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Introduction 

FACTOR VIII AND HEMOPHILIA A 

Blood coagulation provides a mechanism to prevent excessive blood loss upon vascular 
injury. Arrest of bleeding is achieved by the formation of a fibrin network, which stabilizes 
aggregated blood platelets at damaged sites in the vasculature, thereby promoting formation of 
a hemostatic plug. Fibrin formation, the final reaction of the blood coagulation cascade, is 
preceded by a series of enzymatic reactions involving a number of coagulation factors. Some 
of these reactions require the presence of nonenzymatic cofactors such as factor VIII. The 
physiological importance of factor VIII is illustrated by its absence or dysfunctionin patients 
with the bleeding disorder hemophilia A. 

Hemophilia A is an X-linked hereditary bleeding disorder affecting 1-2 in 10,000 males. 
The gene encoding factor VIII, which is located at the long arm of the X-chromosome, 
comprises 26 exons and spans approximately 186 kb.1'2 Factor VIII is synthesized as a 
precursor protein of 2,351 amino acids, comprising a signal peptide and a mature protein of 
19, respectively 2,332 amino acids. The domain structure Al-a/-A2-a2-B-a3-A3-Cl-C2 of 
factor VIII is based on internal sequence homology (Figure l)3 This domain structure is 
similar to that of the copper-binding protein ceruloplasmin and coagulation factor V, which 
serves as cofactor in the factor Xa-dependent activation of prothrombin to thrombin. The 
homologous A domains in factor VIII are bounded by short regions (al, a2, and a3), which 
are rich in acidic amino acid residues. 

During biosynthesis, factor VIII is proteolytically processed by cleavage at amino acid 
position Arg1648 and thereafter released in the circulation as a metal ion-linked heterodimer 
consisting of a heavy chain (Al-a7-A2-a2-B) and a light chain (ai-A3-Cl-C2) (Figure 1). 
Due to limited proteolysis in the B domain, the heavy chain is heterogeneous in size (90-200 
kDa). The light chain of factor VIII has a mass of approximately 80 kDa. In plasma, factor 
VIII circulates complexed to its carrier protein von Willebrand factor, which protects factor 
VIII from proteolytic degradation4 Conversion of factor VIII to its active cofactor, factor 
Villa, proceeds through limited proteolysis by thrombin. Thrombin cleavage sites are located 
at positions Arg372, Arg740, and Arg1689 at the borders of the domain junctions (Figure 1). 
Upon cleavage by thrombin at amino acid position Arg1689, factor VIII is released from von 
Willebrand factor. The B domain is removed by cleavage at amino acid position Arg740 by 
thrombin. Cleavage at Arg372 dissects the factor VIII heavy chain in the separate Al and A2 
domains. Consequently, in its activated form, factor VIII consists of a heterotrimer composed 
of individual Al and A2 domains together with a thrombin-cleaved light chain.5'6 In the 
intrinsic pathway of blood coagulation, factor Villa enhances the activation of factor X by 
activated factor IXa in the presence of Ca2+ and negatively charged phospholipid surfaces.7 

During the last decade, factor VIII structure-function relationship has been studied 
extensively. Two regions have been identified as interactive sites for von Willebrand factor. 
One region is located at the amino-terminal end of the factor VIII light chain and one at the 
carboxy-terminal end of the C2 domain (Figure l).8"1 Although separately each individual 
region binds with low affinity to von Willebrand factor, together they are believed to generate 
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Chapter 1 

a high affinity binding site for von Willebrand factor.11 Von Willebrand factor prevents 
binding of factor VIII to phospholipid membrane surfaces.' The carboxy-terminal end of the 
C2 domain harbors a phospholipid-binding site which overlaps with the binding site for von 
Willebrand factor.12'13 In the circulation, the majority of factor VIII is complexed to von 
Willebrand factor. Cleavage by thrombin at position Arg1689, removes the amino-terminal 
region containing one of the binding sites for von Willebrand factor on factor VIII. 
Consequently, the affinity of factor Villa for von Willebrand factor decreases drastically, 
which favors binding of factor Villa to phospholipid membrane surfaces via its C2 domain. 
Once bound to phospholipids, the affinity of factor IXa for factor Villa increases ~2,000-
fold.14 So far, four interactive sites for factor IXa have been identified in factor VIII (Figure 
1). Within the factor VIII light chain a high affinity binding site is localized to a region 
bounded by residues Glu1811 and Lys1818.15 Within the A2 domain of factor VIII, regions 
comprising amino acid residues Arg484-Ile508, Ser558-Gln565, and Arg698-Ser710 have been 
identified as reactive sites for factor IXa.7'16"18 A binding site for factor X, the substrate in the 
intrinsic Xase complex has been localized to residues Met337-Arg372 in the Al domain of 
factor VIII.19 
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Figure 1. Schematic representation of factor VIII. Factor VIII circulates in plasma as a heterodimer consisting 

of a heavy chain (Al-a/-A2-a2-B domains) and a light chain (a3-A3-Cl-C2 domains). The A domains are 

bordered by acidic regions (al, a2 and a3). Activation sites for thrombin (arrows) and amino acid numbers 

corresponding to the domain borders are indicated. Interactive sites for factor IXa, factor X, von Willebrand 

factor, and phospholipid surfaces are indicated as bars on top of the factor VIII representation and are discussed 

in the text. The major binding sites for factor VIII inhibitors are indicated by arrowheads. 

Defects in the factor VIII gene provide a molecular basis for hemophilia A. Deletions, 
insertions and nonsense mutations are almost exclusively associated with severe hemophilia 
A, which is characterized by the absence of factor VIII in plasma of these patients. In 
approximately 50% of the patients with severe hemophilia A, a gene inversion occurs in 
intron 22 of the factor VIII gene20 Moderate and mild hemophilia A are defined by factor VIII 
activity levels of 2-5% and 6-40%, respectively, of that observed in plasma of healthy 
individuals. The reduced levels of factor VIII activity are usually caused by missense 
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mutations in the factor VIII gene. For example, factor VIII deficiency caused by a substitution 
of Arg2307 by Gin or Leu has been associated with defective secretion of the clotting 
protein.21'22 Replacement of Tyr'680 by Phe results in impaired factor VIII-von Willebrand 
factor complex assembly.9'2j In addition, frequently occurring substitutions of residues 
bordering the cleavage sites (Arg372, Ser373, and Arg1689) have been associated with factor VIII 
molecules that are partially resistant to activation by thrombin.24"26 

FACTOR VIII INHIBITORS 

The bleeding tendency in patients with hemophilia A can be corrected by the 
administration of factor VIII concentrates derived from human plasma pools or recombinant 
factor VIII. The development of antibodies (factor VIII inhibitors) that inhibit the 
procoagulant activity of factor VIII is a serious complication of hemophilia treatment. Patients 
with factor VIII inhibitors may suffer from severe hemorrhages, which are sometimes difficult 
to treat. Factor VIII inhibitors develop in approximately 25% of patients with severe 
hemophilia, predominantly in the initial stage of treatment with factor VIII concentrates. 
Factor VIII inhibitors may also develop in nonhemophilic individuals. Autoantibodies directed 
against factor VIII may be associate with other diseases such as lupus erythrematosus and 
chronic lymphocytic leukemia. In about half of the patients, autoantibodies to factor VIII arise 
in the absence of any associated disease.28 Autoantibodies to factor VIII occur with a 
frequency of one case per million persons per year. 

Several studies have addressed whether defects in factor VIII are linked to inhibitor 
development. Patients carrying large deletions, nonsense mutations, and gross rearrangements 
in the factor VIII gene are at higher risk for inhibitor formation compared to patients carrying 
a small deletion or missense mutation in their factor VIII gene29 The low risk of inhibitor 
formation in patients with small deletions and missense mutation may be explained by 
residual amounts of factor VIII in patients' plasmas. Therefore, it is generally assumed that 
these patients have become partially tolerant to administered factor VIII by exposure to their 
own endogenous factor VIII. Interestingly, some missense mutations are observed more 
frequently in mild or moderate hemophilia A patients with an inhibitor. The majority of these 
mutations are located within the A2 domain and near the C1/C2 domain junction.30 It has been 
proposed that certain amino acid substitutions induce a conformational change in factor VIII 
thereby predisposing to inhibitor development after administration of wild-type factor VIII. 

The epitope specificity of factor VIII inhibitors has been studied in considerable detail. 
Analysis of a cohort of inhibitor plasmas, obtained from patients with congenital and acquired 
hemophilia A, revealed that the majority of the anti-factor VIII antibodies is directed toward 
epitopes located in the A2, A3, and C2 domains.31 To further define the binding site in the C2 
domain, recombinant factor VIII fragments expressed in Escherichia coli were used. This 
analysis revealed that a major binding site for factor VIII inhibitors is located within the 
region Val2248-Ser2312 of the 01 domain of factor VIII (Figure l)32 Furthermore, a region 
bounded by residues Glu218l-Val2243 was shown to contain a major determinant for human 
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antibodies that bind to the C2 domain of factor VIII (Figure 1). These data as well as 
previous results suggest that amino acid sequences present at the amino and carboxyl-terminal 
part of the C2 domain may contribute to epitopes that are recognized by factor VIII 
inhibitors." ' Binding sites for phospholipids and von Willebrand factor have been identified 
in the carboxy-terminal part of the C2 domain between residues Thr and Tyr233 (Figure 
1). ' Previously, it has been demonstrated that factor VIII inhibitors with C2 domain 
specificity prevent the binding of factor VIII to von Willebrand factor and phospholipids. ' 5 

The presence of an epitope in the A3-C1 domains was suggested by factor VIII inhibitor 
neutralization experiments with recombinant C2 domain and factor VIII light chain.31'32 Two 
independent studies defined this inhibitor binding site in more detail.36'37 Epitope mapping 
studies using in vitro synthesized recombinant factor VIII fragments revealed that amino acid 
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residues Gin -Met " constituted part of an inhibitor binding site in the A3 domain of 
l o t 1 I o i O 

factor VIII (Figure 1). The former amino acid region overlaps with residues Glu -Lys , an 
interactive site for factor IXa (Figure 2).15 Scandella and coworkers used a synthetic peptide 
corresponding to amino acids Lys1804-Val1819 to compete for binding of inhibitory antibodies 
to the A3 domain (Figure 2). 7 In both studies anti-A3 inhibitors were showfi to interfere with 
factor IXa binding to factor VIII light chain.36'37 

The differential reactivity of inhibitors with human and porcine factor VIII was used by 
Lollar and coworkers to define the inhibitor binding site located within the A2 domain. 
Functionally active recombinant factor VIII variants were constructed in which part of the 
human amino acid sequence was replaced by the corresponding part of porcine factor VIII. 
Using this approach, amino acid residues Arg484-Ile508 have been identified as major epitope 
for inhibitors in the A2 domain (Figures 1 and 2).4 Alanine scanning mutagenesis of this 
region revealed that residue Tyr487 is critical for the reactivity of most factor VIII inhibitors 
with A2 domain specificity.41 Antibody binding to amino acid residues Arg484-Ile508 inhibits 
factor X conversion by the phospholipid-bound factor Villa-factor IXa complex. Recently, it 
has been shown that the isolated A2 domain stimulates the factor IXa dependent activation of 
factor X ~ 100-fold.43 Subsequently, it was demonstrated that the A2-dependent stimulation of 
factor IXa could be eliminated by several human anti-A2 domain antibodies.18 These results 
suggest that anti-A2 antibodies interfere with complex formation between factor Villa and 
factor IXa. 

In some inhibitor plasmas, antibodies with rare specificities could be identified. A peptide 
corresponding to amino acid residues Thr35l-Ser365, the carboxy-terminal part of the acidic 
region al, neutralized factor VIII inhibition caused by antibodies binding to this region. ' 
Probably, these antibodies prevent factor VIII from being activated at position Arg by 
cleavage of thrombin or factor Xa. Anti-a/ antibodies may also block the factor X-interactive 
site localized at residues Met -Arg . In addition, the presence of an inhibitor binding site 
in the acidic region a3 harboring residues Glu1649-Arg1689 has been suggested.45' 6 Following 
the detection of a murine monoclonal antibody directed toward amino acid residues Val 
Gly2285 within the C2 domain, rare human antibodies have been identified which reduce the 
release of activated factor VIII from von Willebrand factor.47 The human antibodies exert an 
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additional inhibitory effect by blocking the binding of factor VIII to phospholipid surfaces. 
These data suggest that the phospholipid and von Willebrand reactive sites within the C2 
domain do not completely overlap. Further studies employing the recently elucidated crystal 
structure of the C2 domain of factor VIII48 should yield more insight in the amino acid 
residues involved in the interactions with phospholipid surfaces, von Willebrand factor, and 
factor VIII inhibitors with C2 domain specificity. 

Factor Villa Factor Xla 

Figure 2. Three-dimensional model of the factor VIHa-factor IXa complex formation. Factor VIII is 

depicted as a triplicated A domain model (the coordinates of the model were kindly provided by G. Kemball-

Cook, Hemostasis Research Group, MRC, London. UK).38 The inhibitor binding sites located in the A2 (484-

508) and A3 domains (1804-1819) are indicated as solvent transparent surface. Within the region 484-508, 

amino acid residue Tyf487 is depicted as "Ball and Stick" representation. Furthermore, the overlap of the A3-

inhibitor epitope with the factor IXa-binding site (residues 1811-1818, as "Ball and Stick" representation) is 

indicated. It should be noted that both C domains, containing 2 further binding sites for factor VIII inhibitors are 

not part of this model. Juxtaposed to the factor Villa model, the crystal structure of factor IXa39 is depicted 

(Protein Data Bank accession code: lpfx). 
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ASSEMBLY OF THE HUMAN IMMUNOGLOBULIN REPERTOIRE 

Assembly of the antibody genes occurs during early B-cell development by random 
rearrangement of different gene segments49 The primary variable region of the heavy chain 
(VH) is generated by random recombination of variable (VH), diversity (D), and joining gene 
segments (JH) which are present in multiple copies in the germline DNA (Figure 3). At the 
moment, 123 different VH gene segments have been identified, which can be classified into 7 
different families (VH1 to VH7), based on nucleotide sequence homology. ' Two 
independent studies determined that only 39 or 51 of the VH gene segments are functional 
while the remaining genes are mainly pseudogenes that are nonfunctional due to point 
mutations or truncations.53'54 For assembly of the gene encoding the primary variable light 
chain region (VL) a VL gene segment, either of K or X origin, is combined with a JL gene 
segment. Lack of the D gene segment in VL gene recombination results in a VL repertoire that 
displays limited diversity compared to the VH repertoire. As a consequence of the far greater 
diversity of the VH domain it is suggested that the heavy chain provides the major contribution 
to antigen recognition and specificity. Besides combinatorial diversity, addition and deletion 
of nucleotides at the sites of V(D)J gene junction gives rise to diversity, particularly in the 
third complementarity determining region (CDR3) of both VH and VL domains (Figure 3). 

During the primary antibody response, B-cells express antibodies of subclass IgM which 
are generally of low affinity. Upon encountering antigen, somatic hypermutation results in 
further diversification of the variable regions of the IgM antibody. Furthermore, the amino 
acid changes alter the affinity of the antibody for its antigen. In parallel with affinity 
maturation, T helper cells in conjunction with cytokines and accessory molecules like CD40 
induce immunoglobulin class switching.56 Together these steps result in the formation of 
either plasma cells expressing high affinity IgG antibodies or memory B-cells. Factor VIII 

Figure 3. Schematic overview of the isolation of human anti-factor VIII antibodies from the 
immunoglobulin repertoire. Immunoglobulin variable heavy chain domains are generated by recombination of 

V, D, and J gene segments. Addition and deletion of nucleotides (N-addition/deletion) at the sites of VDJ-

junction shape the highly variable CDR3. Additional diversity is generated by somatic hypermutation. The IgG4-

specific VH gene repertoire of a patient with a factor VIII inhibitor is amplified using cDNA prepared from 

peripheral blood lymphocytes as starting material. The majority of factor VIII inhibitors are of subclass IgG4 

(which constitutes approximately 4% of the total amount of IgG). Ail IgG4-specific oligonucleotide primer was 

used to selectively enrich the variable domains of the immunoglobulin heavy chain of anti-factor VIII antibodies. 

The amplified rearranged VH domains are combined with a VL repertoire of nonimmune source, which has been 

cloned into the phagemid vector pHEN-1-VLrep.50'" In pHEN-1-VLrep, rearranged V genes are fused to the 

gene encoding coat protein III and expressed as single-chain variable domain antibody fragments (scFv) on the 

surface of filamentous phage.5" Recombinant phages expressing scFv can be isolated by allowing phages to react 

with factor VIII. Bound phages can be eluted and subsequently propagated in Escherichia coli. Multiple rounds 

of selection and reinfection result in a gradual enrichment in phages that bind to factor VIII. The procedure 

outlined above allowed for the isolation of human monoclonal antibodies directed toward the major inhibitor-

binding sites from the immunoglobulin repertoires of patients with inhibitors. 
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inhibitors are mainly encoded by immunoglobulin molecules of subclass IgG4.' In most 
patients with inhibitors small amounts of other subclasses, usually IgGl and lgG2, are found. 
The prominent contribution of IgG4 molecules to the repertoire of factor VIII inhibitors in 
hemophilia A patients is probably caused by repeated administration of factor VIII, required to 
maintain hemostatic levels of factor VIII. Prolonged exposure to grass pollen, house dust mite 
allergen and phospolipase A2 from bee venom, similarly results in the formation of antibodies 
of subclass IgG4.5 The mechanism underlying the predominance of IgG4 subclass amongst 
factor VIII inhibitors remains to be elucidated. 

ISOLATION OF MONOCLONAL ANTIBODIES FROM THE HUMAN IMMUNOGLOBULIN 

REPERTOIRE USING PHAGE DISPLAY TECHNOLOGY 

In 1988, Skerra and Pluckthun reported on the expression of a functionally active antibody 
fragment in bacteria.59 This breakthrough opened new avenues for in vitro manipulation of 
antibody fragments. Subsequently, oligonucleotides primers were designed that allow for 
cloning and expression of immunoglobulin repertoires in E. co//.60'61 Selection of a clone 
secreting the antibody with a particular specificity required laborious screening of large 
numbers of individual clones. Cloning of antibody genes in phage lambda and phagemid 
vectors allows for display of antibody fragments on the surface of phage (Figure 3).52'62"64 

Through this approach, phages encoding antibody fragments can be selected from large 
libraries using immobilized antigen. Phages are incubated with antigen and unbound phages 
are removed by washing. Bound phages are eluted and used to reinfect E. coli after which the 
enriched phage population is expanded for a subsequent round of selection. Repetitive rounds 
of selection enriches a library for antigen-specific antibody fragments. Finally, antigen-
specific antibody fragments can be expressed in E. coli. Over the last few years the molecular 
organization of the human immunoglobulin variable heavy and light chain locus has been 
deciphered in considerable detail.53'54'65'66 Based on this information, oligonucleotide primers 
have been designed that enable amplification of the complete repertoire of rearranged VH and 
VL genes. ' In combination with phage display, this allows for isolation of antibodies from 
the human immunoglobulin repertoire. 

In general, antibody fragments isolated from patient-derived phage display libraries exhibit 
features identical to their immunoglobulin counterparts present in the patients' plasmas. Loss 
of the original VH/VL domain pairing as a result of the independent cloning of VH and VL 
genes is an inconvenient feature of phage display. However, several observations suggest that 
the contribution of the VH domain is crucial for the antibody's antigen specificity. As 
mentioned previously, the diversity of the VH gene repertoire exceeds that of the VL gene 
repertoire by several orders of magnitude. Furthermore, antibodies have been described in 
which an individual VH domain was found recombined with different VK or V\ domains, 
while retaining their antigen specificity69 Also libraries were made in which a patient-derived 
VH gene repertoire was recombined with a nonimmune VL gene repertoire. Selection of such 
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libraries resulted in antibody fragments, which exhibit features identical to the disease-related 
antibodies present in patient's plasma. 

Sequence analysis of human antibodies obtained by phage display has yielded valuable 
information on preferential gene segment use in the assembly of disease related antibodies. 
Some studies have suggested a restricted use of VH gene segments for instance for anti-UIA 
and anti-UlC antibodies in patients with systemic lupus erythematosus (SLE)70'7' This is 
illustrated by the fact that VH domains of anti-Ul A antibodies isolated from both a semi
synthetic and a SLE patient-derived library are encoded by germline VH gene segment DP-65 
from the VH4 gene family.7 The VH domains of anti-UlC antibodies isolated from 
semisynthetic and patient-derived libraries are preferentially encoded by genes belonging to 
the VH3 family, particularly DP-49 and DP-54.71 Anti-DNA antibodies do not seem to 
preferentially utilize certain VH gene segments, but are characterized by the presence of 
multiple positively charged residues in the CDR3.72'73 Inspection of the primary sequences of 
human anti-Rh(D) antibodies reveals a restricted use of VH gene segments of the VH3-30/33 

superfamily, which comprises the highly homologous genes DP-46, DP-49 and DP-50.74 The 
results from these analyses suggest that preferential V gene usage may restrict the diversity of 
disease-associated antibody repertoires. 

AIM OF THIS THESIS 

Over the last decade detailed information on the epitope specificity of factor VIII inhibitors 
has become available. Major binding sites for factor VIII inhibitors have been localized to 
regions within the A2, A3, and C2 domains of factor VIII. The restricted epitope specificity 
suggests that only a limited number of VH gene segments is used during assembly of the anti-
factor VIII immunoglobulin repertoire. To test this hypothesis, we have used phage display to 
isolate human monoclonal antibodies from the immunoglobulin repertoires of hemophilia A 
patients with an inhibitor. Our findings define the primary structure and functional 
characteristics of anti-factor VIII antibodies at the clonal level and provide new insights into 
the complexity of the immune response to factor VIII. 
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