NaCl. Pseudo-equilibrium
binding of FVIII variants to VWF using an ELISA-based format was performed and analyzed as described13.

Expression levels of FVIII-YFP variants
HEK293 cells stably expressing VWF-CFP were transfected using the calcium phosphate
co-precipitation method essentially as described19. Briefly, 2.5 × 105 cells/10 cm 2 were seeded 24 hours before transfection on a gelatine-coated culture surface. Medium was refreshed
4 hours before transfection. Cells were transfected using 5 µg of plasmid DNA. Medium
was refreshed 16 hours after transfection and cells were grown for an additional 72 hours.
Production levels of FVIII variants were determined by chromogenic assay (Chromogenix,
Milano, Italy). Amounts of FVIII light chain and heterodimer were determined by ELISA
essentially as described 20.

Immunofluorescence analysis
HEK293 cells stably expressing VWF-CFP were transfected using the calcium phosphate
co-precipitation method essentially as described above. Cells were prepared for immunofluorescence as described before21. Rabbit polyclonal antibody anti-human CD62-P (BD
PharMingen, San Diego, CA, USA) was used to visualize P-selectin. Alexa-594 conjugated secondary antibodies were from Invitrogen (Breda, the Netherlands). Confocal Laser Scanning Microscopy was performed using a Zeiss LSM510 (Carl Zeiss, Heidelberg,
Germany). For immunohistochemical analysis results were analyzed using Zeiss LSM510
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version 4.0 software (Carl Zeiss, Heidelberg, Germany). To obtain 3-dimensional images,
Z-stacks of 0.4 µm sections of individual cells were acquired. A 3-dimensional reconstruction was created with Image Pro Plus 6.0 (Media Cybernetics, Breda, the Netherlands) and
used to calculate the number of Weibel-Palade bodies within individual cells. In order to
separate narrowly connected Weibel-Palade bodies, the 3D Watershed filter (threshold 10
%) was applied. The number of Weibel-Palade bodies containing VWF and VWF/FVIII
was quantified by using the volume measurements software in the 3D constructor module.
Results were analyzed using GraphPad Prism 4 software.

Subcellular fractionation
HEK293 cells stably expressing VWF-CFP or wild type VWF were transfected using 87.5
µg plasmid DNA per 175 cm 2 flask as described above. Per FVIII variant, two 175 cm 2
culture flasks were transfected. Subcellular fractionation using Percoll density gradient
centrifugation was performed as described with minor modifications22. Briefly, cells were
homogenized by 20 strokes in a ball-bearing homogenizer (Isobiotec, Heidelberg, Germany) with a 14 micron clearance. The homogenate was loaded on a Percoll gradient and
centrifuged for 30 minutes at 100,000g and 4°C. Fractions (1.25 ml) were collected from
the bottom and stored at -20°C. FVIII antigen was quantified by anti-light chain ELISA as
described above. VWF antigen was quantified by ELISA essentially as described before23.

Results
Expression of FVIII-YFP variants in HEK293 cells
To address the role of amino acid replacements that cause mild/moderate hemophilia A
in the intracellular trafficking of FVIII, we have created several hemophilic variants in
a B-domain deleted FVIII-YFP variant, including Tyr1680Phe, Ser2119Tyr, Arg2150His,
Del2201 and Pro2300Ser. The effect of the hemophilic replacements on secretion of FVIII
was studied. FVIII-YFP variants were expressed in HEK293 cells stably expressing VWFCFP and FVIII levels in conditioned medium were quantified based on chromogenic activity (Table 1). Transient expression of wild type FVIII-YFP resulted in high levels of FVIII in
conditioned medium (4.1 ± 0.4 pmol FVIII activity/1 × 106 cells/72 hours) (Table 1). Levels
of FVIII-YFP variants carrying a Tyr1680Phe and Ser2119Tyr replacement or a deletion of
Ala2201 were approximately 50% reduced whereas levels of FVIII-YFP variants carrying
an Arg2150His or Pro2300Ser were more than 10-fold reduced (Table 1). To evaluate if the
introduced replacements affect FVIII cofactor function we compared the activity/antigen
ratios of the FVIII-YFP variants. These were all similar to wild type (Table 1), indicating
that the studied FVIII variants did not display a defect in cofactor function.
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Table 1. Specific activity, activity/antigen ratio and production levels. §Production levels of FVIII were
quantified by chromogenic assay. ¶Activity/antigen ratio was determined as the ratio of FVIII activity (in U)
per FVIII antigen (in U). ‡For wild type FVIII-YFP, antigen levels were measured in an anti-light chain ELISA
using normal pooled plasma as a standard. †For FVIII-YFP variants, antigen levels were quantified using an
anti-heavy chain ELISA using wild type FVIII-YFP as a standard. Values represent the mean ± SD of three
transfections. *Specific activity of purified FVIII-YFP variants was evaluated as the FVIII activity (in U) per
mg of protein. Each value represents the mean ± SD of at least three measurements.

Figure 1. Subunit composition of purified fluorescent Factor (F)VIII variants. Purified protein preparations
were analyzed by 7.5 % sodium dodecylsulfate polyacrylamide gel electrophoresis under reducing conditions followed by silver staining. Numbers represent 1. wild type FVIII-YFP 2. Tyr1680Phe, 3. Ser2119Tyr, 4. Del2201 and
5. Pro2300Ser. HC = heavy chain. LC= light chain. YFP = yellow fluorescent protein.
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Purification of FVIII-YFP variants produced by HEK293 cells
To address the ability of the FVIII variants to associate with VWF, FVIII-YFP variants
were purified from conditioned media using immunoaffinity chromatography. Due to low
production levels, the Arg2150His variant could only be purified partially. After purification, the values for the specific activity of all other variants were at least > 2000 U/mg (Table 1). SDS-PAGE analysis demonstrated that all these FVIII variants were processed and
secreted correctly as a heterodimer with virtual absence of single chain FVIII (Figure 1).

FVIII/VWF binding
Binding of individual FVIII-YFP variants to VWF was studied using Surface Plasmon
Resonance (SPR) analysis. Representative SPR experiments are shown in Figure 2A and
data are summarized in Figure 2B. SPR data demonstrated that wild type FVIII-YFP readily bound to VWF (Figure 2A curve a). All FVIII-YFP variants showed reduced binding to
VWF (Figure 2A curve b-e). Variants carrying a Tyr1680Phe and Ser2119Tyr replacement
demonstrated a severe reduction in VWF binding. For these variants, some residual binding occurred which was fully reversible upon dissociation (Figure 2A curve d,e). Variants
carrying a Pro2300Ser replacement or a deletion of Ala2201 demonstrated a binding defect
that was less pronounced. In addition, binding proved partially irreversible, presumably
due to rapid rebinding of FVIII to the immobilized VWF immediately following dissociation. Rapid rebinding often implies that association is mass transport limited, which
prohibits calculation of reliable binding kinetics. Therefore, SPR data served to qualitatively compare between mutants (Figure 2B)24. We further analyzed binding of FVIII-YFP
variants to VWF under pseudo-equilibrium conditions (Figure 2C). The partially purified
Arg2150His variant could also be included in this assay. As described previously13 and in
agreement with our SPR data, FVIII-YFP readily bound to VWF with high affinity in the
subnanomolar range (Figure 2C). As was demonstrated from our SPR data, all FVIII-YFP
variants demonstrated a binding defect, which varied considerably depending on the amino
acid replacement. While variants carrying a Tyr1680Phe or Ser2119Tyr replacement demonstrated a severe reduction in VWF binding, binding occurred to an appreciable extent for
the variants carrying an Arg2150His and Pro2300Ser replacement or deletion of Ala2201.
The apparent affinity of these variants was 3- to 6-fold reduced (Figure 2C).
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Figure 2. Binding of Factor (F)VIII variants to von Willebrand factor (VWF). (A) SPR analysis of FVIII
binding to VWF. FVIII variants were passed over a chip to which 22 fmol/mm 2 recombinant wild type VWF was
coupled. Association and dissociation phase were both followed for 240 seconds. Shown is the average curve of
three injections of 2.5 nM of (each) FVIII variant. (B) Percentage of binding was calculated relative to wild type
FVIII after 235 seconds of association. Values represent the mean ± SEM of at least 6 injections (1-10 nM FVIII
variants). (C) Binding of FVIII-YFP variants to wild type VWF was evaluated in a pseudo-equilibrium binding
by plotting the amount of FVIII bound against the amount of FVIII added. Data were analyzed by non-linear
regression using a standard hyperbola. Each value represents the mean of three experiments. Curves represent
wild type FVIII-YFP (a), Del2201 (b), Pro2300Ser (c), Tyr1680Phe (d), Ser2119Tyr (e), Arg2150His (f).

FVIII-VWF co-trafficking in Human Embryonic Kidney cells
Wild type FVIII-YFP staining is associated with the secretory pathway at the level of the
trans-Golgi network and endoplasmatic reticulum13. Expression of hemophilic FVIII-YFP
variants resulted in a similar localization. Upon co-expression with VWF-CFP, as reported
before13, FVIII-YFP was routed from trans-Golgi network towards granular staining in
VWF-containing organelles (Figure 3A). Co-expression studies with P-selectin revealed
that the VWF/FVIII-containing organelles retained the ability to recruit P-selectin. FVIIIYFP variants that demonstrate a moderate (Del2201) or severely reduced binding to VWF
(Tyr1680Phe and Ser2119Tyr) were still able to co-traffic to VWF/P-selectin-containing
granules (Figure 3B), indicating storage in WPB like-organelles. In addition, the FVIIIYFP variants carrying an Arg2150His or Pro2300Ser are stored in VWF/P-selectin-containing granules despite a moderate reduction in VWF binding and a more than 10-fold
reduction in FVIII levels in conditioned medium (Figure 3C). Our data further indicate that
the presence of P-selectin and FVIII is not mutually exclusive (Figure 3A-C).

Figure 3. Intracellular localization of fluorescent factor (F)VIII variants, P-selectin and fluorescent von
Willebrand factor (VWF-CFP). HEK293 cells stably expressing VWF-CFP were transfected with P-selectin
and FVIII-YFP variants. Cells were stained for P-selectin using polyclonal antibody anti-human CD62P antibody. VWF-CFP, FVIII-YFP and P-selectin are shown in red, green and blue respectively. Triple fluorescent
detection is shown in the colour merges. Shown are representative 3-dimensional projections of Z-stacks (0.4
µm). The scale bar represents 10 µm.
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Quantification of sorting efficiency of FVIII-YFP variants
So far, we have analyzed targeting of FVIII and VWF on a qualitative level. Apparently,
some FVIII can enter the VWF-containing granule in absence of high-affinity interaction
to VWF. The question remains whether the amount of FVIII stored within VWF-containing
granules depends on the affinity of FVIII for VWF. One additional issue is whether FVIII
is targeted to a subpopulation of WPBs or that expression and targeting of FVIII results
in a homogeneous WPB pool. To address FVIII storage in VWF-containing granules in a
more quantitative manner, we analyzed the amount of VWF-CFP containing vesicles that
also contained FVIII. We found that independent of the amino acid replacement, 80-100%
of VWF-containing vesicles contained FVIII-YFP (Figure 4).

Figure 4. Semi-quantitative analysis of storage
of Factor (F)VIII variants in fluorescent von
Willebrand factor (VWF-CFP)-containing organelles. HEK293 cells stably expressing VWFCFP were transfected with FVIII-YFP variants.
Cells were analyzed by Confocal Laser Scanning
Microscopy. Z-stacks of 0.4 µm sections of individual cells were acquired. A 3-dimensional
reconstruction was created and the number of
WPBs containing VWF and VWF/FVIII was
quantified. Shown is the mean and distribution of
at least 7 individual cells per FVIII variant.

This observation demonstrates that co-expression of FVIII and VWF generates a homogeneous pool of WPBs. In addition, assuming that every WPB contains similar amounts
of FVIII, these data indicate that sorting of FVIII variants to VWF-containing vesicles is
independent of their affinity for VWF. To quantify the intracellular routing of FVIII-YFP
variants in more detail, we performed subcellular fractionations followed by density gradient centrifugation. Homogenates of transfected HEK293 cells were subjected to density
gradient centrifugation and the amount of VWF and FVIII in the various fractions was
determined by ELISA. Representative fractionations are shown in Figure 5A-F. The dense
fraction containing the WPB-like organelles corresponds with fractions 4-9, whereas the
second peak contains the subcellular fractions derived of organelles of the secretory pathway (ER, Golgi, trans-Golgi network) and constitutively released vesicles25. In agreement
with the observation that FVIII-YFP is stored in VWF-CFP containing vesicles (Figure
3A), 21 ± 6 % of FVIII-YFP antigen and 16 ± 5 % of VWF-CFP antigen was found in
the dense fraction of the cell (Table 2). To exclude that presence of the fluorescent YFP
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and CFP moieties influences targeting, subcellular fractionations were also performed using wild type FVIII and VWF variants. For wild type FVIII, 17 % was targeted to the
dense fraction of the cell containing wild type VWF (data not shown). This indicates that
the YFP/CFP moieties do not contribute to targeting of FVIII and VWF. Storage of all
FVIII-YFP variants in VWF-CFP containing granules was quantified. As expected, total
intracellular FVIII antigen levels were reduced for the variants carrying an Arg2150His
or Pro2300Ser replacement (Figure 5B-C). However, despite the reduced FVIII levels, the
same relative amount of FVIII antigen was stored within the dense fraction of the cell
(Table 2). In addition, FVIII-YFP variants that display a moderate (Del2201) or severe reduction in VWF binding (Tyr1680Phe or Ser2119Tyr), are clearly stored in the fraction corresponding with VWF-containing granules (Figure 5D-F). Quantification of subcellular
fractionations revealed that the percentage of FVIII and VWF stored in VWF-containing
granules was similar for all FVIII-YFP variants (Table 2). This indicates that FVIII targeting is independent of reduced FVIII levels and reduced interaction with VWF. In addition,
these data demonstrate that substantial amounts of mild/moderate hemophilia A causing
FVIII variants can be stored in VWF-containing storage organelles.

Figure 5. Subcellular fractionation of fluorescent Factor (F)VIII variants in fluorescent von Willebrand
factor (VWF-CFP) expressing cells. HEK293 cells stably expressing VWF-CFP were transfected with FVIIIYFP variants. Representative subcellular fractionations are shown (A-F). FVIII antigen was quantified by antiFVIII light chain ELISA. The amount of FVIII light chain in fmol is plotted on the Y-axis against the fraction
number on the X-axis (A-F).
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Table 2. Quantification of subcellular fractionation. HEK293 cells stably expressing VWF-CFP were transfected with FVIII-YFP variants. FVIII antigen was quantified by anti-FVIII light chain ELISA. VWF antigen
was quantified by ELISA. The amount of FVIII and VWF antigen in fractions 4-9 is divided by the total
amount of FVIII and VWF antigen. The values represent the mean ± SD of three measurements.

Discussion
Most mild and moderate hemophilia A patients can be effectively treated with DDAVP5.
Treatment with DDAVP results in a concomitant increase of VWF and FVIII in the circulation, presumably by the release of storage pools that contain both FVIII and VWF. The formation of DDAVP-releasable co-storage pools requires endogenous synthesis of both FVIII
and VWF, indicated by the observation that severe hemophilia A and von Willebrand’s
disease patients do not respond to DDAVP treatment with a concomitant increase in both
FVIII and VWF8,9. Restoring FVIII or VWF plasma levels to therapeutic levels by prophylactic protein replacement therapy, does not result in the formation of a DDAVP releasable
co-storage pool in these patients8,9. Apparently, DDAVP-mediated co-storage pools can not
be replenished by uptake of FVIII and VWF from the circulation.
While it is generally recognized that VWF is crucial in mediating the DDAVP response,
it is unclear whether or not VWF and FVIII need to be in complex in the DDAVP releasable
pool. Pertinent to this point is our initial observation that the Tyr1680Phe FVIII variant retains capability of co-storage with VWF in WPBs despite severely reduced interaction with
VWF13. This raises the question as to whether co-trafficking of FVIII and VWF in absence
of high-affinity interaction represents a general phenomenon in mild/moderate hemophilia
A. We have therefore extended our initial observation regarding the Tyr1680Phe variant to
a larger panel of mild/moderate hemophilia A causing FVIII variants, including amino acid
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replacements in the FVIII C1 and C2 domains. In addition, we now have introduced a full
quantitative approach to assess trafficking of FVIII to VWF-containing granules.
We demonstrate that point mutations in the C1 and C2 domains of FVIII can have diverse effects on its synthesis, secretion and ability to bind to VWF without loss in cofactor
function. Notwithstanding their reduced capacity to bind to VWF and/or reduced levels
of synthesis, substantial amounts of moderate/mild hemophilia A causing FVIII variants
can be stored in VWF-containing granules. Independent of the amino acid replacement,
relative amounts of FVIII stored in VWF-containing granules are similar and distributed
homogenously. These data provide a molecular explanation for the fact that hemophilia
A patients suffering from impaired complex assembly of FVIII and VWF in the circulation can be effectively treated with DDAVP. In particular, hemophilia A patients carrying
a Tyr1680Phe, Ser2119Tyr, Arg2150His replacement or deletion of Ala2201, respond to
DDAVP treatment by a concomitant increase of FVIII and VWF26,27. Therefore, it seems
reasonable to suppose that the FVIII/VWF co-expression and co-storage pools observed in
our study represent the storage pools that are released upon DDAVP treatment.
Our data suggest that co-trafficking of FVIII to VWF-containing granules is a process that is neither concentration-dependent nor driven by the affinity of FVIII for VWF. If
complex assembly with VWF in the secretory pathway does not drive targeting of FVIII to
storage granules, the key question remains how FVIII traffics to VWF-containing storage
organelles. In this respect it is interesting to mention that the requirements which determine intracellular storage of FVIII may vary among different cells. In megakaryocytes,
FVIII can be stored in α-granules in absence of VWF synthesis28. In contrast, in murine
pituitary tumor AtT20 cells, co-trafficking of FVIII and VWF depends on high-affinity
interaction11. Our data demonstrate that in HEK293 cells, targeting is dependent on the
formation of VWF-containing granules, but independent of high-affinity interaction with
VWF. In addition, we have previously reported that in vascular endothelial cells, which
would represent the in vivo co-storage pool of FVIII and VWF, FVIII is stored in WPBs in
absence of high-affinity interaction13. Taken together, these data raise the possibility that
intracellular targeting of FVIII is cell-specific. This may indicate that a so-far unknown
component plays some novel cell-specific role in WPB targeting.
Previous FVIII expression studies in platelets have indicated that release of FVIII
from VWF-containing α-granules may have potential benefits in terms of localizing FVIII
directly to the site of vascular injury29,30. It remains to be established if this also holds
true for FVIII released from VWF-containing WPBs. It seems conceivable that co-release of ultra-large VWF multimers and FVIII from WPBs provides a means to link the
adherence of platelets to the injured vessel wall and the stabilization of the platelet plug
while being formed.
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Chapter 5
Abstract
Background and objective: Gene therapy provides an attractive alternative for protein
replacement therapy in hemophilia A patients. Recent studies have shown potential benefit
of directing factor (F)VIII gene delivery to cells that also express its natural carrier protein
von Willebrand factor (VWF). In this study, we explored the feasibility of blood outgrowth
endothelial cells (BOECs) as a cellular FVIII delivery device with particular reference
to long-term production levels, intracellular storage in Weibel-Palade bodies (WPBs) and
agonist-induced regulated secretion. Design and methods: Human BOECs were isolated
from peripheral blood collected from healthy donors, transduced at passage 5 using a lentiviral vector encoding human B-domain deleted FVIII-GFP and characterized by flow
cytometry and confocal microscopy. Results: BOECs displayed typical endothelial morphology and expressed the endothelial-specific marker VWF. Following transduction with
a lentivirus encoding FVIII-GFP, 80% of transduced BOECs expressed FVIII-GFP. Levels
of FVIII-GFP positive cells declined slowly upon prolonged culturing. Transduced BOECs
expressed 1.6 ± 1.0 pmol/1 × 106 cells/24h FVIII. Morphological analysis demonstrated that
FVIII-GFP was stored in WPBs together with VWF and P-selectin. FVIII levels were only
slightly increased following agonist-induced stimulation, whereas a 6- to 8-fold increase of
VWF levels was observed. Subcellular fractionation revealed that 15-22% of FVIII antigen
was present within the dense fraction containing WPBs. Interpretation and conclusions:
Lentiviral transduction of BOECs results in high levels of FVIII-GFP expression. Our
results show that a significant portion of the synthesized FVIII-GFP is stored in WPBs
whereas the remainder of the FVIII-GFP is released in a constitutive manner.

Introduction
Hemophilia A is an X chromosome-linked bleeding disorder affecting 1-2 in 10.000 males.
It results from quantitative or qualitative defects of blood coagulation factor (F)VIII. Current treatment includes protein replacement therapy with plasma-derived or recombinant
FVIII concentrates1. However, due to its short half-life in circulation (t1/2 approximately
12 hours), treatment requires frequent intravenous infusions of FVIII concentrates. Gene
therapy or cell-based approaches have the potential to provide a life-long, cost-effective
cure for hemophilia A 2.
Presently, a number of clinical trials for hemophilia A gene therapy have been
performed3,4. So far, limited clinical efficacy of gene delivery approaches has been observed. This is primarily caused by limitations in obtaining sufficiently high levels of
FVIII in the circulation. This may partly be due to the fact that the exact cellular site
of FVIII biosynthesis has not been identified unambiguously. Recent studies have sug-

82

FVIII storage and secretion in endothelial cells
gested that it may be beneficial to express FVIII in cells that also express its natural carrier
protein von Willebrand factor (VWF)5-11. In the circulation, VWF protects FVIII from
premature clearance and proteolytic degradation by virtue of its ability to bind with high
affinity to FVIII12-14.
VWF is expressed in megakaryocytes and vascular endothelial cells15. In endothelial
cells, synthesis of VWF drives the formation of elongated cigar-shaped storage organelles
called Weibel-Palade bodies (WPBs) that release their content upon agonist-induced stimulation15-18. Expression of FVIII in endothelial cells results in storage of FVIII in WPBs6,19,20.
Co-storage of the VWF/FVIII complex in secretory granules and subsequent release of the
VWF/FVIII complex upon agonist-induced stimulation has the potential of secreting large
amounts of FVIII at sites of vascular injury as well as directly increasing FVIII half-life by
protecting FVIII from premature clearance and proteolytic degradation.
Endothelial (progenitor) cells have been used for cell-based therapy as well as for gene
therapy. Studies in hemophilia A mice have demonstrated that transplantation of liver sinusoidal endothelial cells can correct the hemophilic phenotype5,21. In addition, transplantation of genetically modified BOECs intravenously7,10 or implanted subcutaneously in a
MatrigelTM scaffold10 results in long-term therapeutic levels of FVIII.
The above mentioned studies have demonstrated proof of principle that endothelial cells
are capable of long-term synthesis and secretion of large amounts of FVIII. However, quantitative aspects of FVIII secretion and storage in endothelial cells have not been explored
so far. Here, we analyzed the intracellular routing of FVIII and VWF in genetically modified BOECs using fluorescently tagged FVIII. We demonstrate that part of the synthesized
FVIII-GFP is present within WPBs, providing a reservoir of FVIII that can be released
following vascular perturbation.

Materials and methods
Materials
All chemical used were of analytical grade. Endotoxin Free Plasmid Isolation kits were
from Qiagen (Hilden, Germany). Ficoll-Paque Plus was from GE Healthcare (Uppsala,
Sweden). Fetal Calf Serum (FCS) was from Hyclone (Logan, UT, USA). One shot® Stbl3TM
chemically competent cells, Hank’s Balanced Salt Solution (HBSS), antibiotic/antimycotic,
trypsin, DMEM (4.5 g/l glucose), RPMI-1640 and M199-Hepes were obtained from Invitrogen (Breda, the Netherlands). DNA modifying enzymes were from Fermentas (St LeonRot, Germany). Streptomycin and penicillin were from BioWhittacker (Verviers, Belgium).
Endothelial Cell Medium-2 (EGM-2) was obtained from Lonza (Walkersville, MD, USA).
Collagen type 1 rat tail was from BD Biosciences (Upssala, Sweden). Phorbol 12-myristate
13-acetate (PMA), calcium ionophore A23187, epinephrine, thrombin, isobutylmethylx-
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anthine (IBMX) and Brefeldin A (BFA) were from Sigma-Aldrich (St-Louis, MO, USA).
Culture plates, cell factory (6320 cm 2) and microtiterplates (Maxisorp) were from Nunc
(Roskilde, Denmark).

Production of viral vectors
The lentiviral (LV) packaging system consists of three constructs encoding gag/pol (pMDL.
RRE), vesicular stomatitis virus glycoprotein envelope (pCMV-VSV-G) and rev (pRSVRev)22. The selfinactivating lentiviral vector construct pLV CMV-GFP has been described
before23. A lentiviral self-inactivating vector encoding human B-domain deleted FVIII
under control of the CAG promoter consisting of the chicken β-actin promoter, CMV enhancers and a large synthetic intron has been decribed previously24. FVIII-GFP with GFP
replacing the B-domain in pcDNA3.1 has been described before20. pLV CAG-FVIII-GFP
was created by ligation of fragment NheI-NotI from FVIII-GFP and fragment XbaI-NotI
from the lentiviral vector in presence of a linkersequence XbaI-TCTGCTAACCATGTTCATGCCTTCTTCTTTTTCCTACAGGCTAGC -NheI. Lentiviral vector was produced
as described previously25 with minor modifications. Briefly, 293T cells were seeded in a
6320 cm 2 cell-factory and transfected with 1.9 mg/l lentiviral vector, 0.82 mg/l pMDL.
RRE, 0.32 mg/l pRSV-Rev, and 0.44 mg/l pCMV-VSV-G using the calcium phosphate
co-precipitation method. Twenty-four hours after transfection, medium was exchanged
for fresh medium containing 100 mg/l sodium butyrate. Viral supernatant was collected
after an additional 48 hour incubation period, filtered through a 0.45 μm Durapore
(PVDF) membrane (Millipore, Billerica, MA, USA), and concentrated by centrifugation
at 50,000g for 2 hours. Lentiviral vectors were resuspended in HBSS and stored in
aliquots at −80°C. Vector titers were determined by transduction of 1 × 105 293T cells
with serially diluted vector followed by flow cytometry. Titers were calculated with the
following formula25: Transducing units (TU)/ml = n ∙ (P/100) / V, where n = number of cells
at time of transduction = 1 × 105, P = % GFP+ cells, and V = volume of viral preparation
added in ml.

BOEC isolation and transduction
BOECs were isolated essentially as described7 from 50 ml venous blood donated by healthy
volunteers. Passage five cultured BOECs (2.5 × 104) were transduced following a single
exposure to pLV CMV-GFP (MOI 10) or pLV CAG-FVIII-GFP (MOI 7.5) in presence of
8 µg/ml polybrene (Janssen Chimica, Beerse, Belgium) and centrifuged for 90 minutes at
300g and 32°C. After a 4 hour total incubation time, medium was refreshed, and transduced cells were further cultured using standard BOEC cell culture procedures. To determine steady state production levels, conditioned medium was collected, centrifuged for 10
min at 10,000g, supplemented with 10 mM benzamidine and stored at −20°C until use.
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Flow cytometry
Percentage of GFP positive cells was determined by flow cytometry. Cells were washed
twice with HBSS, lifted with 0.05% trypsin-EDTA and were resuspended in 1% (w/v)
bovine serum albumin (BSA) (Albumin Fraktion V, Merck, Darmstadt, Germany) in phosphate buffered saline (PBS) supplemented with 10% (v/v) Cell-fix (BD Biosciences, Uppsala, Sweden). Flow cytometry was performed using the LSR II (BD Biosciences, Uppsala,
Sweden). The acquired data were analyzed with FACSDiva software (BD Biosciences,
Uppsala, Sweden).

Quantification of FVIII and VWF
FVIII antigen was quantified using an anti-light chain ELISA. Monoclonal anti-FVIII light
chain antibody CLB-CAg1226 was coated into a 96-well microtiterplate (5 μg/ml; 100 μl/
well) in 50 mM NaHCO3 (pH 9.6) for at least 16 hours at 4°C. Plates were washed with
0.1% (v/v) Tween20, PBS (pH 7.4). Samples were diluted in 2% (v/v) human serum albumin
(HSA) (Cealb, Sanquin, Amsterdam, the Netherlands), 1 M NaCl, 50 mM Tris (pH 7.4)
and incubated with the immobilized antibody for 2 hr at 37°C. Peroxidase-labelled monoclonal anti-FVIII light chain antibody CLB-CAg11727 was used to detect bound FVIII light
chain. Normal human pooled plasma was used as standard. FVIII activity was quantified
using a chromogenic assay according to the manufacturer’s instructions (Chromogenix,
Milano, Italy). Human VWF antigen was quantified using an ELISA. Monoclonal antiVWF antibody CLB-RAg2028 was coated into a 96-well microtiterplate (1 μg/ml; 100 μl/
well) in 50 mM NaHCO3 (pH 9.6) for at least 16 hours at 4°C. Plates were washed with 0.1%
(v/v) Tween20, PBS (pH 7.4). Samples were diluted in 0.1% (v/v) Tween20, 1% (w/v) BSA
(Albumin Fraktion V, Merck, Darmstadt, Germany), PBS (pH 7.4) and incubated with the
immobilized antibody for 2 hr at 37°C. Peroxidase-labelled polyclonal rabbit anti-human
VWF antibody (DAKO, Glostrup, Denmark) was used to detect bound VWF. Normal human pooled plasma was used as standard.

Immunofluorescence microscopy
BOECs were grown on 1 cm-diameter gelatin-coated glass coverslips. Confluent cells
were fixed with PBS/3.7% paraformaldehyde (PFA) and prepared for immunofluorescence
analysis as described 29. Monoclonal antibody CLB-RAg2028 was used to visualize VWF.
Rabbit polyclonal antibody anti-human CD62-P (BD PharMingen, San Diego, CA, USA)
was used to visualize P-selectin. Monoclonal antibody CLB-HEC7530 was used to visualize PECAM-1 (CD31). Alexa 594- and Alexa 633-conjugated secondary antibodies were
from Invitrogen (Breda, the Netherlands). Cells were embedded in Vectashield mounting
medium (Vector Laboratories, Burlington, CA USA) and viewed by Confocal Laser Scanning Microscopy using a Zeiss LSM510 (Carl Zeiss, Heidelberg, Germany).
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Stimulation of WPB exocytosis
Non-transduced BOECs were plated at 1-2 × 105 cells/well in collagen-coated 10 cm 2
wells. Conditioned medium was refreshed every other day until confluency. The plates
were washed twice with serum-free (SF) medium (50% RPMI-1640 and 50% M199-Hepes)
supplemented with 1% (v/v) HSA (Cealb, Sanquin, Amsterdam, the Netherlands), 0.3 mg/
ml L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. After incubation with
SF medium for 1 hour, the cells were stimulated for 1 hour with SF medium containing
50 ng/ml phorbol 12-myristate 13-acetate (PMA), 10 μM calcium ionophore A23187, 10
μM epinephrine plus 100 μM IBMX, or 1 U/ml thrombin. The supernatant was collected,
centrifuged for 10 min at 10,000g, supplemented with 10 mM benzamidine and stored at
−20°C until use. Cells were subsequently washed and prepared for morphological analysis
as described above. FVIII-GFP transduced BOECs were plated at 1 × 105 cells/well in
collagen-coated 6 wells plates and stimulated with 50 ng/ml PMA as described above.

Inhibition of constitutive release by BFA
BFA treatment of FVIII-GFP transduced BOECs was performed essentially as described
previously31. Confluent cells were washed twice with SF medium and subsequently incubated for 5 hours with SF medium supplemented with 5 μM BFA. Medium was collected at
several time-points and fresh SF medium with BFA was added. Culture supernatants were
centrifuged for 10 min at 10,000g, supplemented with 10 mM benzamidine and stored at
-20°C until further use. FVIII antigen and activity and VWF antigen were determined as
described above.

Subcellular fractionation
Subcellular fractionation using Percoll density gradient centrifugation was performed
as described with minor modifications32. Briefly, BOECs were cultured in two 175 cm 2
culture flasks until they reached confluency. Cells were washed once with warm HBSS,
trypsinized and centrifuged for 10 min at 300g at 4°C. Cells were suspended in 0.25 M Sucrose, 1 mM EDTA, 20 mM Tris (pH 7.4) and supplemented with 100 μl protease inhibitor
cocktail (Sigma-Aldrich, St-Louis, MO, USA). Cells were homogenized by 20 strokes in
a ball-bearing homogenizer (Isobiotec, Heidelberg, Germany) with a 14 micron clearance.
The homogenate was centrifuged for 10 min at 300g at 4°C. The perinuclear supernatant
(PNS) was loaded on a gradient consisting of 40 % (v/v) Percoll in 0.42 M Sucrose, 1.68
mM EDTA, 33.7 mM Tris (pH 7.4). The Percoll gradient was centrifuged for 30 minutes at
100,000g and 4°C. Fractions of 1 ml were collected from the bottom up and stored at -20°C
until further use. FVIII and VWF antigen levels were quantified as described above.
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Statistical analysis
Student’s t-test was performed with Graphpad Prism version 4.03 (Graphpad Software, San
Diego, USA).

Results
Regulated agonist-induced secretion of Weibel-Palade bodies from blood outgrowth endothelial cells
To study the feasibility of BOECs as a cellular delivery device we isolated BOECs from
peripheral blood of healthy individuals. Phenotypic characterization revealed that BOECs
displayed typical endothelial morphology (Figure 1Ai). Cells were uniformly positive for
PECAM-1 (CD31) (Figure 1Aii). Staining for VWF revealed the typical rod-shaped struc-

Figure 1. Blood outgrowth endothelial cells as on demand storage pool. (A) Phenotypic characterization of
BOECs revealed a typical endothelial morphology (i). Cells were stained for VWF using monoclonal antibody
CLB-RAg20 and Alexa 633-conjugated IgG2b secondary antibody, shown in red, and for PECAM-1 using
monoclonal antibody CLB-HEC75 and Alexa 594-conjugated IgG1, shown in blue (ii). The scale bar represents
10 μm. (B) To analyze the potential of on demand protein release, passage 8 BOECs were stimulated for 1 hour
with 50 ng/ml PMA, 10 µM A23187, 10 µM epinephrine plus 100 µM IBMX (epi), or 1 U/ml thrombin (T). VWF
antigen in the conditioned medium was quantified by ELISA. Each value represents the mean ± SD of six experiments. ** P<0.05, *** P<0.001(C). Stimulated BOECs were analyzed by confocal microscopy. Cells were stained
for VWF using monoclonal antibody CLB-RAg20 and Alexa 633-conjugated IgG2b, shown in red. Cells were
stained for PECAM-1 using monoclonal antibody CLB-HEC75 and Alexa 594-conjugated IgG1, shown in blue.
The scale bar represents 10 μm. Non-stimulated, control cells contained numerous WPBs (left panel), whereas
PMA-stimulated BOECs had released nearly all WPBs (middle panel). After stimulation with epinephrine (right
panel) WPBs clustered in the perinuclear region of the cells (arrow).
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tures representing WPBs (Figure 1Aii). To investigate the possibility of using WPBs as an
on-demand protein storage pool, we studied the extent of agonist-induced regulated secretion of VWF from BOECs. Stimulation with various known agonists of WPB exocytosis
in HUVEC resulted in release of WPBs and secretion of VWF in the conditioned medium.
Stimulation with PMA, calcium ionophore A23187, epinephrine and thrombin resulted respectively in a 6-, 4-, 3.5- and 2-fold increase of the VWF concentration in the conditioned
medium compared to the non-stimulated control (Figure 1B). Confocal analysis demonstrated that the non-stimulated BOECs contained numerous WPBs (Figure 1C). In comparison, BOECs stimulated with PMA hardly contained any WPBs (Figure 1C), indicating
that the increase in VWF antigen in the conditioned medium resulted from VWF release
from the majority of WPBs. We observed clustering of the WPBs in the perinuclear region
of the cell after stimulation with epinephrine (Figure 1C; arrow), which is consistent with
previous studies on epinephrine-stimulated HUVECs29.

Lentiviral FVIII-GFP transduction of BOECs
BOECs were transduced at passage 5 using a lentiviral vector encoding GFP or human Bdomain deleted FVIII-GFP. The transduction did not affect the morphology (Figure 2A) or
the growth rate of the transduced BOECs (Figure 2B), as compared to the non-transduced
BOECs. Ten days after transduction, FVIII-GFP-transduced BOECs were approximately
80% positive, as determined by flow cytometry (Figure 2C). This percentage declined
slightly to 60% over 31 days of culture (data not shown). Thus, the majority of the cells
showed sustained expression of FVIII-GFP.

Quantification of FVIII and VWF expression by genetically modified BOECs
The production levels of FVIII and VWF of genetically modified BOECs were assessed
by quantification of VWF and FVIII antigen levels present in conditioned medium. FVIIIGFP-transduced BOECs expressed on average 1.6 ± 1.0 pmol/1 x 106 cells/24 h FVIII light
chain antigen. To assess the functionality of FVIII secreted by BOECs, we determined the
activity/antigen ratio. The activity/antigen ratio of the secreted FVIII was 0.9 ± 0.2 after 1
hour incubation. These data suggest that the FVIII-GFP secreted by BOECs is fully active.
This is in agreement with published data from Herder et al.33 who observed mean activity/
antigen ratios of 0.54 to 0.83 after transduction of cord blood derived endothelial progenitor
cells (CBECs) with a lentiviral vector encoding FVIII. The activity/antigen ratio declined
to 0.2 ± 0.1 after 24 hour incubation. The FVIII-GFP transduced BOECs secreted VWF at
0.45 ± 0.23 pmol/1 x 106 cells/24 h. These levels were similar for non-transduced BOECs
(0.49 ± 0.35 pmol/1 x 106 cells/24 h), indicating that lentiviral transduction and production
of high levels of FVIII did not affect VWF synthesis (data not shown).
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Figure 2. Lentiviral transduction of blood outgrowth endothelial cells with FVIII-GFP. Passage 5 BOECs
were transduced by spinoculation with lentiviral vectors encoding for FVIII-GFP (MOI 7.5) or GFP (MOI 10).
(A). The morphology of passage 12 non-transduced BOECs and FVIII-GFP transduced BOECs was characterized using light microscopy. (B). Growth rate of non-transduced (closed circles (●)) and FVIII-GFP transduced
(open circles (○)) BOECs was determined. (C) Ten days after transduction, the percentage of positive cells was
determined by flow cytometry. Approximately 80% of the FVIII-GFP transduced BOECs were positive for
FVIII-GFP.

Co-localization of FVIII and VWF in WPBs
The intracellular localization of FVIII-GFP in transduced BOECs was assessed by confocal microscopy. In the vast majority of the cells, FVIII-GFP co-localized with VWF in
WPBs that retained the ability to recruit the transmembrane protein P-selectin (Figure 3A).
As we have described before in HUVEC (M. van den Biggelaar et al, manuscript submitted May 2008), storage of FVIII changed the morphology of the WPBs from elongated to
round vesicles (Figure 3B insets). As expected, GFP alone did not co-localize with VWF
(Figure 3B). Although the shape of the vesicles was altered by the presence of FVIII-GFP,
WPBs were still able to recruit the transmembrane protein P-selectin, thereby confirming
that FVIII-GFP-containing vesicles correspond to authentic WPBs (Figure 3A).
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Figure 3. Intracellular localization of FVIII-GFP in Weibel-Palade bodies. (A) Passage 13 non-transduced
and FVIII-GFP transduced BOECs were stained for VWF using monoclonal antibody CLB-RAg20 and Alexa
633-conjugated IgG2b, shown in red. Cells were stained for P-selectin using polyclonal antibody CD62P and
Alexa 594-conjugated IgG1, shown in blue. FVIII-GFP co-localizes with VWF and P-selectin in the majority of
WPBs. The scale bars represent 10 μm. (B) To visualize morphology of WPBs, passage 13 non-transduced-, GFP
transduced-, and FVIII-GFP transduced BOECs were stained for VWF using monoclonal antibody CLB-RAg20
and Alexa 633-conjugated anti-mouse IgG2b, shown in red. Cells were stained for PECAM-1 using monoclonal
antibody CLB-HEC75 and Alexa594-conjugated IgG1, shown in blue. The inset demonstrates elongated, cigarshaped WPBs in the absence of FVIII and spherical WPBs in cells expressing FVIII. The scale bars represent
10 μm.

Exocytosis of WPBs from FVIII-GFP transduced BOECs
We subsequently addressed the amount of FVIII-GFP released from transduced BOEC in
response to agonists that provoke release of WPBs. Stimulation of FVIII-GFP transduced
BOECs with PMA resulted in an 8-fold increase of VWF in the culture medium compared
to the non-stimulated control (Figure 4A). In contrast to VWF, there was only a slight
1.3-fold increase of FVIII in the culture medium upon stimulation with PMA (Figure 4B).
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Figure 4. Regulated release of FVIII and VWF from PMA-stimulated BOECs. Passage 12 FVIII-GFP
transduced BOECs were stimulated for 5 hours with 50 ng/ml PMA. (A) VWF antigen in the conditioned medium was quantified by ELISA. Values represent the mean of three experiments and the standard deviation is
indicated. (B) FVIII antigen in the conditioned medium was quantified by ELISA. Values represent the mean ±
SD of three experiments. ** P<0.05, *** P<0.001.

Our results show that FVIII-GFP is released from WPBs upon stimulation with PMA.
However, in quantitative terms, release from this subcellular compartment is limited as opposed to non-stimulated release. It has recently been shown that in absence of a stimulus,
so called ‘basal release’ of WPBs accounts for the majority of VWF released by endothelial
cells31. We investigated whether the rapid accumulation of FVIII-GFP in the conditioned
medium of transduced BOECs can also be attributed to basal release of WPBs containing
FVIII-GFP. Transduced BOECs were incubated with BFA which prevents constitutive vesicular transport from the trans-Golgi network 31. Treatment with BFA does not deform preformed WPBs and therefore has no effect on basal and regulated secretion34. In accordance
with data obtained in HUVEC31, BFA only partly blocks release of VWF into conditioned
medium in BOECs (Figure 5A). In contrast, release of FVIII-GFP is almost completely
abolished in the presence of BFA (Figure 5B). These findings suggest that, in contrast to
VWF, the majority of synthesized FVIII is released in a constitutive manner and not via
basal release of WPBs.

Quantitative determination of the amount of VWF and FVIII stored in WPBs
The findings reported in the previous paragraphs indicate that part of the synthesized FVIII-GFP is stored in WPBs whereas the remainder is secreted via the constitutive pathway.
To assess this in a quantitative manner, we determined the amount of FVIII-GFP that is
stored in WPBs. Homogenates of BOECs were subjected to density gradient centrifugation
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Figure 5. Quantitative analysis of the secretion pathways of FVIII and VWF in FVIII-GFP transduced
blood outgrowth endothelial cells. Release of FVIII from passage 12 FVIII-GFP transduced BOECs was analyzed over a 5-hour period in presence of 5 μM BFA. (A) VWF antigen in the conditioned medium was quantified by ELISA. Values represent the mean ± SD of three experiments. Open circles (○) represent controls, closed
circles (●) represent secretion of VWF in the presence of BFA. (B) FVIII antigen in the conditioned medium was
quantified by ELISA. Values represent the mean ± SD of three experiments. Open circles (○) represent controls,
closed circles (●) represent secretion of FVIII in the presence of BFA.

and the amount of VWF and FVIII was determined in the various fractions by ELISA.
A representative fractionation is shown in Figure 6. The first peak (fractions 4-10) corresponds to the high-density WPB-containing fractions, whereas the second peak (fractions
20-25) contains the subcellular fractions derived of organelles of the secretory pathway
(endoplasmatic reticulum (ER), Golgi, trans-Golgi network) and constitutively released
vesicles35. The amount of VWF stored in WPBs was similar for non-transduced (12-15%;
Figure 6A) and FVIII-GFP transduced BOECs (15-21%; Figure 6B). The percentage of
FVIII stored in WPBs in FVIII-GFP transduced BOECs was similar to the percentage of
VWF stored (15-22%; Figure 6D). The average molar ratio of FVIII to VWF in the WPBs
was approximately 1:15. These findings demonstrate that a significant portion of synthesized FVIII is co-targeted to WPBs in transduced BOECs.

Discussion
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Blood outgrowth endothelial cells provide a cellular delivery device for FVIII that also produces its natural carrier protein VWF. In this study, we analyzed the potential of WPBs to
serve as a releasable storage compartment for VWF and FVIII, which may have advantages
with respect to high-level, on-demand secretion of preformed VWF/FVIII complexes that
display a prolonged half-life. In addition, studies in megakaryocytes have suggested that
co-release of VWF and FVIII may protect FVIII from inhibitory antibodies36,37.
We demonstrate that BOECs respond robustly to various stimuli with an increase
in the amount of VWF secreted and a reduction in the number of WPBs (Figure 1).
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Figure 6. Subcellular fractionation and density gradient analysis of FVIII-GFP transduced blood outgrowth endothelial cells. Subcellular fractionation was performed on non-transduced BOECs (A,C) and FVIIIGFP transduced BOECs (B,D). VWF antigen (A,B) and FVIII antigen (C,D) in the various fractions were quantified by ELISA (A,B). The first peak, fractions 4-10, correspond to the dense WPB fraction, whereas the second
peak, fractions 20-25, contains ER, Golgi apparatus and constitutively released vesicles.

We therefore conclude that BOECs do not differ from HUVECs in terms of secretagogue
responsiveness and indeed contain a recruitable WPB storage pool. Expression of FVIII-GFP in BOECs resulted in storage of FVIII-GFP in virtually all WPBs (Figure 3A).
These vesicles were capable of recruiting the transmembrane protein P-selectin (Figure
3A), which identifies these FVIII-GFP-containing organelles as true WPBs. FVIII-GFPcontaining WPBs within transduced BOECs display round, spherical structures which differ in morphology from the characteristic, elongated structures observed in the absence of
FVIII (Figure 3B). Remarkably, in a previous report, in which canine FVIII was expressed
in canine BOECs, FVIII did not co-localize with VWF in WPBs10. This observation suggests that canine FVIII differs from human FVIII in its ability to co-target to WPBs. Alternatively, the amount of canine FVIII stored within WPBs may be too low to allow for
detection by indirect staining with polyclonal anti-porcine FVIII antibodies. We have previously observed that the use of intrinsically labelled FVIII-GFP provides a superior means
to address the subcellular localization of synthesized FVIII when compared to indirect
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staining using monoclonal or polyclonal antibodies20.
Quantitative assessment of FVIII storage using density gradients revealed that approximately 20% of total intracellular FVIII is present within WPBs (Figure 6D). Nevertheless,
the amount of FVIII which can be released upon regulated secretion is limited compared to
non-stimulated secretion (Figure 4B). This finding shows that the majority of synthesized
FVIII-GFP is released independent of the presence of WPB secretagogues. Non-stimulated
secretion may result from release through the constitutive pathway or from basal secretion
of storage organelles that are released in a spontaneous fashion. Here, we show that the
majority of FVIII-GFP is released in a constitutive manner and that release of FVIII-GFP
does not result from rapid turnover of WPBs in the absence of a stimulus (Figure 5B).
Although the beneficial effect of VWF expression in BOECs in terms of FVIII storage
remains to be established, we have demonstrated that lentiviral transduction of BOECs
with FVIII-GFP results in high expression levels of FVIII (1.6 ± 1.0 pmol/1 × 106 cells/24
hours) that persists during >30 days of culture. In fact, expression levels are higher than
those obtained in established cell-lines. Expression levels were 30-fold higher than reported in a study in which BOECs were transfected using a non-viral transfection method7
and similar to studies in which canine BOECs were transduced using a lentiviral vector encoding canine B-domain deleted FVIII or cord blood-derived endothelial progenitor cells
(CBECs) using a lentiviral vector encoding human B-domain deleted FVIII10,33. Various
studies have shown that endothelial cells are capable of secreting high levels of bio-active,
hetero-dimeric FVIII. Therefore, endothelial cells seem to be a particularly suitable delivery device for ex vivo gene therapy for hemophilia A.
It is conceivable that constitutively released FVIII is cleared from the circulation more
rapidly compared to the FVIII which is secreted together with VWF via regulated secretion
of WPBs. In order to further benefit from co-storage of a VWF/FVIII inducible pool, it may
be required to enhance the targeting efficiency of FVIII to WPBs. As targeting of FVIII
to WPBs is independent of high-affinity interaction between FVIII and VWF20, we suggest that approaches should be directed at increasing the amount of VWF stored in WPBs.
One approach may be to co-transduce BOECs with VWF. De Meyer et al.38 have recently
demonstrated that WPB formation in VWD type 3 BOECs is restored upon lentiviral transduction with VWF. Another potential approach may be to overexpress the transcription
factor KLF2 which has recently been shown to increase the average number of WPBs in
HUVEC39.
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Chapter 6
The site of factor (F)VIII biosynthesis has remained an unresolved issue over the past
years. Liver transplantation cures hemophilia A in men and dogs, indicating the liver as
the major site of FVIII biosynthesis1-3. However, liver transplantation from a hemophilic
to a healthy dog resulted in FVIII plasma levels that never dropped below 10-20% 4. This
indicates that in addition to hepatic FVIII biosynthesis, extra-hepatic FVIII sources may
contribute significantly to FVIII plasma levels.
In the circulation, FVIII is protected from proteolytic degradation and premature clearance by forming a high-affinity complex with VWF5. Although the complex of VWF and
FVIII consists of one of the strongest protein-protein interactions reported, it remains
unclear where they first interact6. One view suggests that VWF and FVIII are secreted by
different cells and interact in plasma merely by high-affinity interaction. However, during
the last decade, accumulating evidence has suggested that the human body should also
comprise a storage pool of VWF and FVIII. This has led to the alternative hypothesis that
VWF and FVIII may encounter each other prior to their secretion in plasma.
The studies described in this thesis relate to the complex of FVIII and VWF. Several
key questions concerning the VWF/FVIII complex deserve further attention and are addressed in this thesis. Is it possible that the VWF/FVIII storage pools are the source of
extrahepatic FVIII? Do co-storage pools originate from uptake of FVIII and VWF? Or
do they result from co-expression of VWF and FVIII within the same cell? If so, is FVIII
storage driven by high-affinity binding to VWF? Are FVIII and VWF stored individually
within the same organelle or as a complex of two proteins? What is the potential benefit of
co-storage of FVIII and VWF? In this thesis, we took a new approach towards this issue by
using fluorescently tagged VWF and FVIII derivatives. These tools could be used to study
the relationship between high-affinity interaction and intracellular targeting.

In vivo DDAVP-releasable storage pools of FVIII and VWF
In healthy individuals, infusion with the vasopressin analogue desmopressin (DDAVP)
results in a rapid, concomitant increase of VWF and FVIII plasma levels7. In absence
of FVIII biosynthesis, administration of DDAVP results in increased VWF levels only,
whereas in absence of VWF biosynthesis, DDAVP administration does not result in any
release of either VWF or FVIII (Table 1). The action of DDAVP involves direct activation of the vasopressin V2R receptor located on endothelial cells and subsequent cAMPmediated exocytosis of Weibel-Palade bodies (WPBs)8. As WPBs contain large amounts
of VWF, it has been generally recognized that the increase in VWF plasma levels results
from release of WPBs from endothelial cells9. The source of DDAVP releasable FVIII storage pools is unknown. Complex assembly of FVIII with VWF enhances its half-life from
1-2 to 12 hours. Therefore, one hypothesis is that the DDAVP-mediated increase of FVIII
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results from a prolongation in FVIII half-life due to enhanced protection by VWF10. However, FVIII levels increase rapidly after DDAVP infusion with a maximum between 2-4
hours. The restoration of FVIII plasma levels by infusing purified VWF into a severe von
Willebrand’s disease type 3 patient occurs much slower with a maximum after 24 hours6,10.
Therefore, the kinetics of DDAVP-mediated FVIII release indicates that the elevated FVIII
plasma levels do not result from increased complex assembly with VWF.
These data suggest that the human body comprises a storage pool of both VWF and
FVIII. These storage pools can be derived from 1) uptake of the FVIII/VWF complex
from the circulation, 2) uptake of VWF by a FVIII-producing cell, 3) uptake of FVIII by a
VWF-producing cell or 4) co-production in the same cell10. Restoring VWF plasma levels
in severe von Willebrand’s disease type 3 patients to therapeutic levels fails to re-establish
a DDAVP releasable pool of both VWF and FVIII. In addition, therapeutic FVIII levels in
severe hemophilia A patients and hemophilia A dogs do not restore any DDAVP-mediated
increase of FVIII (Table 1)6,10-12. These observations indicate that the DDAVP releasable
storage pools of FVIII and VWF can not be replenished from the circulation. This excludes that DDAVP-releasable storage pools are derived from uptake of FVIII, VWF or
the complex of both proteins. Although no cell type has been established in vivo that cosynthesizes both VWF as well as FVIII, these data point in the direction of an in vivo storage pool of VWF and FVIII which would require synthesis and storage in the same cell6,10.
The data presented in this thesis are compatible with this hypothesis. We demonstrate that
FVIII storage is dependent on synthesis of VWF. In absence of VWF, FVIII is released in a
constitutive manner. Upon co-expression with VWF, part of the FVIII is stored in storage
pools (chapter 2).

In vivo DDAVP-releasable storage pools of FVIII and VWF in absence of
high-affinity interaction
Most mild/moderate hemophilia A patients can be effectively treated with DDAVP, including hemophilia A patients that carry a FVIII gene mutation impairing complex assembly with VWF (Table 1). Particularly, amino acid replacements Tyr1680Phe, Ile2098Ser,
Ser2119Tyr, Arg2150His and Del2201 that result in reduced binding to VWF in the circulation, do not abolish DDAVP-mediated release of FVIII storage pools13,14. In addition,
DDAVP treatment is first treatment of choice for patients suffering from mild von Willebrand’s disease, including subtype 2N. These type 2N patients carry a point mutation in
the FVIII binding region and are therefore not capable of stabilizing FVIII in the circulation. However, they are still capable of releasing FVIII and VWF following administration
of DDAVP (Table 1)15-17.
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In this thesis, we demonstrate that a FVIII variant carrying a Tyr1680Phe replacement is
stored in WPBs despite the absence of high-affinity interaction with VWF (chapter 2). In
addition, we show that VWF type 2N variants retain the ability to co-traffic FVIII to storage organelles (chapter 3). These findings were unexpected, as we had initially anticipated
that the structural requirements for intracellular co-storage of VWF and FVIII would have
been similar to those for complex assembly in the circulation. We therefore extended our
panel of FVIII variants that cause mild/moderate hemophilia A due to reduced complex
assembly with VWF and introduced a full quantitative approach to assess FVIII trafficking
to VWF-containing organelles. In chapter 4 we demonstrate that none of the hemophilic
mutations, including Tyr1680Phe, Ser2119Tyr, Arg2150His, Del2201 and Pro2300Ser, abolish co-storage of FVIII and VWF. In contrast, we demonstrate that FVIII is homogenously
distributed on VWF-containing organelles. In addition, the relative amount of FVIII stored
in VWF-containing granules is independent of its affinity for VWF.
Taken together, our observations demonstrate that substantial co-storage pools of FVIII
and VWF can be generated, even in absence of high-affinity interaction. Therefore, our
data provide a molecular explanation for the observed DDAVP-mediated release of FVIII
and VWF in patients that suffer from impaired VWF/FVIII complex assembly (Table 1).
These observations are in favour of the hypothesis that the in vivo DDAVP-releasable storage pools of FVIII and VWF originate from co-expression of FVIII and VWF within the
same cell.

Cellular source of DDAVP releasable VWF and FVIII storage pools
The exact source of DDAVP releasable VWF and FVIII remains to be established. The
clinical data suggest that it should originate from a cell type which is capable of storing
FVIII and VWF. In addition, it should contain a DDAVP-activated, V2R-mediated pathway
of regulated secretion. The origin of such is cell is most likely endothelial-like8. Immunohistochemical analysis has so far not been able to show localization of FVIII in WPBs
in endothelial cells. This may be due to the limited amount of FVIII stored within these
organelles. Alternatively, immunohistochemical analysis may be compromised by densely
packed VWF multimers within these organelles.
A full inventory of the endothelial cells that express the V2R receptor has not been
provided so far. Desmopressin is a selective agonist for the V2R receptor. A mutation in
the V2R receptor results in the inability to release VWF from storage pools in response
to DDAVP administration (Table 1)18. The V2R receptor is expressed in the principal cells
of renal collecting ducts19,20. This would suggest that the kidney plays an important role
in the DDAVP-mediated release of co-storage pools of FVIII and VWF. This would be in
agreement with the observed renal co-localization of VWF and FVIII in pigs21. However,
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Table 1. Overview of the effect of desmopressin administration. Overview of therapeutic levels of FVIII and
VWF and response to DDAVP administration in healthy subjects and several patient categories.
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in patients with chronic renal failure, VWF plasma levels are increased upon DDAVP administration even after bilateral nephrectomy22 (Table 1). These observations suggest the
importance of extrarenal V2R function.
So far, only liver sinusoidal endothelial cells (LSEC) and lung microvascular endothelial cells (LMVEC) have been shown to be capable of FVIII synthesis23-26. However, several
reports suggest that liver sinusoidal endothelial cells do not express VWF27-30. In addition,
although liver transplantation in hemophilic A men cures the hemophilia A phenotype,
DDAVP administration only increases VWF plasma levels and not FVIII plasma levels11
(Table 1). Recent studies have pointed towards pulmonary microvascular endothelial cells
as a potential storage source of both VWF and FVIII24. These also express the V2R receptor and exocytose their WPBs upon stimulation with DDAVP. So far, these are the most
likely candidates for the origin of DDAVP-releasable VWF and FVIII co-storage pools.
Taken together, these observations suggest that FVIII expression is restricted to a particular lineage of the vascular tree. Alternatively, the endothelial environment may regulate FVIII expression. One option could be that FVIII expression in endothelial cells
is under influence of a specific transcription factor or cytokine stimulation, in a manner
analogous to the up-regulation and storage of interleukin-8 in WPBs upon stimulation with
interleukin-1β31. If not limited to the liver and lung, in vivo co-expression and co-storage of
FVIII and VWF in endothelial cells may explain why a variety of organs has been shown
to synthesize FVIII mRNA 28.

Weibel-Palade body formation and sorting
Sorting of secretory proteins occurs in the trans-Golgi network. The mechanism that determines sorting to either the constitutive or the regulated secretory pathway is poorly
understood. Two models have been proposed to explain the selection of proteins for the
regulated secretory pathway and the exclusion of constitutive proteins32. First, the sortingfor-entry hypothesis proposes that the trans-Golgi network provides a gatekeeper function
that allows for the entry of selected regulated secretory proteins only. It suggests that sorting of proteins destined for the regulated secretory pathway occurs via specific binding
to a sorting receptor and the formation of insoluble aggregates that exclude the entry of
constitutively released proteins. Second, the sorting-by-retention hypothesis suggests that
proteins are passively trapped in immature granules by simple bulk flow. This model suggests that sorting occurs within the immature granule by selective condensation of regulated secretory proteins due to decrease of the pH and increase in calcium concentration.
Removal of proteins from the immature granule results from the inability to participate in
condensation and by active receptor-mediated exit sorting32.
The formation of WPBs is driven by synthesis of VWF. In absence of VWF, no WPBs
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are formed, whereas the introduction of VWF cDNA in various cell-lines results in the appearance of WPB-like organelles33-37. WPBs differ from conventional secretory granules in
that they are not round, but elongated, cigar-shaped, electron-dense organelles that contain
internal striations38-40. These internal striations result from the formation of large VWF
tubules, which give rise to the characteristic shape of the WPB40,41. In addition to VWF,
WPBs may contain a variety of other proteins38. During recent years, evidence has been
provided suggesting that VWF not only drives the formation of its own storage vesicle, but
also determines the content of the WPB by directly associating with cargo proteins. Examples hereof include osteoprotegerin, VWF propeptide, interleukin-8 and P-selectin42-45. The
observation that introduction of VWF cDNA in a variety of cells is able to drive the formation of WPB-like organelles is consistent with the model of sorting-by-retention through
selective condensation39,40. Targeting of cargo proteins by virtue of direct interaction with
VWF in the secretory pathway followed by co-aggregation within the forming vesicle is
compatible with this model42-45.

FVIII trafficking to VWF-containing granules; sorting-by-retention?
Research described in this thesis demonstrates that FVIII itself is secreted in a constitutive
manner and does not induce the formation of storage organelles (chapter 2). Expression of
regulated secretory proteins, such as secretogranin II and chromogranin B can be sufficient
to generate granule-like structures by virtue of their aggregation in a mildly acidic milieu46.
The fact that FVIII expression alone does not induce entry into the regulated pathway indicates that storage is not induced by the intrinsic ability of FVIII to aggregate. Upon synthesis of VWF and the formation of storage organelles, FVIII is partially retargeted from
the constitutive towards the regulated secretion pathway (chapter 2). The question remains
what induces the transition from FVIII being constitutively released towards entering the
regulated secretion pathway. The simplest way to explain the entrance of FVIII in the regulated secretion pathway is that it co-aggregates with VWF by virtue of a direct interaction
(Figure 1A). However, research described in this thesis shows that FVIII is able to enter the
regulated secretion pathway in the absence of high-affinity binding to VWF (chapter 3). In
fact, the relative amount of FVIII stored in VWF-containing granules is independent of its
affinity for VWF (chapter 4).
To be consistent with the model in which FVIII targets to WPBs via sorting-by-retention by virtue of a direct interaction with VWF, we would have to assume that low-affinity
interactions are sufficient to drive FVIII targeting. As FVIII and VWF are large proteins
that are heavily post-translationally modified, it is conceivable that the rates of FVIII and
VWF synthesis are limiting their association at the trans-Golgi network, irrespective of
their actual high-affinity. As such, the intracellular interaction of FVIII and VWF may be
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subject to mass transport limitations, in a manner analogous to our in vitro SPR binding
studies (chapters 3&4). Should this be the case, the association rate of FVIII and VWF
interaction would be largely independent of the kon. This would explain that the relative
intracellular distribution of FVIII is apparently independent of its affinity for VWF.

Figure 1. Schematic representation of possible mechanisms for sorting of FVIII to VWF-containing granules. (A) Sorting-by-retention via a direct interaction with VWF. (B-D) Sorting-for-entry as a result of the presence of a sorting signal (B), the presence of a sorting receptor (C) or via lipid-mediated targeting (D).

FVIII trafficking to VWF-containing granules; sorting-for-entry?
Another explanation for the targeting of FVIII to VWF-containing granules is that it does
not involve any direct interaction with VWF and subsequent sorting-by-retention. Could it
be possible that targeting of FVIII involves sorting-for-entry? The sorting-for-entry model
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suggests that proteins enter the regulated secretory pathway via presence of a sorting signal or binding to a sorting receptor32. It has been recently described that the presence of a
hydrophobic patch in a charged α-helix is sufficient to target proteins to secretory granules47. Perhaps FVIII also contains such a motif? (Figure 1B). Alternatively, targeting may
be driven by binding to a sorting receptor or membrane component of the WPB32 (Figure
1C). In this respect, it seems conceivable that a so-far unidentified membrane component of
the WPB plays a role in targeting FVIII. Examples of such a membrane component may be
specific phospholipid membrane constituents48. FVIII contains a high-affinity lipid-binding site for phosphatidylserine49. It is possible that FVIII interacts with phosphatidylserinecontaining membranes that may be exposed during the budding process of secretory granules from the trans-Golgi network50 (Figure 1D). This would be compatible with a model in
which synthesis of VWF drives the formation of secretory granules that recruit membrane
constituents, which in turn recruit FVIII.

FVIII trafficking to VWF-containing granules; post-Golgi sorting?
An alternative hypothesis concerning FVIII targeting to VWF-containing granules results
from the fact that WPBs are not conventional secretory granules. In addition to sortingfor-entry and sorting-by-retention mechanisms, WPBs are equipped with a sorting mechanism that involves targeting of proteins after budding of the WPB from the trans-Golgi
network40. This post-Golgi targeting involves several endosomal and lysosomal-related
proteins40. The importance of post-Golgi targeting is underlined by the observation that
clathrin and adaptor protein-1, that function in the transport between endosomes and transGolgi network, are crucially involved in WPB formation51. In addition, the tetraspaninfamily member CD63 and the small GTPase Rab27A are recruited after budding of the
newly formed WPB via post-Golgi targeting52,53. The best-described post-Golgi sorting
event involves the targeting of P-selectin to WPBs. Although the luminal domain of Pselectin can be recruited to WPBs through a direct association with the D’D3 region of
VWF42, which is compatible with a sorting-by-retention mechanism, P-selectin can also be
recruited to WPBs via recycling from early endosomes via two cytoplasmic motifs KCPL
and YGVF53,54. It seems possible that in addition to P-selectin, FVIII may be recycled from
endosomes. The FVIII A3 domain contains a similar motif YPGVF comprising residues
Tyr1978-Phe1982. Although the extra proline amino acid residue may be disruptive for this
motif, we cannot exclude that post-Golgi FVIII targeting is modulated by this sequence
in the A3 domain. In addition, if recycling of FVIII and post-Golgi targeting contributes
to WPB targeting, it may be interesting to study the expression and potential influence of
FVIII-binding receptors such as low density lipoprotein receptor-related protein (LRP) in
this process55 (Figure 2A).
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Figure 2. Schematic representation of alternative sorting mechanism including post-Golgi targeting. Alternative post-Golgi sorting mechanism for FVIII to VWF-containing granules. We propose a model in which
FVIII traffics to VWF-containing granules via endosomal post-Golgi targeting. FVIII is included in endosomes,
which fuse with mature VWF-containing granules that have budded off from the Golgi apparatus. We hypothesize that post-Golgi targeting may include an YPGVF motif in the A3 domain of the FVIII light chain, an adaptor protein-1 (AP-1)/clathrin coat or low density lipoprotein receptor-related protein (LRP)-mediated recycling.

Weibel-Palade body shape
One characteristic of WPBs is their elongated shape. This has been suggested to result
from tubular packing of VWF strings which occurs upon association of two individual
VWF propeptide moieties with one D’D3 dimer of VWF41,56. The physiological impact of
the WPB shape remains unclear. It has been suggested that the compact storage of VWF tubules is necessary for correct and rapid unfurling of ultralong VWF multimers56. This suggests that the characteristic shape of the WPB would play an important role. Under specific
circumstances, WPBs can display a round, spherical structure. Increase of intracellular pH
and subsequent loss of VWF propeptide56, disruption of adaptor protein-1 (AP-1)/clathrin
coat51 and partial exocytosis of WPB cargo through a so-called ‘lingering kiss’ event 57
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result in the appearance of spherical WPBs. The observation that entry of FVIII induces a
transition from elongated into spherical WPBs (chapter 3&5 and Figure 2B) suggests that
the shape of the WPB is content-dependent. It is conceivable that presence of FVIII interferes with ability of the D’D3 region to interact with the propeptide moieties. This may be
due to binding of FVIII to the D’D3 region of VWF. As FVIII and VWF propeptide both
bind to the D’D3 region, another possibility is that expression of FVIII may compete with
VWF propeptide for D’D3 binding and result in the removal of VWF propeptide from the
WPB. Alternatively, interaction of FVIII with the membrane of the WPB may modulate the
coat of the WPB which determines the elongated shape of these organelles.

Intercellular differences in protein targeting
Various cell-lines and primary cell cultures have been used as a model system to study
protein targeting to WPBs. During recent years, it has become apparent that targeting of
proteins to VWF-containing granules may be dependent on the cellular context. In murine
pituitary tumor (AtT20) cells and rat islet cell tumour (RIN 5F) cells, a VWF variant containing an Arg763Gly replacement that renders the VWF propeptide cleavage site uncleavable is not stored in organelles58, while the same variant forms elongated storage vesicles
in monkey kidney CV-1 cells36 and Human Embryonic Kidney (HEK) 293 cells (chapter
3). A similar cell-dependent discrepancy has been reported with respect to the targeting
motifs that determine co-trafficking of P-selectin to VWF-containing granules. In platelets, P-selectin is stored both in dense bodies as well as in α-granules, whereas VWF is
only present in α-granules59. Moreover, in AtT20 cells, targeting of P-selectin to VWFcontaining storage organelles solely depends on an YGVF motif located in the cytoplasmic
tail of P-selectin and does not involve the lumenal domain of P-selectin. In contrast, targeting of P-selectin to WPBs in endothelial cells - in addition to its YGVF motif located in
the cytoplasmic tail - relies on the ability of the D’D3 region on VWF to associate with the
luminal domain of P-selectin42,53,54. In addition to VWF and P-selectin, also the intracellular fate of FVIII is dependent on the cell-type studied. Rosenberg et al. observed that two
separate VWF 2N variants were not able to direct the intracellular routing of FVIII towards
granular storage in AtT20 cells60, while we demonstrate that in HEK293 cells and HUVEC
targeting occurs independently of high-affinity interaction of VWF and FVIII61 (chapters
2-4). Moreover, in megakaryocytes, Yarovoi et al.62 observed FVIII storage in α-granules
despite the absence of VWF. It remains intriguing why FVIII-VWF co-trafficking
would be dependent on high-affinity interaction in AtT20 cells, but not in HEK293 cells,
endothelial cells and megakaryocytes. One possible explanation is that an additional
cell-specific component is important in targeting FVIII, and perhaps other WPB residents,
to storage organelles.
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Targeting of proteins to subpopulations of secretory granules
The content of the WPB may vary depending on the endothelial environment31. Interestingly, there seem to be multiple subpopulations of WPBs. Within these organelles, the presence of P-selectin and angiopoietin-2 is mutually exclusive63. In addition, a subpopulation
of WPBs has been reported to contain tissue-type plasminogen activator (t-PA)64. Also the
presence of the small GTP-ase Rab27A has been reported to be differentially regulated52.
The processes that underlie this differential protein targeting have not been studied so
far. Our laboratory has recently described that one subpopulation of WPBs is exocytosed,
while another is clustering at the microtubule organizing centre (MTOC) upon epinephrine
stimulation65. Similarly, platelets may contain subsets of α-granules that contain either
pro-angiogenic or anti-angiogenic proteins66,67. It has been suggested that ‘pro-angiogenic’ α-granules are preferentially released upon proteinase-activated receptor-1 (PAR-1)
stimulation while ‘anti-angiogenic’ α-granules are preferentially released upon proteinaseactivated receptor-4 (PAR-4) stimulation67. These data indicate that protein targeting to
recruitable storage organelles may be utilized to generate multiple subpopulations of secretory vesicles, which can be exocytosed in response to different agonists. Such a delicate
targeting system would provide the endothelial cell and platelet with distinct recruitable
storage organelles that can mediate different, or even opposed physiological responses.

Future directions
During the last two decades, hemophilia A has been one of the most attractive targets for
gene therapy treatment. As a result of the general assumption that FVIII is synthesized
by hepatocytes, most gene therapy studies have focused on the liver as a target for FVIII
expression. The limited success of these approaches has led researchers to re-evaluate the
liver as an appropriate target for gene therapy. Several research laboratories have now
recognized the potential advantages of co-expressing FVIII and VWF with respect to production levels, ability to induce release of FVIII from storage pools and potential benefit
with respect to problems with inhibitory antibodies68-72. In this thesis, we have demonstrated that blood outgrowth endothelial cells (BOECs) comprise a promising, on-demand
cellular delivery device for FVIII. BOECs synthesize and secrete high amounts of FVIII
upon lentiviral transduction. The majority of the FVIII is released in a constitutive manner, whereas an appreciable amount of 20% FVIII is stored in WPBs (chapter 5). It seems
conceivable that constitutively released FVIII may assist in maintaining circulating FVIII
levels, while the FVIII that is stored in VWF-containing granules may be more potent
and contribute to local hemostasis. Therefore, the key issue that remains is the question
whether constitutively released FVIII has the same therapeutic potential as FVIII released
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from the regulated secretory pathway. This requires evaluation of the potential benefit of
co-storage of FVIII with VWF in vivo. These studies might reveal the necessity of improving the FVIII targeting efficiency to VWF-containing granules. In view of the observation
that 80-100 % of WPBs contain FVIII, independent of the affinity for VWF, we suggest
that approaches should be directed at increasing the amount of WPBs. One approach may
be to use co-expression vectors of FVIII and VWF73. Another potential approach may be
to overexpress the zinc finger transcription factor Krüppel-like factor (KLF2) which has
recently been shown to increase the amount of WPBs per cell74.
The observation that FVIII can traffic to WPBs despite the absence of high-affinity
VWF binding, might have some implications for other WPB residents that are thought
to be present in the WPB as a result of a direct association with VWF, including VWF
propeptide, interleukin-8, P-selectin and osteoprotegerin. It would be interesting to study
variants of these proteins with diminished or abolished ability to associate with VWF and
their capacity to be stored in WPBs. This may reveal a common motif that might be
important for WPB targeting. Identification of such a motif could provide a strategy
to sort numerous proteins to the WPBs that would otherwise not enter the regulated
secretory pathway. This would open new therapeutic possibilities for BOECs to be used as
an on-demand cellular delivery device. The use of such an approach for gene therapy of
factor IX is but one example.
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Factor (F)VIII is an essential cofactor in the enzymatic coagulation cascade. A defect in
the gene encoding FVIII results in the X-linked inherited bleeding disorder hemophilia A.
In the circulation, FVIII is protected from proteolytic degradation and premature clearance
by forming a complex with its carrier protein von Willebrand factor (VWF). While the
complex of FVIII and VWF involves one of the strongest protein-protein interactions in the
human body, it has remained unclear when and where FVIII and VWF first interact.
Chapter 1 provides general background information on the current knowledge regarding FVIII/VWF biosynthesis and the formation of a high-affinity protein complex. The
most widely accepted view is that FVIII and VWF are secreted from different cells and
form a complex in the circulation, merely by virtue of their high-affinity interaction. During the last decade, however, increasing evidence has been presented that suggests that the
human body should also comprise a releasable storage pool of both proteins. In this chapter,
we identified several intriguing questions regarding assembly of the high-affinity FVIII/
VWF complex. The first important issue is where VWF and FVIII meet. Is it possible that
assembly of the FVIII/VWF complex precedes their cellular secretion? If there is a storage pool of FVIII and VWF, does this result from uptake from the circulation? Or do these
storage pools result from co-expression of VWF and FVIII within the same cell? If so, is
the formation of a storage pool of FVIII and VWF driven by high-affinity interaction? To
address these important issues we have studied the relationship between high-affinity interaction in the circulation and intracellular co-storage of FVIII and VWF. We have taken a
new approach towards this issue by creating fluorescently tagged VWF and FVIII proteins
and studied their collateral intracellular trafficking.
In chapter 2, we initiated intracellular co-trafficking studies in Human Embryonic
Kidney cells using fluorescently tagged VWF and FVIII proteins. We assessed the role
of high-affinity interaction between FVIII and VWF using a FVIII variant that carries a
Tyr1680Phe replacement. We report the key observation that, although essential for highaffinity binding to VWF, Tyr1680 is not required for intracellular co-trafficking to VWFcontaining granules. FVIII/VWF-containing granules did not co-localize with lysosomes,
early endosomes or late endosomes. To validate the use of Human Embryonic Kidney cells,
we also studied trafficking of the Tyr1680Phe FVIII variant in Human Umbilical Vein Endothelial Cells. These studies demonstrated that presence of the Tyr1680 residue is not
required for FVIII trafficking to Weibel-Palade bodies (WPBs).
As we did not expect this finding, we initiated studies to analyze the structural requirements that determine intracellular co-trafficking of FVIII to VWF-containing storage
organelles in more detail. The approach that we took was to make use of FVIII and VWF
variants that are established as being deficient in high-affinity interaction. Therefore, in
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chapter 3 we have created a panel of fluorescently tagged VWF variants that are causative
for von Willebrand’s disease type 2N. This subtype of von Willebrand’s disease is characterized by the presence of structurally and functionally normal VWF, with the exception
of high-affinity interaction with FVIII. The findings reported in this chapter indicate a
variety in binding defects for the various VWF type 2N variants. However, notwithstanding their reduced affinity for FVIII, all VWF type 2N variants were shown to be capable
of recruiting FVIII to storage organelles. In addition, we report the remarkable observation
that presence of FVIII results in a transition from characteristic, elongated, cigar-shaped
WPBs into round, spherical structures. Co-expression studies with P-selectin revealed that
these spherical structures retained the ability to recruit the transmembrane protein
P-selectin. We therefore conclude that the presence of FVIII induces a morphological
change of the WPB. In addition, we report that the presence of FVIII and P-selectin is not
mutually exclusive.
In chapter 4, we introduced a full quantitative approach to assess trafficking of FVIII
to VWF-containing granules. We have taken the reverse approach and studied intracellular trafficking of a panel of FVIII variants that cause hemophilia A due to reduced assembly with VWF. We report that point mutations in the C1 and C2 domain of FVIII can
have diverse effects on its synthesis, secretion and interaction with VWF without affecting
cofactor function. We have made the interesting observations that targeting of FVIII to
VWF-containing granules results in a homogenous pool of FVIII/VWF-containing organelles and that the amount of FVIII stored in VWF-containing granules is independent
of its affinity for VWF.
A second important issue concerning the VWF/FVIII complex is the potential therapeutic benefit of co-expressing FVIII and VWF in view of cellular and genetic approaches
for the treatment of hemophilia A. In quantitative terms, is storage of FVIII as efficient as
VWF? What is the advantage of co-storage of VWF and FVIII? The study on the potential
benefit of targeting FVIII to cells that also produce VWF is described in chapter 5. In this
chapter we have made use of endothelial progenitor cells which endogenously synthesize
VWF and have the potential to be used for autologous cell transplantation. Blood outgrowth endothelial cells (BOECs) were isolated and transduced using a lentiviral vector
encoding for FVIII-GFP. We show that BOECs can produce high levels of FVIII over a
prolonged period of time. Our results demonstrate that the majority of FVIII is released in
a constitutive manner whereas approximately 20% of FVIII-GFP is stored in WPBs.
In chapter 6, we discuss our results in view of the hypothesis that the human
body should contain a storage pool of both FVIII and VWF. In addition, we speculate
on the sorting mechanism for FVIII to WPBs and potential approaches to enhance the
efficiency thereof.
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Factor (F)VIII is een essentiële cofactor in de enzymatische stollingscascade. Een defect in
het gen dat codeert voor FVIII resulteert in de X-chromosoom gebonden erfelijke bloederziekte hemofilie A. In de bloedbaan wordt FVIII beschermd tegen enzymatische afbraak
en voortijdige klaring door een complex te vormen met van Willebrand factor (VWF).
Hoewel het complex van FVIII en VWF één van de sterkste eiwit-eiwit interacties in het
menselijk lichaam omhelst, is het nog onduidelijk waar en wanneer FVIII en VWF elkaar
voor het eerst ontmoeten.
Hoofdstuk 1 bevat algemene achtergrond informatie met betrekking tot de huidige kennis betreffende de biosynthese van FVIII en VWF en de vorming van een hoogaffiniteit
complex. Over het algemeen wordt aangenomen dat FVIII en VWF door verschillende
cellen worden gemaakt en dat de vorming van het complex een proces is dat plaatsvindt
in de bloedbaan en wordt gedreven door de hoogaffiniteit binding tussen beide eiwitten.
Echter, gedurende de laatste 10 jaar is er steeds meer bewijs gepresenteerd dat suggereert
dat het menselijke lichaam ook een opslagcapaciteit heeft voor beide eiwitten. In dit hoofdstuk hebben we verscheidene intrigerende vragen geïdentificeerd met betrekking tot het
hoogaffiniteit complex van FVIII en VWF. De eerste belangrijke vraag is waar en wanneer FVIII en VWF elkaar voor het eerst ontmoeten. Zou het mogelijk kunnen zijn dat de
assemblage van het FVIII en VWF complex plaatsvindt vóórdat beide eiwitten worden
uitgescheiden door de cel? Als er een opslagplaats is voor zowel FVIII als VWF, wordt
deze dan gevormd door middel van opname uit de bloedbaan? Of zijn deze opslagplaatsen een gevolg van biosynthese van zowel FVIII als VWF in dezelfde cel? Als dat zo is,
wordt de vorming van intracellulaire opslagplaatsen gedreven door de hoogaffiniteit binding tussen FVIII en VWF? Om deze vragen te onderzoeken hebben we een nieuwe aanpak
ontwikkeld door met behulp van fluorescent gelabelde FVIII en VWF eiwitten de intracellulaire route van beide eiwitten naar opslag granules te bestuderen.
In hoofdstuk 2 hebben we studies geïnitieerd om de intracellulaire route van fluorescent gelabelde VWF en FVIII eiwitten te onderzoeken in humane niercellen. We hebben
gekeken welke rol de hoogaffiniteit binding van VWF en FVIII speelt in dit proces door
gebruik te maken van een FVIII variant met een substitutie van aminozuur Tyr1680Phe.
In dit hoofdstuk rapporteren we de belangrijke observatie dat, hoewel aminozuur Tyr1680
essentieel is voor hoogaffiniteit binding aan VWF, het niet noodzakelijk is voor de route
van FVIII naar VWF-bevattende opslag granules. We hebben aangetoond dat deze opslag
granules niet co-localiseren met lysosomen en vroege of late endosomen. Om het gebruik
van humane niercellen voor deze studies te valideren, hebben we ook gekeken naar de
intracellulaire route van de Tyr1680Phe FVIII variant in vaatwandendotheelcellen. Deze
studies laten zien dat de aanwezigheid van aminozuur Tyr1680 niet noodzakelijk is voor de
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opslag van FVIII in Weibel-Palade bodies in vaatwandendotheelcellen.
De resultaten uit hoofdstuk 2 waren onverwacht. Daarom hebben we besloten dieper
in te gaan op de structurele eigenschappen die bepalen of FVIII naar VWF-bevattende
opslag granules wordt getransporteerd. Om dit te bestuderen hebben we gebruik gemaakt
van varianten van FVIII en VWF die bekend zijn vanwege hun gebrek aan hoogaffiniteit
binding. In hoofdstuk 3 hebben we een panel van fluorescent gelabelde VWF varianten
gemaakt die de ziekte van van Willebrand type 2N veroorzaken. Dit subtype van de ziekte
van van Willebrand wordt gekenmerkt door de aanwezigheid van structureel en functioneel normaal VWF, met uitzondering van de binding aan FVIII. In dit hoofdstuk laten we
zien dat VWF type 2N varianten een variëteit aan FVIII bindingsdefecten vertonen. Echter, we tonen aan dat deze VWF type 2N varianten nog steeds in staat zijn om FVIII mee
te transporteren naar VWF-bevattende opslag granules, ondanks het feit dat FVIII minder
goed aan deze VWF type 2N varianten kan binden. Daarnaast rapporteren we de belangrijke waarneming dat de aanwezigheid van FVIII ervoor zorgt dat Weibel-Palade bodies hun
karakteristieke, sigaarvormige, langwerpige vorm kwijtraken en bolvormig worden. Door
middel van co-expressie van P-selectine tonen we vervolgens aan dat deze bolvormige
granules in staat zijn om het transmembraan eiwit P-selectine te rekruteren. Dit betekent
dat de aanwezigheid van FVIII resulteert in een morfologische verandering van de WeibelPalade body. Daarnaast concluderen we dat P-selectine en FVIII elkaar niet uitsluiten in de
Weibel-Palade body.
In hoofdstuk 4 introduceren we een volledig kwantitatieve benadering om de route van
FVIII naar VWF-bevattende opslag granules te bestuderen. In dit hoofdstuk hebben we
gebruik gemaakt van de omgekeerde benadering door de intracellulaire route te bestuderen van een panel van FVIII varianten die hemofilie A veroorzaken als gevolg van een
verminderde binding aan VWF. We rapporteren dat aminozuur substituties in het C1 en C2
domein van FVIII diverse effecten kunnen hebben op de synthese, secretie en binding aan
VWF, zonder dat dit gevolgen heeft voor de cofactor functie van FVIII. In dit hoofdstuk
hebben we de interessante bevinding gedaan dat FVIII gelijkmatig verdeeld wordt over de
VWF-bevattende opslag granules en dat de relatieve hoeveelheid FVIII die wordt opgeslagen onafhankelijk is van de hoogaffiniteit binding aan VWF.
Een tweede belangrijke kwestie wat betreft het complex van VWF en FVIII is het potentiële therapeutische voordeel om FVIII en VWF in dezelfde cel tot expressie te brengen
in het kader van cellulaire en genetische behandelingen voor de behandeling van hemofilie
A. Is de opslag van FVIII net zo efficiënt als de opslag van VWF, in kwantitatief aspect?
Wat is het voordeel van opslag van zowel VWF als FVIII? In hoofdstuk 5 hebben we het
potentiële voordeel bestudeerd van FVIII synthese in cellen die ook VWF maken. Daartoe
hebben we gebruik gemaakt van voorloper endotheelcellen die endogeen VWF synthetiseren en gebruikt kunnen worden voor autologe cel transplantatie. We hebben zogenaamde
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blood outgrowth endotheelcellen geïsoleerd en getransduceerd met een lentivirale vector
coderend voor fluorescent FVIII. We laten zien dat deze cellen grote hoeveelheden FVIII
kunnen maken gedurende een langere periode. Onze resultaten tonen aan dat de grootste
hoeveelheid FVIII die gemaakt wordt op een constitutieve manier de cel verlaat, terwijl
ongeveer 20% van het FVIII wordt opgeslagen in Weibel-Palade bodies.
In hoofdstuk 6 bediscussiëren we onze resultaten. We speculeren over het mechanisme
dat ervoor zorgt dat FVIII wordt opgeslagen in Weibel-Palade bodies en potentiële strategieën om deze efficiëntie te vergroten.
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