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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 

A1 

Heavy chain 

372 

al 

740 
- y 

A2 a2 B 
A 

Arg484-Ile508 

Light chain 

- ) 

a3 

' -

A3 C1 

— 

C2 

• 

Gln1778-Met1823 

A A 

G l u 2 i 8 i . V a l 2 2 4 3 

VaF^-Ser2312 

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 

1 778 1 RO'K 

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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ABSTRACT 

A serious complication in hemophilia care is the development of factor VIII neutralizing 
antibodies (inhibitors). Here we have used V gene phage display technology to define human 
anti-factor VIII antibodies at the molecular level. The IgG4-specific variable heavy chain gene 
repertoire of a patient with acquired hemophilia was combined with a nonimmune variable 
light chain gene repertoire for display as single-chain variable domain antibody fragments 
(scFv) on filamentous phage. ScFv were selected by 4 rounds of panning on immobilized 
factor VIII light chain. Sequence analysis revealed that isolated scFv were characterized by VH 
domains encoded by germline genes DP-10, DP-14, and DP-88, all belonging to the VHI gene 
family. All clones displayed extensive hypermutation and were characterized by unusually 
long CDR3 sequences of 20 to 23 amino acids. Immunoprecipitation revealed that all scFv 
examined bound to the C2 domain of factor VIII. Furthermore, isolated scFv competed with 
an inhibitory murine monoclonal antibody for binding to the C2 domain. Even though scFv 
bound factor VIII with high affinity, they did not inhibit factor VIII activity. Interestingly, the 
addition of scFv diminished the inhibitory potential of patient-derived antibodies with C2 
domain specificity. These results suggest that the epitope of a significant portion of anti-C2 
domain antibodies overlaps with that of the scFv isolated in this study. 

INTRODUCTION 

Functional absence of blood coagulation factor VIII is associated with the X-linked 
bleeding disorder hemophilia A. The bleeding tendency in hemophilia A patients can be 
corrected by the administration of plasma-derived or recombinant factor VIII concentrates. 
After multiple transfusions, factor VIII neutralizing antibodies (factor VIII inhibitors) develop 
in approximately 25% of patients severely affected with hemophilia A.' Spontaneous 
development of factor VIII inhibitors in persons without hemophilia with normal factor VIII 
levels occurs with a frequency of 1 case per million persons per year.2 factor VIII inhibitors in 
both patient groups are associated with severe and sometimes life-threatening bleeding 
episodes. 

Most of the inhibitors are directed toward epitopes located within the A2, A3-C1, and C2 
domains of the factor VIII molecule. More detailed epitope mapping using a series of 
recombinant human/porcine factor VIII hybrids revealed that residues Arg484-Ile508 contain a 
major determinant of the inhibitory epitope in the A2 domain of factor VIII.4 Within the C2 
domain, it has been proposed that residues Val2248 through Ser2312 constitute a binding site for 
factor VIII inhibitors.5 Recent evidence suggests that residues Glu2181 - Val2243 contribute to 
the inhibitor epitope located in the C2 domain.6 A third inhibitor epitope has been localized to 
Gin1778 through Met1823 within the A3 domain.7'8 Studies on factor VIII inhibitors are 
complicated because of the heterogeneity of anti-factor VIII antibodies in patients' plasmas.3 V 
gene phage display technology provides an opportunity to isolate human monoclonal 
antibodies from the total immunoglobulin repertoire.9 Human immunoglobulin genes are 
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assembled early in B-cell ontogeny by random rearrangement of variable (V), diversity (D), 
and joining (J) gene segments on the heavy (H) chain locus and V and J on either of the light 
(L) chain loci.10 Insertion and deletion of nucleotides at the junctions of the V, D, and J gene 
segments create additional diversity. On antigen stimulation, somatic hypermutation and 
receptor editing finally result in the formation of a repertoire of high-affinity antibodies." In 
the current study, we used phage display to isolate anti-factor VIII light chain antibodies from 
a patient with acquired hemophilia. Our analysis indicates that antibodies with specificity for 
the C2 domain of factor VIII have a large CDR3 and are encoded by gene segments of the 
VHI family. 

MATERIALS AND METHODS 

Materials 
Plasma-derived factor VIII light chain was obtained from immuno-purified factor VIII 

concentrate.12 Anti-factor VIII murine monoclonal antibodies (mAbs) CLB-CAg A, 9, 12, and 
117 used in this study have been characterized previously' ' ; mAbs ESH4 and 8 were 
purchased from American Diagnostica (Greenwich, CT). Recombinant factor VIII fragments 
were expressed and metabolically labeled in insect cells using the Baculovirus system as 
described previously.7'14 Tag DNA polymerase and restriction enzymes were purchased from 
Life Technologies (Breda, The Netherlands). 

Patient's characteristics 
After abdominal surgery, a previously healthy 44-year-old female (AMC-174) had severe 

post-surgical hemorrhages. The level of factor VIII appeared to be < 1 %, and an inhibitor with 
a titer of 123 Bethesda units (BU)/mL was detected.15 Ten weeks later, the inhibitor titer 
reached a maximum value of approximately 1200 BU/mL. Plasma samples and peripheral 
blood mononuclear cells obtained at this time were used. Domain specificity and isotype of 
factor VIII inhibitors were determined by immunoprecipitation. ' Factor VIII inhibitor 
neutralization was performed essentially as described previously.7 

Phage display library construction 

Peripheral blood lymphocytes obtained by Ficoll density centrifugation were used to isolate 
RNA, which was then used for cDNA synthesis with random hexamer primers. VH genes were 
amplified using each of the family-based back primers9 in combination with an IgG constant 
region primer (5'-CTTGTCCACCTTGGTGTTGCTGGG-3'). The repertoire was reamplified 
with an IgG4 subclass-specific oligonucleotide primer (5'-ACGTTGCAGGTGTAGGTCTTC-
3'). Purified polymerase chain reaction products were subjected to a final round of 
amplification using a combination of family-based back primers, together with forward 
primers matching the different heavy chain joining (JH) germline genes; both primers were 
appended with Nco\ or Sail restriction sites, respectively.16 The IgG4-specific VH gene 
repertoire was cloned in the vector pHEN-1-VLrep, which already contained a VL gene 
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repertoire of nonimmune origin.17-1 The final repertoire was electroporated into Escherichia 

coli TGI as described.9 

Selection of phage library 

Recombinant phages obtained by infection of the library with VCSM-13 helper phage 

(Stratagene, La Jolla, CA) were selected for binding to the factor VIII light chain. A 

noninhibitory antibody specific for the light chain of factor VIII, mAb CLB-CAg 12, was 

immobilized onto microtiter wells (Dynatech, Plockingen, Germany) at a concentration of 5 

(ig/mL in 50 mmol/L NaHCC>3, pH 9.6. Wells were blocked with 3% human serum albumin 

(HSA) in Tris-buffered saline (TBS; 150 mmol/L NaCl, 50 mmol/L Tris, pH 7.4) for 2 hours 

at 37°C. Phage in TBS, 3% (wt/vol) HSA and 0.5% (vol/vol) Tween-20 were pre-absorbed to 

CLB-CAg 12 coated wells for 2 hours at room temperature. Subsequently, nonbound phages 

were transferred to microtiter wells containing factor VIII light chain (100 ng/well) captured 

by mAb CLB-CAg 12 in 1 mol/L NaCl, 50 mmol/L Tris, pH 7.4, 2% (wt/vol) HSA. 

Alternatively, phages were selected against factor VIII light chain coated at a concentration of 

2 )J.g/mL in 50 mmol/L NaHCÜ3, pH 9.6, overnight at 4°C in immunotubes (Nunc, Life 

Technologies, Breda, The Netherlands). After 20 washes with TBS/0.1% (vol/vol) Tween-20 

and 20 washes with TBS, bound phages were eluted with 100 mmol/L triethylamine and used 

to infect E. coli TGI cells. After each round of selection, phages from single-infected 

colonies were tested for binding to factor VIII light chain immobilized via mAb CLB-CAg 12. 

Binding of phages was monitored by incubation with horseradish peroxidase-conjugated anti-

Mi 3 antibody as described.19 DNA sequences encoding the VH and VL domains of factor VIII 

light chain-specific clones were determined on an Applied Biosystems 377XL automated 

DNA sequencer (Foster City, CA) using primers LMB3, fdSEQ9, and linkSEQ20 as 

described.21 Sequences were compared to germline V genes as compiled in the V-BASE 

sequence database. 

Characterization ofscFv 

To facilitate purification of scFv, V gene cassettes of factor VIII light chain-specific clones 

were subcloned in the expression vector pUC 119-Sfi/Not-His6 as NcoVNotl fragments.21 

Expression and purification of scFv by immobilized metal chelate-affinity chromatography 

was performed essentially as described previously.23 Eluted fractions were dialyzed against 

TBS and analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE). Protein concentration was determined spectrophotometrically at A28o-

Immunoprecipitation analysis was performed as follows: metabolically labeled factor VIII 

fragments in immunoprecipitation buffer were pre-cleared by 2 successive incubations for 2 

hours at room temperature with Ni-NTA agarose (Qiagen, Hilden, Germany) and 1 incubation 

with Gelatin Sepharose 4B. Immunoprecipitation buffer consisted of 50 mmol/L Tris, pH 7.6, 

150 mmol/L NaCl, 20 mmol/L Imidazole, 1.2% (vol/vol) Triton X-100, 0,1% (vol/vol) 

Tween-20, 1% (wt/vol) bovine serum albumine, 10 ug/mL soybean trypsin inhibitor, 10 

mmol/L benzamidine and 5 mmol/L N-ethylmaleimide. Specific adsorption was performed by 
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incubating pre-cleared medium with pre-formed scFv/Ni-NTA complexes overnight at 4°C. 
After extensive washing with immunoprecipitation buffer, SDS sample buffer was added and 
samples were analyzed under reducing conditions by 20% (wt/vol) SDS-PAGE. 

Inhibitor neutralization by scFv 

Patient's plasma or inhibitory mAb were diluted to a final concentration of 2 BU/mL in 50 
mmol/L Tris, pH 7.3 and 0.2% (wt/vol) HSA. Serial dilutions of purified scFv were made in 
the same buffer. Diluted plasma or inhibitory mAb was incubated for 2 hours at 37°C with an 
equal volume of scFv and an equal volume of pooled normal plasma. Residual factor VIII 
activity was measured relative to a control sample that was incubated in the absence of factor 
VIII inhibitor in a one-stage clotting assay. 

RESULTS 

Inhibitor characteristics and library construction 

The domain specificity of anti-factor VIII antibodies in plasma of a patient with acquired 
hemophilia was evaluated by immunoprecipitation using metabolically labeled factor VIII 
fragments. Patient's antibodies reacted with recombinant factor VIII light chain (A3-C1-C2 
domains), A2, and C2 domains (Figure 1A). The extent to which each epitope contributed to 
factor VIII inhibition was determined by neutralization assays. Antibodies directed toward the 
A2 domain accounted for 50% of the factor VIII inhibitory activity. Addition of factor VIII 
light chain resulted in 50% inhibitor neutralization, whereas only 20% neutralization was 
observed after the addition of the C2 domain (data not shown). These results indicated that the 
patient's antibodies interacted with the A2, C2, and A3-C1 domains of factor VIII. Isotyping 
revealed a predominance of subclasses IgG2 and IgG4 for A2 domain-specific antibodies, 
whereas anti-factor VIII light chain antibodies consisted exclusively of subclass IgG4 (Figure 
IB). The IgG4-specific VH gene repertoire was used to construct a phage display library 
consisting of 2.5 x 10 clones. 

Isolation and sequence analysis of factor VIII specific clones 
Recombinant phages expressing the patient's IgG4-specific VH gene repertoire were 

selected on immobilized factor VIII light chain. After 4 rounds of panning, phages derived 
from 57 of 60 single-infected colonies displayed specificity for the factor VIII light chain as 
determined by enzyme-linked immunosorbent assay (data not shown). The nucleotide 
sequences of the VH and VL genes of factor VIII light chain-specific clones were determined 
and aligned to the most homologous germline genes in the V-BASE sequence directory.22 In 
total, 5 unique VH domains were identified that were encoded by VH genes most likely derived 
from germline genes DP-10, DP-14, and DP-88, all from the VH1 gene family (Table 1). Two 
VH domains (EL-16 and EL-25) were found in several clones in combination with different V_ 
domains. The deduced amino acid sequences of the VH domains are compiled in Table 2. The 
level of somatic mutation in factor VIII light chain-specific VH domains ranged from 11-16 
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Figure 1. Characterization of anti-factor VIII antibodies in the plasma of a patient. Binding of antibodies to 

metabolically labeled factor VIII fragments corresponding to the factor VIII heavy chain (HCh), the A2 domain 

(A2), the factor VIII light chain (LCh), and the C2 domain (C2) was evaluated by immunoprecipitation. (A) 

Reactivity of anti-factor VIII antibodies present in the patient's plasma, (lane 1, +) Positive control. mAb CLB-

CAg 9 for HCh and A2, mAb CLB-CAg 117 for LCh and C2. (lane 2, -) Control plasma, (lane 3, P) Antibodies 

in the patient's plasma. (B) Subclass typing of anti-factor VIII antibodies, (left panel, A2) Anti-A2 domain 

antibodies, (right panel, LCh) Factor VIII light chain-specific antibodies, (lane 1, +) Total IgG. (Lanes 2-5)M 

IgGl, IgG2, IgG3, IgG4. (lane 6, -) Control plasma. In the patient's plasma no anti-factor VIII antibodies of the 

IgM class could be detected (data not shown). Molecular weight markers are indicated at the right of the figures. 
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amino acid substitutions (18 - 27 nucleotide substitutions) when compared with the most 
homologous germline genes. It should be noted that VH domains of clones EL-5, EL-16, and 
EL-25 are all derived from germline DP-14 (Table 2). All have a similar CDR3 sequence and 
their patterns of somatic hypermutation suggest that the VH genes of clones EL-5, EL-16, and 
EL-25 originate from a common B-cell precursor. The length of the VH CDR3 (residues 95-
102) of the factor VIII light chain-specific VH domains ranges from 20-23 amino acids (Table 
2). In clones EL-5, EL-16, and EL-25 the rearranged JH segment, encoding the carboxy 
terminal part of the CDR3, was most homologous to gene segment Jnób. Clones EL-9 and 
EL-14 have been assembled using gene segment Jn3b. The 5 different VH domains identified 
paired with a variety of VL domains (Table 1). In total, we identified 13 unique VH - VL 
pairings, and in 7 of 13 the VL domain was encoded by a VKI family gene. Of the remaining 6, 
4 were DPL16 (V^3 family gene) derived and the other 2 were VJV and V^2 derived. Each 
unique VH - VL gene combination was subcloned and expressed as scFv using the prokaryotic 
expression vector pUCl 19-Sfi/Not-His6.21 

Table 1. Most homologous germline genes used in factor VIII light chain-specific clones 

VH domain VL domain 
Clone 
EL-5 
EL-9 
EL-14 
EL-16 

EL-25 

Germline 
DP-14 
DP-88 
DP-10 
DP-14 

DP-14 

Family 

VH1 
VH1 

VH1 
VH1 

VH1 

Germline 
L12a 
DPK8 

DPK5 
DPK5 
DPK8UI 

DPK24 
DPLll 
DPL16"11 

DPK7 
DPL16 

Family 

vKi 
VKI 
VJ 
VJ 
VJ 

VJV 
V^2 
Vx3 
VJ 

Vx3 

VH and VL germline gene use and nomenclature according to V-BASE.2' 

Factor VIII specificity of isolated scFv 
Five clones reacting with the factor VIII light chain were selected for further analysis 

(Table 2). E. coli TG1-expressed scFv were purified as described in Materials and methods. 
All 5 scFv showed specific binding to the factor VIII light chain, whereas scFv derived from a 
randomly picked control clone (04) did not react under our experimental conditions (data not 
shown). Within the factor VIII light chain, 2 dominant B-cell epitopes for inhibitory 
antibodies are located within the A3 and C2 domains.5"8 To investigate the domain specificity 
of the scFv, immunoprecipitations with metabolically labeled factor VIII light chain and C2 
domain were performed. ScFv EL-14 reacted with the radiolabeled factor VIII light chain and 
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C2 domain (Figure 2). Identical results were obtained for the other 4 scFv (data not shown). 
Preliminary experiments demonstrated that scFv were fully capable of competing for binding 
with the murine mAb CLB-CAg 117 to factor VIII. This C2 domain specific-antibody has 
previously been described as efficiently interfering with factor VIII activity.13 The ability of 
scFv to inhibit factor VIII procoagulant activity was compared to that of IgG purified from 
patient's plasma. Surprisingly, no inhibition of factor VIII procoagulant activity was observed 
for the scFv up to a concentration of 200 nmol/L (Figure 3). In contrast, the purified patient's 
IgG inhibited factor VIII activity with a specific activity of 160 BU/mg. 

kDa 

97 
68 

43 

29 

18 

Figure 2. Immunoprecipitation of metabolically labeled factor VIII light chain (LCh) and C2 domain (C2) 

by scFv. (lane 1, +) Positive control; mAb CLB-CAg 117. (lane 2, 14) scFv EL-14. (lane 3, -) Negative control; 

scFv 04. Molecular weight markers (in kDa) are given at the right of the figure. 

Inhibitor neutralizing capacity ofscFv 

The ability of scFv to interfere with factor VIII inhibitory activity of CLB-CAg 117, a C2 
domain-specific antibody, was tested. Adding increasing amounts of scFv EL-14 completely 
eliminated factor VIII inhibition by CLB-CAg 117 (Figure 4). In contrast, scFv EL-14 did not 
affect the inhibitory activity of CLB-CAg A, a monoclonal antibody directed against residues 
Lysl804-Lys1818 in the A3 domain of factor VIII.25 In addition, scFv EL-5, EL-9, EL-16, and 
EL-25 were capable of neutralizing the inhibition of factor VIII by CLB-CAg 117. Complete 
neutralization of CLB-CAg 117 was reached at concentrations of 100 - 400 nmol/L for these 
scFv. 

Similarly, we tested whether scFv could abrogate inhibition of factor VIII by the patient's 
purified IgG. First, the contribution of anti-C2 antibodies to the total factor VIII inhibitory 
activity of the patient's IgG was assessed. A recombinant C2 domain could neutralize 23 ± 5% 
of factor VIII inhibitory activity of the patient's IgG. The addition of scFv EL-14 resulted in 
similar levels of neutralization (23 ± 4%). The same results were obtained with the other 4 
scFv (data not shown). Simultaneously adding all scFv did not result in higher levels of 

LCh C2 

+ 14 - + 14 -
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neutralization. These findings suggested that the isolated scFv were capable of competing 
with the patient's C2-specific IgG for binding to factor VIII. 

* j '> '^ 
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"ra 
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100 

Concentration (nmol/L) 

Figure 3. Functional characterization of isolated scFv. Various concentrations of purified patient's IgG (O, 

open circles) and scFv EL-14 (• , closed circles) were incubated with an equal volume normal plasma for 2 hours 

at 37°C. factor VIII activity, determined by a one-stage clotting assay, is depicted relative to a control incubation 

in the absence of IgG and scFv. Similar results were obtained for scFv EL-5, EL-9, EL-16, EL-25, and negative 

control scFv 04. 
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Figure 4. Inhibitor neutralization by isolated scFv. mAbs CLB-CAg A and CLB-CAg 117 were diluted to a 

concentration that corresponded to approximately 2 BU/mL. Increasing concentrations of scFv EL-14 were 

added, and the mixture was incubated for 2 hours at 37°C. Residual factor VIII activity was determined relative 

to a control sample that was incubated in the absence of mAb. CLB-CAg A (•, closed circles); CLB-CAg 117 

(O, open circles). 
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DISCUSSION 

Development of neutralizing antibodies to factor VIII constitutes a major complication in 
hemophilia care. Despite considerable insights into epitope specificity and mode of action of 
factor VIII inhibitors, limited information is available on the primary structure of human 
antibodies directed against factor VIII. In this study, we used V gene phage display to explore 
the properties of scFv with specificity for the factor VIII light chain. Thirteen scFv were 
isolated, all directed against the C2 domain of factor VIII. It should be noted that factor VIII 
inhibitors with A3-C1 specificity were detected in the patient's plasma. However we were 
unable to isolate scFv directed against the A3-C1 domains. During the selection procedure, 
potential binding sites in the A3-C1 domains may be masked by the methods employed for 
immobilization of factor VIII light chain. 

Sequence analysis revealed that heavy chains of these scFv were encoded by VH genes, 
most homologous to the germline gene segments DP-10, DP-14, and DP-88, all belonging to 
the VH1 gene family. The extensive hypermutation observed suggests that these factor VIII-
specific VH genes originate from antigen-stimulated B-cells.' Germline gene sequences DP-
10, DP-14, and DP-88 all encode an identical combination of loop conformations or canonical 
structures.26 Previously, using Epstein-Barr virus immortalization, a monoclonal IgG4K 
antibody (B02C11) was derived from the B-cell repertoire of a hemophilia A patient with an 
inhibitor.27 The heavy chain of this C2 domain-specific antibody was encoded by the gene 
segment DP-5, also belonging to the VHI gene family.27 These data suggest that factor VIII 
antibodies with C2 domain specificity preferentially use VH gene segments derived from the 
VH1 family. The scFv described in this study are derived from a single patient with acquired 
hemophilia. Further analysis of the VH gene use of additional C2-specific anti-factor VIII 
antibodies is required to substantiate our findings. In healthy individuals, the random 
rearrangement of V, D, and J-segments may generate autoreactive antibodies which will be 
deleted from the repertoire on encountering antigen." Therefore, high affinity autoreactive 
antibodies are unlikely to be isolated from the repertoire of healthy individuals. 
Consequently, we do not expect to find anti-C2 domain antibodies in the repertoire of a 
nonimmune donor similar to the ones described in this study. 

In this study we have used a nonimmune V. gene repertoire to assemble factor VIII-
specific scFv. VKI and V^3 gene segments primarily encoded the variable light chains 
identified in this study. Preferential use of the latter light chain genes cannot be explained by 
the limited diversity of the used VL gene repertoire because various antibodies with different 
light chains have been isolated from this VL gene library.9'17'18 

Factor VIII inhibitors with C2 specificity have been shown to inhibit factor VIII binding to 
von Willebrand factor, phospholipids, or both.27'29"31 Surprisingly, the scFv described in this 
study did not inhibit factor VIII activity (Figure 3). The smaller size of scFv, smaller than that 
of complete IgG antibodies (30 vs. 150 kDa), may explain the lack of factor VIII inhibition. 
Alternatively, the isolated scFv may correspond to noninhibitory antibodies present in a 
patient's plasma. We are currently constructing complete IgG4 molecules using the variable 
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domains of scFv. Functional analysis of these complete IgG4 molecules will reveal whether 
the variable heavy chain domains identified in this study are representative of either inhibitory 
or noninhibitory antibodies. Competition experiments revealed that scFv neutralize the 
inhibitory activity of mAb and human anti-factor VIII antibodies with 01 specificity, 
suggesting that the binding sites for the scFv are in proximity to the inhibitor epitope in the C2 
domain. 
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Two types of human anti-C2 domain antibodies 

ABSTRACT 

As a consequence of factor VIII replacement therapy in hemophilia A patients, antibodies 
(inhibitors) that neutralize the procoagulant activity of factor VIII may develop. Factor VIII 
harbors 3 major binding sites for inhibitory antibodies, which are located within the A2, A3, 
and C2 domains. Anti-factor VIII antibodies reactive with the C2 domain are observed in the 
majority of plasmas from patients with inhibitors. Previously, we have shown that the variable 
heavy (VH) chain regions of human antibodies directed against the C2 domain are encoded by 
germline gene segments of the VHI gene family. Here, we have used phage display technology 
to isolate anti-C2 antibodies from the immunoglobulin repertoire of a patient with mild 
hemophilia A. Sequence analysis revealed that the VH domains of the isolated clones were 
encoded by germline gene segments DP-5 and DP-88, both belonging to the VH1 gene family. 
Antibodies consisting of VH domains encoded by germline gene segment DP-5 but not DP-88, 
competed with the murine antibody ESH4 for binding to the C2 domain. Conversely, CLB-
CAg 117 competed with antibodies composed of VH domains encoded by DP-88, but not DP-
5, for binding to the C2 domain. These results suggest that related VH germline gene segments 
are involved in assembly of human antibodies directed toward 2 distinct sites within the C2 
domain of factor VIII. 

INTRODUCTION 

Functional absence of coagulation factor VIII is associated with the bleeding disorder 
hemophilia A. Some of the hemophilia A patients develop factor VIII neutralizing antibodies 
(inhibitors) as a consequence of factor VIII replacement therapy.1 The epitope specificity of 
factor VIII inhibitors has been studied in considerable detail. Binding sites for inhibitors have 
been identified within the A2, A3, and C2 domains of factor VIII.2"6 In general, heterogeneous 
mixtures of anti-factor VIII antibodies are present in plasma from patients with factor VIII 
inhibitors.7 

A major determinant for factor VIII inhibitors is the C2 domain of factor VIII. This is 
illustrated by the presence of anti-C2 domain antibodies in more than 80% of inhibitor 
plasmas.7 Epitope mapping of anti-C2 domain antibodies revealed the presence of an inhibitor 
binding site comprising amino acid residues Val2248-Ser2312 of the C2 domain.3 A second 
inhibitor epitope located within the C2 domain has been attributed to region Glu218'-Val2243.6 

Antibodies reactive with the C2 domain prevent factor VIII from binding to phospolipid 
surfaces, thereby inhibiting factor VIII activity.8 In addition, they can block binding of factor 
VIII to von Willebrand factor, which protects factor VIII from proteolytic degradation in the 
circulation.9 Both findings are in agreement with the presence of binding sites for 
phospholipid surfaces and von Willebrand factor to a region bounded by amino acid residues 
Thr^^-Tyr2332 at the carboxy-terminus of the C2 domain.10'" An additional mechanism of 
factor VIII inhibition has been described for less common human antibodies directed toward 
the C2 domain.12 These antibodies did not block the binding of factor VIII to von Willebrand 
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factor but reduced the release of activated factor VIII from von Willebrand factor. Although 
both the factor VIII inhibitory mechanism and epitope specificity of C2-inhibitors are well 
understood, knowledge about their primary structure is limited. 

Recently, anti-C2 domain antibodies have been studied at the clonal level using phage 
display technology.lj The variable heavy chain (VH) domains of these antibodies were 
encoded by VH germline gene segments DP-10, DP-14, and DP-88 derived from the VH1 gene 
family. Furthermore, the CDR3 sequences were relatively large (20-23 residues) in 
comparison to the average CDR3 length (13.7 residues).14'15 Another human anti-C2 antibody 
has been isolated from a hemophilia A patient with an inhibitor using classical Epstein-Barr 
virus immortalization.16 The VH domain of this antibody was encoded by germline gene 
segment DP-5, also derived from the VH1 gene family. The antibody composed of a DP-5-
encoded VH domain prevented binding of factor VIII to von Willebrand factor and 
phospholipid surfaces. Interestingly, the anti-C2 antibodies expressed as single-chain variable 
domain antibody fragments (scFv) composed of DP-10, DP-14, and DP-88-encoded VH 

domains did not inhibit factor VIII activity.13 Together these data suggest the presence of 2 
types of anti-C2 antibodies directed toward different epitopes within the C2 domain. In the 
present study, antibodies were isolated from the immunoglobulin repertoire of a mild 
hemophilia A patient with anti-C2 antibodies. Our data provide evidence for the presence of 2 
classes of related human anti-C2 antibodies that recognize distinct antigenic sites in the C2 
domain of factor VIII. 

MATERIALS AND METHODS 

Materials 
DNA modifying enzymes were purchased from Life Technologies (Breda, The 

Netherlands) and New England Biolabs (Beverly, MA). Immunotubes and microtiter plates 
were purchased from Nunc (Life Technologies, Breda, The Netherlands). Plasma-derived 
factor VIII light chain was purified as described.17 Monoclonal antibodies (mAbs) CLB-CAg 
12 and 117 have been characterized previously4'17; mAb ESH418 was purchased from 
American Diagnostica Inc. (Greenwich, CT). 

Factor VIII assays 
Factor VIII activity was measured by a one-stage clotting assay.' Factor VIII inhibitor 

titers were determined by the Bethesda assay.20 Immunoprecipitation using metabolically 
labeled factor VIII fragments expressed in insect cells was performed as described 
previously.4'21 Factor VIII inhibitor neutralization assay was performed essentially as 
described previously.13 

Phage display library construction and selection 
In this study plasma and peripheral blood mononuclear cells were used from a mild 

hemophilia A patient with a factor VIII inhibitor. A detailed description of the patient will be 
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described elsewhere (Yee et al., manuscript in preparation). The patient's IgG4-specific VH 
gene repertoire was amplified and combined with a VL gene repertoire of nonimmune origin 
in pHEN-1-VLrep and displayed as scFv on the surface of filamentous phage.13 Phages from 
the library were selected on factor VIII light chain immobilized via antibody CLB-CAg 12-
coated microtiter wells as described previously.13 The library was subjected to 3 rounds of 
selection using the procedure outlined above. 

Characterization of selected clones 
After 3 rounds of selection for binding to the factor VIII light chain, the factor VIII domain 

specificity of phages obtained from single infected colonies was determined. Phages were 
tested for reactivity with factor VIII light chain immobilized to CLB-CAg 12 as described 
previously.13 Phages corresponding to clones reactive with factor VIII light chain were 
selected for further study. VH and VL genes were sequenced on an Applied Biosystems 377XL 
automated DNA sequencer (Foster City, CA) using the BigDye Terminator sequencing kit. 
Nucleotide sequences were aligned to their most homologous germline sequences as present 
in the V-BASE sequence directory. The selected clones were subsequently tested for 
reactivity with the C2 domain of factor VIII. Therefore, C2 domain was immobilized to ESH4 
or CLB-CAg 117, 2 noncompetitive antibodies, as described.4 Microtiter wells were incubated 
for 2 hours at room temperature with recombinant phages in 150 mmol/L NaCl, 50 mmol/L 
Tris, pH 7.4, 3% (wt/vol) human serum albumin, 0.5% (vol/vol) Tween-20. Subsequently, 
bound phages were detected using peroxidase labeled anti-M13 antibody (Pharmacia-LKB, 
Woerden, The Netherlands). 

RESULTS 

Characterization of anti-factor VIII antibodies in the patient's plasma 

The domain specificity of antibodies present in the plasma of an inhibitor patient with mild 
hemophilia A was determined by immunoprecipitation analysis. The patient's antibodies 
reacted with metabolically labeled factor VIII light chain and the C2 domain. Anti-C2 domain 
antibodies contributed approximately 80% of the inhibitory activity as was determined by 
neutralization assays (data not shown). Together, these data indicate that the C2 domain is the 
major target for factor VIII inhibitors present in plasma of this patient. A detailed clinical 
course of the patient and characterization of anti-factor VIII antibodies present in patient's 
plasma will be described elsewhere (Yee et al., manuscript in preparation). To further examine 
the patient's anti-C2 domain antibodies we used phage display to isolate factor VHI-reactive 
antibodies from the patient's immunoglobulin repertoire. Therefore, a phage display library 
derived from the patient's IgG4-specific VH gene repertoire and a VL gene repertoire of 
nonimmune source was constructed. The library, which consisted of 1.9 x 107 clones was 
subsequently selected for binding to plasma-derived factor VIII light chain immobilized via 
antibody CLB-CAg 12. 

43 



Chapter 3 

> 
U. 

u 
'£ 
'Zi & 
a 
ao 
i 

B" 
SB 

c 

o -
a. 
•a 
u 
= 
V 

•Q 
M 
h-

ro 
0 

I 

' " • 

' > 
> ^ H 
f ' ) 

f i 

B 
IT 

i ' 
' • • 

• -

h' 

> ' i 

..J 

' - • 

'" cn 

> 
> --i 
L • 
• • • i 

-• ' • ; 

:-: :. f • 

>* < f) 
H 

> _J 

L_̂  

" • • 

> H 

» l_ 
• ' • • 

• 

CI 

:-; , 1 f i 

t-1 
' • 

" 
• 

cn 

in r~ us 

en 

> ' -'> 
• 

s 

M 
r. 

H 
Oi 

UJ 

!') • i 

_ < 
O 

m 

> H 

> 
• 

(1 
3 

> 
' • • 

• 

IT , 

i 1 
H 

!') ÏM 

>"" PJ 

M 

< 

: • - ; 

> H 

•> H 

O 

tn 

> H 

> H 

" 

co 
• -

H 

> h-

C> 

co 

> H 

> H 
H 

^ 

co 

> H 

> H 

-('t 

cn 

> E-

> E-

-... O o o o o o 
(*> . • : 

> 
' • • 

: . 
"1 

In 
n 
H 

• ' ; 

?H 

M 
CO 

< 

O 
: • • 

• • 

• • • 

") in 

« l-H 
f/l 
M | 

' . . • • 

'M 
Ü 

:.. m 

< 

{ '» 
: • • : 

> 
• • 

('1 
iw 
Lu 
U 
H 

C') 
X 
• * 

:•. i£ 
' • . 

« 

5 

> 
> 
:<i 
> t 
In 
U 
H 
"1 
. ' • , 

X 
>H 

x 
K 
Cl 
H 

3 

> 
:•• 
c/i 
X 
In 
u 
H 
"1 
t l 
X 
Ï H 

x 
X 

' < 

.* > 
Ft 

CO 
X 
:„•_. 

o 
En 
CO 
O 
X 
X 
SS 

:,-: :'. < 

Ü 

c 

05 
C 
3 

c 
Ë g 
cd 

g 

c 

— 
0 

on 

-̂  i _ 
C 

-o 

= 
•-, 

E - i c o c o c n c o c o c o c o c o 

H H E-< H E-< 

co co co co co 

co co co co co co co 

Lu U. 

> > > > > > 

Q Q Q Q Q O Q 

H E-- E-* H E-i H H 

a > o n >-( m 
l H H f M r o r - n H H 

Sb £ 
O 3 

8 1 | 

^ 2 
Oi) 00 
c c 
- 'S 

U 

•9 
B 

5 g 
o 

"I 
2 1 
00 ' o 
B o. 
00 ^ 
c — 

00 

c 2 r^l U 

— 

— se 

T> 
O S3 

D 
^ ü ? 
B " « 
Cu g -2 

I a^ 
o g g s i BS 
0 u 

'g1 > M 

1 s 
4J CX 

I * 
,1- o 
" " CL 

ei S 
5 

44 



Two types of human anti-C2 domain antibodies 

Characterization of antibodies directed toward the factor VIII light chain 

After 3 rounds of selection, phages derived from 19 of 20 clones reacted with the factor 

VIII light chain. Nucleotide sequences of the VH and VL domains of the 19 clones were 

determined and aligned to their most homologous germline genes in the V-BASE directory. 

The VH domains of 5 clones were encoded by germline gene segment DP-5. Germline gene 

segment DP-88 could be identified as the most homologous gene segment encoding the VH 

domains of the other 14 clones. Both gene segments belong to the VHI gene family. In total, 3 

unique VH domains encoded by germline gene segment DP-5 were identified (Table 1). The 

VH domains of WR1 and WR17 are highly homologous, varying in only 2 amino acid 

residues. At the nucleotide level, 4 substitutions were observed, which makes it unlikely that 

the observed differences resulted from PCR artifacts. The VH domains of WR1/17 and WR16 

were generated by VDJ-recombination using JH gene segments JH4b and Jn3b, respectively. 

Rearrangement of particular D gene segments could not be determined as a consequence of 

limited sequence homology with known D genes. CDR3 sequences of WR1/17 and WR16 

consisted of 9 and 11 amino acids, respectively. 

Of 14 VH domains encoded by the DP-88 germline gene segment, 8 unique VH domains 

were identified (Table 1). All VH domains were heavily hypermutated compared to the DP-88 

germline. Seven of 8 VH domains shared homologous patterns of somatic hypermutation 

suggesting that these VH domains share an identical B-cell precursor. It should be noted that 

amino acid replacements were caused by single nucleotide substitutions in WR3, WR7, 

WR11, and WR15. Consequently, it can not be excluded that the nucleotide substitutions in 

these VH domains were introduced during amplification of the patient's VH gene repertoire. 

All VH domains have a similar CDR3, which is partially encoded by the largest JH gene 

segment, 3^6b. The VH domain of WR10 has a different pattern of somatic mutation compared 

to the other DP-88-encoded VH domains (Table 1). Furthermore, the CDR3 of WR10, which 

comprises 20 amino acid residues, has been assembled using gene segments D3-10 and JH3b. 

Different VL domains encoded by germline gene segments of VK and V\ gene families were 

paired with single VH domains derived from DP-5 and DP-88 germline gene segments (Table 

2). 

Previously, we have shown that the VH domain of scFv EL-9 is also derived from germline 

gene DP-88 (Table 2). Competition experiments revealed that the binding site for EL-9 in the 

C2 domain overlapped with that of monoclonal antibody CLB-CAg 117.'3 We tested whether 

phages derived from the clones described in this study competed with CLB-CAg 117 for 

binding to the C2 domain. As expected, phages bearing a VH domain derived from germline 

gene segment DP-88 did not bind to the C2 domain that was immobilized via CLB-CAg 117 

(Figure 1). Interestingly, phages corresponding to clones consisting of a DP-5-encoded VH 

domain bound readily to the C2 domain that was immobilized via CLB-CAg 117. We also 

tested reactivity of phages with C2 domain immobilized via ESH4. Previously, we have 

shown that ESH4 and CLB-CAg 117 are directed toward nonoverlapping epitopes in the C2 

domain of factor VIII. Phages derived from clones using germline gene segment DP-5 did not 

bind to ESH4-immobilized C2 domain. In contrast, the C2 domain immobilized via ESH4 
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exclusively allowed for binding of phages derived from clones consisting of a DP-88-encoded 
VH domain (Figure 1). These data suggest that DP-5 and DP-88 germline gene segments 
generate antibodies with distinct binding sites in the C2 domain of factor VIII. 

Table 2. Most homologous germline gene segments used by human 
antibodies directed against the C2 domain 

Clone 

WRl 

WRl 7 

WR16 

B02C11 

YK3-3-38 

YK3-3-40 

YK3-3-50 

EL-14 

EL-5 

EL16 

EL-25 

EL-9 

WRIO 

WR2/13 

WR3 

WR8 

WR9 

WRll 

WR15 

VH domain 

Germline 

DP-5 (1-24) 

DP-10 (1-69) 

DP-14(1-18) 

DP-88 (1-e) 

VL domain 

Germline Family 

DPK8 (L8) VKI 

DPL5(V1-19) Vj.1 

DPK3(L11) VKI 

DPK22 (A27) VKIII 

DPK5 (L5) VKI 

L12a(L12) VKI 

DPK8 (L8) VKI 

DPK7(L15) VKI 

DPK8 (L8) VKI 

DPLl l (Vl -4) Vx2 

N.D. N.D. 

DPK3(L11) V J 

DPK24 (B3) VKIV 

Vl-2(Vl-2) Vx2 

DPLl l (Vl -4) Vx2 

DPL16(V2-13) VA.3 

Reference 

This study 

This study 

This study 

16 

24 

24 

24 

13 

13 

13 

13 

13 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

VH and VL germline gene use and nomenclature according to V-BASE. ~ All observed VH 

germline genes belong to the VH1 gene family. N.D. (not determined). 

DISCUSSION 

Antibodies directed toward the C2 domain of factor VIII are frequently found in plasma of 
hemophilia A patients with an inhibitor.7 In this study, we defined the primary structure of 
human C2 domain-specific antibodies. Two classes of anti-C2 antibodies directed toward 
distinct epitopes were isolated from the immunoglobulin repertoire of a mild hemophilia A 
patient with an inhibitor. The isolated antibodies consisted of VH domains encoded by 
germline gene segments DP-5 and DP-88 from the VH1 gene family. Previously, we reported 
on the isolation of an anti-C2 domain antibody consisting of a DP-88 gene-derived VH 
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domain. VH domains encoded by germline gene segments DP-10 and DP-14 were identified 
in additional human antibodies reactive with the C2 domain (Table 2). Similarly to DP-88 and 
DP-5, DP-10 and DP-14 are also derived from the VH1 germline family. The nonmutated 
germline genes DP-10 and DP-88 are highly homologous and they vary by only 1 nucleotide. 
The DP-14 and DP-88 genes vary by 29 nucleotides, which lead to 17 amino acid 
substitutions. Despite these differences, competition experiments with CLB-CAg 117 suggest 
that the antibodies consisting of VH domains derived of DP-14 and DP-88 bind to the same 
general epitope in the C2 domain of factor VIII. Interestingly, VH domains encoded by DP-10, 
DP-14, and DP-88 all contain a large CDR3 consisting of 18-23 residues. '3 

VH domain: DP-88 

VH domain: DP-5 16 

17 

2 

3 

7 

8 

10 

11 

13 

15 

CAg117 • ESH4 

I I 

0.5 1 

Absorbance (540-450 nm) 

1.5 

Figure 1. Specificity of phages isolated by selection on plasma-derived factor VIII light chain for the C2 
domain. Binding of phages to recombinant C2 domain that was immobilized via monoclonal antibodies CLB-
CAg 117 or ESH4 was determined by ELISA. The results were corrected for binding to both antibodies in the 
absence of C2 domain. Clones were divided in 2 groups based on the germline gene segment that encoded the VH 

domain. 

The VH domains of the second class of isolated antibodies are encoded by germline gene 
DP-5. DP-5-encoded VH domains have also been identified in other C2 domain reactive 
antibodies.16,24 The nonmutated germline gene DP-5 differs substantially from DP-10, DP-14, 
and DP-88 (46-47 nucleotides which results in 21-22 amino acid substitutions), although all 
these genes belong to the VH1 gene family. In contrast to the other germlines, the CDR1 and 
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CDR2 of DP-5 harbor 5 negatively charged Glu (E) and Asp (D) amino acid residues (Table 
1). These residues contribute to the net negative charge of VH domains encoded by this 
particular germline gene segment. The average calculated isoelectric point (pi) of nonmutated 
germline VH segments is 8.74 ± 1.06. In a previous study the average pi of rearranged VH 

domains of 39 randomly picked clones was 9.24 ± O.8.25 Conversely, germline DP-5, being 
one of the 3 VH segments with a net negative charge, has a predicted pi of 4.84. The negative 
charge of the DP-5-encoded VH domains isolated in this study is not affected by VDJ-
rearrangement and somatic hypermutation. The pi calculated for VH domains WR1, WR16, 
and WR17 are 4.70, 4.66, and 4.70, respectively. This negative charge of DP-5-encoded VH 

domains may determine the epitope specificity of these antibodies in the C2 domain of factor 
VIII. So far, residues Glu2181-Val2243 and Val2248-Ser2312 have been identified as binding sites 
for human antibodies in the C2 domain of factor VIII. • Our studies identify 2 classes of 
human antibodies directed against the C2 domain. At present, detailed information on the 
epitope specificity of the human antibodies described in this study is not available. Previously, 
binding of B02C11, a human antibody directed against the C2 domain was assigned to 
residues Ser^-Gly2215 and Thr^-Tyr2332.16 It is likely that the DP-5-encoded VH domains 
described in this study have a similar epitope specificity. Competition experiments using 
CLB-CAg 117 indicate that the DP-88-encoded VH domains bind to another region in the C2 
domain. 

Collectively, our data show the presence of 2 classes of human antibodies directed to 
distinct sites within the C2 domain. The first class of anti-C2 antibodies is characterized by 
the use of germline gene segment DP-5. We postulate that negatively charged residues present 
in the CDR1 and CDR2 are essential for binding of these antibodies to the C2 domain of 
factor VIII. The second class of anti-C2 antibodies is composed of VH domains encoded by 
the related germline gene segments DP-10, DP-14, and DP-88. The epitope specificity of this 
class of anti-C2 antibodies may be determined by their unusually large CDR3. 
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Human antibodies specific for the A3-C1 domains 

ABSTRACT 

A well-known complication of factor VIII replacement therapy in patients with hemophilia 
A is the development of inhibitory antibodies. Several studies have demonstrated the presence 
of a binding site for factor VIII inhibitors in the A3 domain. We have isolated 6 different 
human monoclonal single-chain variable domain antibody fragments (scFv) directed toward 
the A3-C1 domains of factor VIII using phage display technology. Sequence analysis revealed 
that the VH domains of 2 scFv were encoded by germline gene segments from the VH1 gene 
family and 4 by germline gene segments belonging to the VH3 gene family. Epitope mapping 
of the scFv was performed using a series of hybrid factor VHI/factor V light chain fragments. 
This analysis revealed that 5 of 6 scFv were directed against a region encompassing amino 
acid sequence Gln'778-Asp1840 in the A3 domain, a previously identified binding site for factor 
VIII inhibitors. Only 2 of 5 scFv directed against amino acid sequence Gin -Asp 
inhibited the procoagulant activity of factor VIII. Our results define the properties of human 
antibodies directed against region Gln1778-Asp1840 in the A3 domain. Binding of one, 
noninhibitory scFv was independent of the region Glnl778-Asp1840, suggesting the presence of 
an additional binding site for anti-factor VIII antibodies in the A3-C1 domains of factor VIII. 

INTRODUCTION 

Hemophilia A is an X-linked bleeding disorder that is associated with a functional absence 
of factor VIII. Upon initiation of factor VIII replacement therapy, approximately 25% of 
patients with severe hemophilia A develop antibodies that neutralize the procoagulant activity 
of factor VIII.1 Based on internal sequence homology, factor VIII can be defined by the 
domain structure Al-a/-A2-a2-B-a5-A3-Cl-C2.2'3 The majority of factor VIII inhibitors is 
directed toward epitopes within the A2, C2, and A3-C1 domains of factor VIII.4 Within the 
A2 domain, the region Arg484-Ile508 has been identified as a major binding site for factor VIII 
inhibitors.5 In the C2 domain, amino acid residues Glu2181-Val2243 and Val2248-Ser2312 

constitute binding sites for factor VIII inhibitors.6'7 

The presence of an inhibitor binding site in the A3-C1 domains has been suggested by 
inhibitor neutralization experiments using factor VIII light chain (a3-A3-Cl-C2 domains) and 
isolated C2 domain.4-6 Epitope mapping using in vitro synthesized factor VIII fragments 
defined the epitope in the A3 domain to amino acid residues Gin -Met . Furthermore, a 
synthetic peptide corresponding to residues Lys1804-Val1819 competed for binding of factor 
VIII inhibitors to the light chain. This region harbors amino acid residues Glu -Lys 
which comprise a binding site for factor IXa.'° It was demonstrated that anti-A3 inhibitor IgG 
prevents factor IXa from binding to the factor VIII light chain.8'9 Recently, a region involved 
in the binding of factor VIII inhibitors has been localized to the acidic region a3, adjacent to 
the A3 domain." Replacement of the a3 region, comprising amino acid residues Glu 
Arg1689 of human factor VIII, for the corresponding porcine sequence yielded a functional 
factor VIII molecule that was less antigenic to factor VIII inhibitors. The binding site for von 
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Willebrand factor has been localized to the a3 region, which is released upon cleavage at 
position Arg1689 by thrombin.12"14 Inhibitory antibodies directed toward this region may 
prevent activation of factor VIII when complexed to von Willebrand factor. 

Recently, we have used phage display technology to isolate anti-A2 and anti-C2 antibodies 
from the immunoglobulin repertoires of patients with an inhibitor to factor VIII.15'16 Analysis 
of human anti-C2 antibodies revealed that their immunoglobulin heavy chain variable (VH) 
domains were exclusively encoded by VH gene segments derived from the VH 1 gene family. 
These findings suggest that only a subset of VH gene segments is used to generate human anti-
C2 antibodies. Molecular analysis of anti-A2 antibodies revealed that a single VH domain 
encoded by gene segment DP-10 is involved in assembly of a human antibody that binds to 
region Arg -He" in the A2 domain. Furthermore, an additional human antibody composed 
of a VH domain encoded by gene segment DP-47, bound to residues Asp712-Ala736 in the 
acidic region a2, a previously unidentified binding site for anti-factor VIII antibodies.16 

In the present study, phage display technology was used to further define the molecular 
characteristics of human antibodies reactive with the A3-CI domains of factor VIII. The 
majority of the isolated antibodies was directed toward amino acid sequence Gln'778-Asp1840 

of factor VIII. Our results indicate that different residues in this region are involved in the 
binding of the various scFv. One of the isolated scFv did not react with this region suggesting 
the presence of an additional binding site for anti-factor VIII antibodies in the A3-C1 domains 
of factor VIII. 

MATERIALS AND METHODS 

Materials 

DNA modification enzymes were purchased from Life Technologies (Breda, The 
Netherlands) and New England Biolabs (Beverly, MA). The Baculovirus expression system 
(Pharmingen, San Diego, CA) was used to produce recombinant factor VIII fragments in 
insect cells as described previously.17 Insect-XPRESS medium was purchased from 
BioWhittaker (Alkmaar, The Netherlands). Oligonucleotides, protein G Sepharose-4FF and 
protein A Sepharose CL-4B were purchased from Pharmacia-LKB (Woerden, The 
Netherlands). Plasma-derived factor VIII light chain was purified as described previously.18 

Thrombin-cleaved light chain was prepared as described previously.19 Monoclonal antibodies 
(mAbs) CLB-CAg A, 12, and 117 have been characterized previously 8"10; mAbs ESH4 and 
ESH8 were purchased from American Diagnostica Inc. (Greenwich, CT). 

Factor VIII assays 

Factor VIII activity was measured by a one-stage clotting assay20 Factor VIII inhibitor 
titers were measured using the Bethesda assay.21 Immunoprecipitation of metabolically 
labeled factor VIII fragments by anti-factor VIII IgG was performed essentially as described 
previously. Neutralization of factor VIII inhibitor activity by recombinant factor VIII 
fragments was performed as described.8 
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Construction of hybrid FVIII/FV light chain hybrids 

A series of hybrid factor VHI/factor V light chain expression vectors was constructed by 

overlap extension mutagenesis using vector pCLB-GP67-80K '7, encoding the light chain of 

factor VIII (amino acid residues Glu'^-Tyr2 3 3 2), and factor V cDNA as templates. Three 

hybrid constructs were made in which amino acids residues Arg -Lys (HV1803-1818), 

Gln'778-His1821 (HV1778-1821), or Lys1804-Asp1840 (HV1804-1840) were replaced for the 

corresponding sequence of factor V (Figure 2A). Expression of metabolically labeled factor 

VIII light chain hybrids in insect cells was performed as described.17 

Phage display library construction and selection 

In this study, peripheral blood mononuclear cells from a previously described inhibitor 

patient8 served as source of RNA for the construction of a phage display library essentially as 

described previously.15 The patient's IgG4-specific VH gene repertoire was cloned in the 

phagemid pHEN-1-VLrep22, which contained an immunoglobulin light chain variable (VL) 

gene repertoire of nonimmune origin. 

Phages were selected for binding to the factor VIII light chain essentially as described 

previously.1" In this study, microtiter wells (Dynatech, Plockingen, Germany) were 

immobilized with antibody CLB-CAg 117, which is directed toward the C2 domain of factor 

VIII.8 Wells were blocked with Tris-buffered saline (TBS, 150 mmol/L NaCl, 50 mmol/L 

Tris, pH 7.4), 3% (wt/vol) human serum albumin (HSA) for 2 hours at 37°C. Phages in TBS, 

3% HSA and 0.5% (vol/vol) Tween-20 were preincubated for 2 hours at room temperature in 

CLB-CAg 117-coated wells to reduce nonspecific binding. Subsequently, CLB-CAg 117-

coated wells were incubated for 2 hours at 37°C with 25 nmol/L plasma-derived factor VIII 

light chain in 1 mol/L NaCl, 50 mmol/L Tris, pH 7.4, 2% HSA, and blocked with HSA as 

outlined above. For specific binding of phages directed toward factor VIII light chain, these 

wells were incubated for 2 hours at room temperature with nonbound phages transferred from 

the preincubations. After washing with TBS/0.1% (vol/vol) Tween-20 and TBS (both 20 

times), bound phages were eluted with 100 mmol/L triethylamine and rescued using 

Escherichia coli TGI. The selection procedure was performed for a total of 3 rounds. 

Screening and sequencing of selected clones 

After the third round of selection, phages derived from 15 single infected colonies were 

tested for reactivity with factor VIII. The domain specificity was evaluated by testing 

reactivity of phages with factor VIII light chain and recombinant C2 fragment immobilized via 

antibody CLB-CAg 117.' Bound phages were detected by anti-M13 antibody peroxidase 

conjugate (Pharmacia-LKB, Woerden, The Netherlands).24 Sequences encoding the VH and 

VL domains were determined using the BigDye Terminator sequencing kit on an Applied 

Biosystems 377XL automated DNA sequencer (Foster City, CA). Genes were aligned with a 

database of germline V genes as compiled in the V-BASE sequence directory.25 
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Characterization ofscFv 
For production of single-chain variable domain antibody fragments (scFv), V genes were 

subcloned into the vector pUCl 19-Sfi/Not-His6 26, which introduces a carboxy-terminal His6 
tag in the scFv. Expression and purification of scFv was performed as described previously.27 

Purified scFv were analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
and protein concentrations were measured spectrophotometrically at A280- Reactivity of scFv 
with hybrid factor VHI/factor V light chain fragments and C2 domain was evaluated by 
immunoprecipitation analysis. Immunoprecipitation of metabolically labeled factor VIII 
fragments by scFv/Ni-NTA agarose (Qiagen, Hilden, Germany) complexes was performed as 
described previously.15 

Reactivity of scFv with the region comprising amino acid residues Glu1 4 -Arg1689 of the 
factor VIII light chain was determined as follows. Factor VIII light chain and thrombin-
cleaved factor VIII light chain (0.4 nmol/L) were captured on antibody CLB-CAg 117-coated 
wells as described above. Wells were incubated with scFv (0-100 nmol/L) in TBS/2% HSA 
and 0.1% (vol/vol) Tween-20 for 2 hours at room temperature. Bound scFv were detected 
using peroxidase-labeled antibody 9E10. Antibody 9E10 is directed toward the scFv's 
carboxy-terminal myc-tag. 

RESULTS 

Characterization of anti-factor VIII antibodies in patient's plasma 
Previously, we have shown that amino acid residues Gln1778-Met1823 in the A3 domain 

constitute a binding site for factor VIII inhibitors. This initial characterization of factor VIII 
inhibitors was performed using a plasma sample with an inhibitor titer of 40 BU/mL of a 
patient with severe hemophilia A.8 Following treatment of the same patient with factor VIII 
inhibitor bypassing agent (FEIBA), the inhibitor titer increased to 200 BU/mL. In this study, 
we first evaluated the domain specificity of anti-factor VIII antibodies in the latter plasma 
sample. Immunoprecipitation analysis showed reactivity of antibodies with the factor VIII 
light chain as well as the C2 domain (Figure 1). To determine to what extent anti-C2 domain 
antibodies contribute to the inhibitor titer, an inhibitor neutralization assay was performed. 
Addition of factor VIII light chain completely neutralized factor VIII inhibitory activity, 
whereas 30% neutralization was achieved upon addition of C2 domain (data not shown). This 
suggests that the majority of factor VIII inhibitory antibodies is directed toward a region 
located outside the C2 domain. The patient's anti-factor VIII antibodies consisted 
predominantly of subclass IgG4 (data not shown). Therefore, a subclass specific 
oligonucleotide primer was used to selectively amplify the patient's IgG4-specific VH gene 
repertoire. Recombination of the IgG4-enriched VH gene repertoire with a nonimmune VL 
gene repertoire in pHEN-1-VLrep yielded a phage library of 1.9 x 107 clones. 
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Figure 1. Characterization of antibodies present in plasma of a patient with inhibitors to factor VIII. 
Binding of antibodies to radiolabeled recombinant factor VIII fragments corresponding to the factor VIII light 

chain and the C2 domain. Lanes 1 and 2, positive control (CLB-CAg 117); lanes 3 and 4, negative control 

(normal plasma); lanes 5 and 6, patient's plasma. Arrowheads indicate C2 domain (C2) and factor VIII light chain 

(LCh). Molecular weight markers (in kDa) are indicated at the right. 

Isolation and sequence analysis of antibodies directed toward the A3 domain of factor VIII 

After 3 rounds of selection the domain specificity of phages derived from 15 single clones 

was analyzed. All analyzed clones reacted with the factor VIII light chain but not with the C2 

domain (data not shown). Sequence analysis of these clones revealed the presence of 6 

different VH genes. The VH genes of clones KM37 and KM41 were derived from germline 

gene segments DP-14 and DP-15, respectively (Table 1), both belonging to the V H I gene 

family. The remaining 4 VH genes were derived from VH3 family gene segments; 2 from gene 

segment DP-49 (KM33 and KM38) and 2 from DP-77 (KM35 and KM36). The VH genes 

harbor 21 to 31 nucleotide substitutions compared to their nonmutated germline gene 

segments. This resulted in 9 to 18 amino acid replacements in the encoded VH domains. 

Deduced amino acid sequences of the VH domains are shown in Table 2. Both VH genes of 

clones KM35 and KM36, which are highly homologous, used gene segment JH3b for VDJ-

rearrangement. JH4b was identified as most homologous JH gene segment in clones KM38 and 

KM41 and JH6 in KM37. In the VH domain of KM33, no particular JH gene segment could be 

identified, possibly, as a consequence of extensive somatic hypermutation and/or N-addition 

and deletion at the junction between D and J gene segments. The presence of a particular D 

gene segment could only be established in clone KM37 in which gene segment D3-3 was 

rearranged. VL domains of clones KM35 and KM36 were encoded by germline gene segment 

DPL16, a member of the V^3 gene family. The other 4 VH domains paired with VL domains 

derived from different gene segments belonging to the VKI and VKIII gene families (Table 1). 
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Table 1. Most homologous germline gene segments used in A3-C1 specific scFv 

Clone 

KM37 

KM41 

KM33 

KM38 

KM35 

KM36 

Germline 

DP-14(1-18) 

DP-15(l-8) 

DP-49 (3-30) 

DP-49 (3-30) 

DP-77(3-21) 

DP-77(3-21) 

VH domain 

Family 

VH1 

VH1 

VH3 

V H 3 

V H 3 

V„3 

Substitutions 

nucl./a.a. 

22/13 

21/14 

21/10 

23/9 

31/18 

26/15 

VL domain 

Germline 

DPK8 (L8) 

DPK22 (A27) 

DPK3(L11) 

L12a(L12) 

DPL16(V2-13) 

DPL16(V2-13) 

Family 

VKI 

VJII 

VKI 

VKI 

V^3 

V,3 

Vu and VL germline gene use and nomenclature according to V-BASE." The number of different nucleotides 

(nucl.) and amino acids (a.a.) compared to the nonmutated germlines are indicated. 

Biochemical characterization of A3-CI-specific scFv 

For the expression of scFv, the different VH and VL genes were subcloned in the expression 

vector pUCl 19-Sfi/Not-His6.26 The capacity of each scFv to inhibit factor VIII procoagulant 

activity was evaluated in the Bethesda assay.21 Only scFv KM33 and KM41 inhibited factor 

VIII activity with inhibitor titers of 97 and 63 BU/mg, respectively. The other scFv did not 

inhibit factor VIII activity (titer < 5 BU/mg scFv). To define the domain specificity of the 

isolated scFv, their reactivity was evaluated by immunoprecipitation analysis using 

metabolically labeled factor VIII light chain and C2 domain. Expression of the factor VIII 

fragments was monitored by binding of scFv EL-14 (Figure 2B; lane 9), a previously 

described anti-C2 domain scFv.15 All scFv, except for a control scFv that was directed toward 

the A2 domain (Figure 2B; lane 8), reacted with the factor VIII light chain. None of the 

isolated scFv bound to the C2 domain, indicating that all 6 patient-derived scFv are directed 

toward an epitope in the A3-C1 domains (Figure 2B). 

The interaction of isolated scFv with the factor VIII light chain was explored in more detail 

by mutagenesis in the previously described binding site for anti-A3 antibodies.8'9 Three factor 

Vlll/factor V light chain hybrids were constructed that contained factor V replacements in the 

regions Arg1803-Lys1818 (HV1803-1818), Gln1778-His1821 (HV1778-1821), or Lysl804-Asp1840 

(HV1804-1840). Inspection of a three-dimensional model of the triplicated A domains of 

factor VIII revealed that the majority of the amino acids within amino acid sequence Gin17 -

Asp1840 are located at the surface of the A3 domain.29'30 

First, reactivity of antibody CLB-CAg A, which binding site has been localized to residues 

Lys1804-Lys1818 10, with the different hybrids was evaluated. As expected, CLB-CAg A did not 

recognize any of the hybrid factor Vlll/factor V fragments (Figure 2B, lane 10). In agreement 

with previous data these findings indicate that the epitope of CLB-CAg A is localized within 

region Arg1803-Lys1818. Similar to CLB-CAg A, one of the isolated scFv, KM41, did not react 
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Figure 2. Reactivity of isolated scFv with factor Vlll/factor V light chain hybrids. (A). Below a sequence 

alignment of factor VIII region Gln^-Asp'8 4 0 with the corresponding sequence of factor V, a schematic 

representation of the hybrid factor Vlll/factor V light chain fragments used in this study is depicted. The regions 

Argl803-Lys1818 (HV1803-1818), Glnl778-His1821 (HV1778-1821), and Lysl804-Asp1840 (HV1804-1840) in the 

factor VIII light chain which have been replaced for the corresponding factor V sequence are indicated as gray 

boxes. The acidic region a3, composed of residues Glulf"w-Arg"'8'', is indicated. (B) Binding of scFv to 

recombinant factor Vlll/factor V light chain hybrids was assessed by immunoprecipitation. Lane 1 (+), positive 

control (antibody CLB-CAg 117); lanes 2-7 (33, 35, 36, 37, 38, 41), scFv corresponding to clones KM33, 

KM35, KM36, KM37, KM38, and KM41; lane 8 (-), negative control (scFv directed toward the A2 domain of 

factor VIII); lane 9 (14), positive control (scFv EL-14, directed toward the C2 domain of factor VIII). lane 10 

(A), antibody CLB-CAg A. On the left the used factor VIII fragments are indicated. 

with the different hybrid fragments suggesting that the epitope of scFv KM41 is also 
contained within amino acid sequence Arg ~ -Lys (Figure 2B; lane 7). 

No reactivity of scFv KM35 and KM36 with hybrids HV1778-1821 and HV1804-1840 was 
observed, whereas both scFv readily react with hybrid HV1803-1818 (Figure 2B; lanes 3 and 
4). This points at an essential role for factor VIII residues surrounding sequence Arg 
Lys1818 in the binding of scFv KM35 and KM36 to the light chain of factor VIII. ScFv KM33 
and KM37 reacted with hybrid HV1803-1818, whereas binding of both scFv to HV1778-1821 
was reduced (Figure 2B; lanes 2 and 5). Virtually no binding of scFv KM33 and KM37 to 
HV 1804-1840 was observed, suggesting that residues within this region are essential for 
binding of these scFv to the A3 domain. 

All tested factor VIII light chain hybrids were bound to a similar extent by scFv KM38 
(Figure 2B, lane 6). Therefore, its epitope must be located outside the region Glnl778-Asp' . 
Recently, a binding site for factor VIII inhibitors has been assigned to amino acid residues 
Glul649-Arg1689 at the amino-terminus of the factor VIII light chain." Binding of KM38 to 
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thrombin-cleaved factor VIII light chain was evaluated. Upon thrombin cleavage at position 
Arg1689, the region Glu1649-Arg1689 is removed from the factor VIII light chain. In an enzyme-
linked immuno sorbent assay, scFv KM38 exhibited similar binding to factor VIII light chain 
and thrombin-cleaved factor VIII light chain (data not shown). These findings suggest that 
scFv KM38 recognizes an epitope elsewhere in the A3-C1 domains of factor VIII. 

DISCUSSION 

A significant portion of plasmas of patients with inhibitors to factor VIII are known to 
contain antibodies that bind to the A3-C1 domains.4'6 In the present study, 6 different human 
antibodies directed toward the A3-C1 domains were isolated from the immunoglobulin 
repertoire of a single patient. Previously, we have shown that the VH domains of anti-C2 
antibodies are encoded by germline gene segments derived from the VHI gene family.15 The 
results of this study suggest that unlike anti-C2 antibodies, anti-A3-Cl antibodies are 
composed of VH domains derived from germline gene segments of the VHI and VH3 gene 
families. 

Five of 6 scFv bound to amino acid sequences contained within the region Gln'778-Asp'840 

in the A3 domain. These findings confirm that this part of the A3 domain comprises a major 
binding site for factor VIII inhibitors.8'9 Within amino acid sequence Gln1778-Asp1840 an 
interactive site for factor IXa has been localized to amino acid residues Glul8"-Lys1818.10 

Binding of factor VIII inhibitors to this site in the A3 domain interferes with binding of factor 
IXa. ' Surprisingly, only 2 of 6 scFv described in this study effectively inhibited the 
procoagulant activity of factor VIII. In the following paragraphs, potential explanations for the 
different functional properties of the isolated scFv will be discussed. 

Binding of the inhibitory scFv KM41 is dependent on residues Arg1803-Lys1818, which 
contain a binding site for factor IXa. Previously, we have shown that monoclonal antibody 
CLB-CAg A binds to a synthetic peptide comprising these residues.10 Replacement of 
residues Arg -Lys by the corresponding sequence of factor V abolishes binding of CLB-
CAg A to the factor VIII light chain (Figure 2B). CLB-CAg A interferes with binding of 
factor IXa to the factor VIII light chain.18 In view of the similar epitope specificity of scFv 
KM41 and CLB-CAg A, it is likely that scFv KM41 competes with factor IXa for binding to 
the factor VIII light chain. 

Also scFv K.M33 inhibits the procoagulant activity of factor VIII, although its epitope is 
located outside region Arg1803-Lys1818 (Figure 2B). Binding of scFv KM33 is primarily 
affected by replacements in the carboxy-terminal part of sequence Gin1778-Asp1840. The 
epitope specificity of scFv KM33 is remarkably similar to that of scFv KM37, which does not 
inhibit factor VIII procoagulant activity. It should be noted that the VH domains of scFv 
KM33 and KM37 are derived from different VH gene segments, which may endow these scFv 
with different biochemical properties. Both scFv KM35 and K.M36 do not inhibit factor VIII 
procoagulant activity and binding of both scFv is dependent on residues contained within 
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regions surrounding Arg1803-Lys1818. The VH domains of these scFv differ at only 3 amino acid 
positions which may explain their similar epitope specificity. 

The lack of inhibition of factor VIII activity by scFv KM35, KM36, and KM37 may be 
explained by their low affinity for the factor VIII light chain in comparison to scFv KM33 and 
KM41. Due to their lower affinity for factor VIII, scFv KM35, KM36, and KM37 may not be 
able to efficiently compete for binding of factor IXa to the factor VIII light chain. This could 
potentially explain the scFv's inability to inhibit factor VIII procoagulant activity. 
Furthermore, we cannot exclude a modulating role of von Willebrand factor in determining 
the inhibitory capacity of scFv isolated in this study. We have assessed factor VIII inhibitory 
capacity in a Bethesda assay, which utilizes plasma as a source of factor VIII. Previous work 
from our laboratory revealed that von Willebrand factor inhibits binding of factor IXa to 
region Glnl778-Asp1840 in the factor VIII light chain.18 Similarly, von Willebrand factor 
complexed to factor VIII may shield antigenic sites within the same region thereby preventing 
binding of scFv KM35, KM36, and KM37 to factor VIII. This may provide an alternative 
explanation for the lack of inhibition of scFv directed against this part of the A3 domain. 

Inspection of the three-dimensional homology model of the A domains of factor VIII 
reveals that within region Gln'778-Asp1840, amino acid residues Tyr1792-Ala1834 are exposed.29 

The factor IXa binding site present within region Arg1803-Lys'818 is located at one site of this 
region, whereas regions Glnl778-Pro1802 and Val18l9-Asp1840 are in close contact but oriented 
away from residues Arg1803-Lys1818.30 Based on the diameter of an antigen binding site of 30 
A31, region Gln1778-Asp1840 can accommodate at least 2 separate binding sites for scFv. The 

180^ IRIS • 

first binding site may overlap with residues Arg -Lys and antibodies directed against 
this site are likely to interfere with binding of factor IXa. The second binding site may be 
composed of residues derived from both regions Gln1778-Pro1802 and Val18l9-Asp1840. This 
hypothesis is compatible with our findings on the reactivity of scFv with the hybrid factor 
VHI/factor V light chain fragments. The inhibitory scFv KM41 and monoclonal antibody 
CLB-CAg A are targeted to the factor IXa binding site present within region Arg1803-Lys' ' . 
In contrast, binding of KM33, KM35, KM36, and KM37 to factor VIII is sensitive to 
replacement of amino acid sequences surrounding Arg -Lys . ScFv binding to this site 
may not necessarily interfere with factor VIII activity since most of these residues are not in 
close proximity of the factor IXa binding site at Glu1811-Lys1818. Because of the smaller size of 
scFv (30 kDa) compared to that of complete antibodies (150 kDa), we cannot exclude that a 
complete antibody molecule that binds to regions Gin17 -Pro and Val -Asp can 
interfere with factor VIII procoagulant activity. 

The epitope specificity of scFv KM38 clearly differs from that of the other scFv isolated in 
this study. Presumably, scFv KM38 corresponds to anti-factor VIII antibodies that recognize 
an additional epitope in the A3-C1 domains. ScFv KM38 is not directed against amino acid 
residues Glu1649-Arg1689, a recently described epitope for factor VIII inhibitors in the acidic 
region at the amino-terminus of the factor VIII light chain." Human antibodies directed 
against this region are often accompanied by inhibitory antibodies directed against other parts 
on factor VIII and are not present in plasma of all inhibitor patients. Most likely, antibodies 
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with this specificity are not sufficiently represented in the repertoire of the patient described in 
this study to allow for their isolation by phage display. Competition experiments revealed that 
the epitope of scFv KM38 overlaps with that of antibody CLB-CAg 12, a noninhibitory 
monoclonal antibody directed against the A3-C1 domains of factor VIII (data not shown). 
Only a single scFv that bound outside region Gln1778-Asp1840 has been found in this study, 
suggesting that human antibodies corresponding to scFv KM38 occur with a low frequency in 
the immunoglobulin repertoire of inhibitor patients. 
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Antibody formation in mild hemophilia 

ABSTRACT 

The development of inhibitory antibodies to factor VIII in patients affected by a mild form 
of hemophilia A (factor VIII < 0.05 IU/mL) is considered a rare event. In this study, we 
evaluated the relationship between genotype and anti-factor VIII antibody formation in a 
patient with mild hemophilia A. Mutation analysis showed that a missense mutation in the 
factor VIII gene leading to replacement of Arg593 by Cys in the A2 domain of factor VIII was 
associated with hemophilia A in this patient. The anti-factor VIII antibodies present in the 
patient's plasma were characterized using metabolically labeled factor VIII fragments 
expressed in insect cells. The anti-factor VIII antibodies, composed of subclasses IgG2 and 
IgG4, reacted with both the fragment corresponding to the factor VIII heavy chain and the A2 
domain. The Arg593—»Cys substitution was introduced into the cDNA encoding the A2 
domain of factor VIII and the resulting construct was expressed in insect cells. Strikingly, the 
metabolically labeled A2 domain carrying the Arg593—>Cys mutation was not recognized by 
the anti-factor VIII antibodies present in the plasma of the patient. These data indicate that the 
anti-factor VIII antibodies are exclusively directed against exogenous factor VIII. This 
strongly suggests that the Arg593—>Cys substitution results in recognition of wild-type factor 
VIII as nonself and is thereby related to the formation of anti-factor VIII antibodies after factor 
VIII replacement therapy in this particular patient. 

INTRODUCTION 

Hemophilia A is a sex-linked hereditary bleeding disorder caused by a deficiency or 
dysfunction of clotting factor VIII.' Patients affected by the severe form of this disease (factor 
VIII activity <0.01 IU/mL) suffer from spontaneous bleeding in joints, muscles, and soft 
tissue. In moderate (factor VIII activity 0.02 to 0.05 IU/mL) or mild (factor VIII activity 0.05 
to 0.4 IU/mL) hemophilia, bleeding may occur after minor trauma or surgery. Bleeding can be 
prevented or arrested by the administration of factor VIII concentrate. 

Factor VIII consists of a series of homologous domains and circulates in plasma as a metal-
ion-linked heterodimer. ' The heavy chain (molecular weight 90,000 to 200,000), composed 
of the A1-A2-B domains, is heterogeneous due to limited proteolysis within the B domain. 
The light chain (molecular weight 80,000) consists of the A3, CI, and C2 domains. A serious 
complication of factor VIII replacement therapy is the development of inhibitory antibodies 
directed against factor VIII. Immunoblotting and immunoprecipitation assays with inhibitor 
plasmas have shown that human anti-factor VIII antibodies bind predominantly to epitopes 
within the A2 and/or C2 domains.4"7 Using a series of active recombinant human/porcine 
factor VIII hybrids, a major epitope of factor VHI-inhibiting antibodies has been localized to 

• J.S4 SflS & 

amino acid sequence Arg -He" in the A2 domain of factor VIII. The epitope of antibodies 
directed against the C2 domain of factor VIII consists of a common core of amino acid 
rescues Val2248 to Ser2312.9 
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The reported cumulative incidence of inhibitor development in patients with severe 
hemophilia A is about 20%, varying from 5% to 52%.1011 Patients with mild or moderate 
hemophilia are at a much lower risk of inhibitor development than are severely affected 
patients. In a prospective study of inhibitor incidence among 1,306 hemophilia A patients, 
only 6% of the inhibitors were found in patients with factor VIII >0.03 IU/mL.12 In severely 
affected hemophiliacs, the inhibitor risk is strongly associated with nonsense mutations and 
large deletions in the factor VIII gene. Only a limited number of patients with a missense 
mutation in the factor VIII gene develop an inhibitor.13 The risk of inhibitor development in 
patients with a missense mutation is in the same range for severe or moderate/mild hemophilia 
(2 of 61 and 3 of 202, respectively).14"16 Missense mutations in the factor VIII gene may affect 
the structure of endogenously circulating factor VIII, thereby predisposing for inhibitor 
development upon administration of factor VIII concentrate. Limited information is available 
on the epitopes of antibodies found in mildly or moderately affected hemophilia A patients. 

In the present study, we evaluated antibody formation in a patient affected by mild 
hemophilia A. We showed that the genetic defect associated with hemophilia in this patient 
was a missense mutation in the factor VIII gene, leading to substitution of Arg by Cys in the 
A2 domain of factor VIII. The anti-factor VIII antibody was characterized by 
immunoprecipitation with metabolically labeled recombinant factor VIII fragments. Our data 
provide evidence for a relation between the Arg393—>Cys substitution in the A2 domain of 
factor VIII and antibody formation in this particular patient. 

MATERIALS AND METHODS 

Materials 
DNA-modifying enzymes, restriction enzymes, Grace's insect medium, fetal calf serum, 

and antibiotics were obtained from GIBCO (Breda, The Netherlands). The serum-free medium 
EX-CELL 401 was purchased from JRH Biosciences (Sera Lab Ltd, Crawley, UK). 
Oligonucleotide primers, protein G Sepharose-4FF, CNBr-activated Sepharose-4B, and 
Gelatin Sepharose-4B were obtained from Pharmacia-LKB (Woerden, The Netherlands). The 
Taq track sequencing system was obtained from Promega (Madison, WI). P/w-polymerase was 
purchased from Stratagene (Cambridge, UK). Radioactive chemicals were obtained from 
Amersham ('s Hertogenbosch, The Netherlands). The plasmid pAcGP67B and the Baculogold 
Baculovirus Autographa californica DNA were purchased from Pharmingen (San Diego, 
CA). Spodoptera frugiperda (Sf-9) insect cells and Trichoplusia ni High Five insect cells 
were obtained from Invitrogen (Leek, The Netherlands). Characterization of monoclonal 
antibodies (mAbs) CLB-CAg 9 and CLB-CAg 117 has been described previously.17 Mouse 
mAbs directed against human IgGl, IgG2, IgG3, IgG4, and IgM were obtained from the 
Central Laboratory of the Netherlands Red Cross Blood Transfusion Service and coupled to 
CNBr-activated Sepharose-4B. 
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Coagulation assays 

Blood was collected for coagulation assays by venapuncture in tubes containing 9 vol 

blood and 1 vol 3.2% (wt/vol) trisodium citrate. The blood sample was centrifuged for 10 

minutes at 12,000g. Plasma was collected and immediately stored at -70°C in 0.5- to 1.0-mL 

aliquots. Factor VIII procoagulant activity was assayed by a one-stage clotting assay.18 

Inhibitor titers were measured in plasma using the Bethesda assay essentially as described 

previously.19 

Molecular genetic studies 

Blood was collected by venapuncture in EDTA for isolation of peripheral blood 

lymphocytes. Chromosomal DNA was extracted from the lymphocytes by Qiagen columns 

(Qiagen GMBH, Hilden, Germany) according to the manufacturer's instructions. The 26 exons 

of the factor VIII gene with the bordering intron regions were amplified by polymerase chain 

reaction (PCR) using oligonucleotide primers that will be described elsewhere (manuscript in 

preparation). PCR products were analyzed by single-stranded conformation polymorphism 

(SSCP)20 and PCR products displaying an aberrant SSCP pattern were analyzed by direct 

sequencing. 

Plasmid constructions 

The previously described plasmid pCLB-BPVdB695 has been used as template in the 

construction of plasmids encoding fragments of factor VIII.2' Reaction conditions for PCR 

were 5 minutes at 95°C; 2 minutes at 50°C; 3 minutes at 72°C; 37 cycles of 45 seconds at 

95°C, 90 seconds at 50°C, and 3 minutes at 72°C; and 5 minutes at 65°C in the presence of 1 

mmol/L dNTPs, P/w-polymerase reaction buffer, 50 pmol of each oligonucleotide primer, and 

2.5 U ^/«-polymerase. The plasmid pCLB-GP67-A2 encoding the A2 domain of factor VIII 

was constructed by amplifying a fragment using oligonucleotide primers A2-1 (5' 

ATTCCATGGGATCAGTTGCCAAGAAGCAT 3'; nucleotide position 1174-1191 of factor 

VIII, sense) and A2-2 (5'CTTGCGGCCGCGGAGAATCATCTTGGTTCAATGGC 3'; 

nucleotide position 2262-2277 of factor VIII, antisense). The amplified fragment was purified, 

digested with Ncol and Notl and cloned into plasmid pAcGP67B. In the resulting construct, 

designated pCLB-GP67-A2, cDNA encoding amino acid sequence Ser373-Arg740 of factor VIII 

is fused to that encoding the leader peptide of the acidic glycoprotein GP67. The pCLB-GP67-

90K plasmid encoding amino acids Ala'-Arg740 of the heavy chain of factor VIII was 

constructed by amplifying a 548-bp fragment using oligonucleotide primers 90K-1 

(5'TCTCCATGGGTGCCACCAGAAGATACTAC 3'; nucleotide position 58-75 of factor 

VIII, sense) and 90K-2 (5' ACATACTAGTAGGGCTCC 3'; nucleotide position 577-594 of 

factor VIII; antisense). The 548-bp PCR product was purified and digested with Ncol and 

Ndel fragments. The plasmid pCLB-BPVdB695 was digested with Nde\ (nucleotide position 

461 of factor VIII) and Kpn\ (nucleotide position 1811 of factor VIII), resulting in a 1,351-bp 

fragment. The plasmid pCLB-GP67-A2 was digested with Kpn\ and Notl and the resulting 

fragment was cloned into the pAcGP67B plasmid together with the Nco\-Nde\ fragment and 
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the Nde\-Kpn\ fragment. The resulting plasmid was termed pCLB-GP67-90K. The pCLB-
GP67-80K plasmid, encoding amino acids Glu1648-Tyr2332 of the light chain fragment of factor 
VIII, was constructed by amplifying a fragment using oligonucleotide primers 80K-1 (5' 
GCCCCATGGGGGAAATAACTCGTACTACTC 3'; nucleotide position 5002-5020 of 
factor VIII; sense) and 80K-2 (5' CTGTACTGTCACTTGTCTCCC 3'; nucleotide position 
5659-5679 of factor VIII; antisense). The PCR product was purified and digested with Ncol 
and Ndel. The pCLB-BPVdB695 plasmid was digested with Ndel (nucleotide position 5521 of 
factor VIII) and Notl. The resulting Nco\-Nde\ and Ndel-Notl fragments were cloned together 
into the pAcGP67B plasmid, yielding pCLB-GP67-80K. The plasmid pCLB-GP67-A2-
R593C encoding the A2 domain of factor VIII in which the Arg593 is replaced by Cys was 
constructed by site-directed mutagenesis using overlap extension. Oligonucleotide primer 
R593C-1 (5' GAGAATATACAATGCTTTCTCCC 3'; nucleotide position 1822-1844 of 
factor VIII; sense) was used together with oligonucleotide primer A2-2 to amplify a part of the 
A2 domain. Oligonucleotide primer R593C-2 (5' GGGAGAAAGCATTGTATATTCTC 3'; 
nucleotide position 1822-1844 of factor VIII; antisense) and oligonucleotide primer A2-1 
were used to amplify a fragment corresponding to the amino terminus of the A2 domain. Both 
amplified fragments were purified and used as template in a PCR using primer A2-1 and A2-2 
to amplify a fragment that was purified and digested with Ncol and Not\ and cloned into the 
pAcGP67B plasmid, yielding pCLB-GP67-A2-R593C. The nucleotide sequence of all 
constructs was verified by oligonucleotide sequencing. 

Expression and metabolic labeling of selective domains of factor VIII in insect cells 
Recombinant baculoviruses expressing the various recombinant factor VIII fragments were 

obtained after transfection of Sf-9 cells according to the instructions of the manufacturer. High 
Five cells were infected with recombinant baculoviruses at a multiplicity of infection of 7. 
The cells were maintained in culture medium consisting of 25% (vol/vol) Grace's insect 
medium and 75% (vol/vol) of EX-CELL 401 medium supplemented with 2.5% fetal calf 
serum, 100 U/mL penicillin, and 100 ug/mL streptomycin. At 24 hours postinfection, the cells 
were pulse-labeled with [35S]methionine (50 uCi/mL; specific activity, >800 Ci/mmol) for 24 
hours in a similar culture medium lacking methionine. Medium of metabolically labeled cells 
was collected in an equal volume of 2 times concentrated immunoprecipitation buffer (IPB). 
IPB consists of 50 mmol/L Tris (pH 7.6), 1 mol/L NaCl, 1.2% (vol/vol) Triton X-100, 0.1% 
(vol/vol) Tween-20, 1.0% (wt/vol) bovine serum albumin, 35 mmol/L EDTA, 10 ug/mL 
soybean trypsin inhibitor, 10 mmol/L benzamidine, and 5 mmol/L N-ethylmaleimide. 

Immunoprecipitation 
Immunoprecipitation was performed essentially as described previously. Conditioned 

media were precleared by incubation for 2 hours at room temperature with Gelatin Sepharose 
4B and 2 successive incubations with protein G Sepharose 4FF. Specific adsorption was 
performed overnight at 4°C by adding preformed complexes of protein G Sepharose 4FF and 
30 uL of patient plasma. mAbs CLB-CAg 9 (1 ug/mL) directed against the A2 domain of 
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factor VIII and CLB-CAg 117(1 ug/mL) directed against the light chain of factor VIII were 
used to monitor the expression of the factor VIII fragments. Plasma of several healthy donors 
was used to demonstrate the specificity of the adsorption. 

For antibody subclass typing, specific adsorption was performed using cdgM, algGl, 
aIgG2, aIgG3, or aIgG4 covalently linked to CNBr-activated Sepharose-4B. 
Immunoprecipitates were extensively washed with IPB and finally with 20 mmol/L Tris-HCl 
(pH 7.6). Bound protein was eluted by boiling for 5 minutes in sodium dodecyl sulfate (SDS) 
sample buffer and analyzed under reducing conditions on a 10% (wt/vol) SDS-polyacrylamide 
gel. After electrophoresis, gels were fixed in 30% methanol and 10% acetic acid and treated 
with 20% diphenyloxazol in acetic acid for 30 minutes. Finally, gels were incubated in H20 
and dried and autoradiography was performed. 

RESULTS 

Patient 

Patient A, born in 1961, was affected by mild hemophilia A with a factor VIII level of 
about 0.20 IU/mL. His HLA-identical twin brother, patient B, also suffered from mild 
hemophilia A, with a similar factor VIII level. In 1980, patient A developed an inhibitor after 
a period of extensive perioperative replacement therapy. He had frequent hematomas and 
spontaneous muscle bleeding episodes, irresponsive to factor VIII administration that could 

Table 1. Patient characteristics over time 

Time 

before 1980 

1980 

1981 

1992 

1994 

1995 

Factor VIII Activity 
(IU/mL) 

0.20 

0.01 

0.08 

0.14 

0.14 

0.14 

Inhibitor 
(BU/mL) 

0.0 

22 

1.2 

0.7 

0.7 

0.4 

Half-life 
(hours) 

2-3 

5.5 

Bleeding pattern 

mild 

severe muscle 
hematomas 

mild 

mild 

mild 

mild 

Plasma levels of factor VIII and inhibitor were determined as described in the Materials and methods. The 

factor VIII antigen levels (measured by an enzyme-linked immunosorbent assay using two different mAbs 

directed toward the light chain of factor VIII) were 0.08 IU/mL in the plasma samples of 1992, 1994, and 

1995. No cross-reactivity of the inhibitor against porcine factor VIII was observed in 1992. 
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be controlled by Feiba (Immuno AG, Vienna, Austria). Concomitant with an increase in the 
titer of the inhibitor, the level of circulating factor VIII decreased to less than 0.01 IU/mL 
(Table 1). Apart from the inhibitor, no further abnormalities could be detected when extensive 
laboratory evaluations and immunopathologic tests were performed. After 15 months, the 
level of the inhibitor decreased to less than 1 BU/mL and remained at a low level. During the 
next 12 years there were only five bleeding episodes, all successfully treated with factor VIII 
concentrate. In 1992, the patient received extensive perioperative factor VIII replacement 
therapy again. In 1994, the in vivo recovery of immuno-affinity purified factor VIII 
concentrate was decreased (0.52 IU/mL after the administration of 50 IU/kg) and the factor 
VIII half-life was rather short (5.5 hours). This suggested that antibodies directed against 
factor VIII were present 14 years after the first clinical signs of the inhibitor. Strikingly, the 
patient had a normal response after 1-deamino-8-D-arginine vasopressin (DDAVP) 
administration (0.3 ug/kg) when this was tested 1 week later. His factor VIII increased from a 
baseline level of 0.15 IU/mL to 0.55 IU/mL. Plasma samples from 1992 onwards have been 
used in the present study to characterize the anti-factor VIII antibodies by 
immunoprecipitation. 

Patient B developed a transient inhibitor around the same time as patient A. His inhibitor 
was lower (peak, 9.0 BU/mL) and the clinical picture was less severe. He had received factor 
VIII replacement therapy on about 5 occasions before he developed an inhibitor. 

HCh 

1 2 3 

A2 

1 2 3 

LCh 

1 2 3 kDa 

Figure 1. Epitope mapping of antibodies directed against factor VIII. Recombinant factor VIII fragments 

corresponding to the factor VIII heavy chain (HCh), the A2 domain (A2), and the factor VIII light chain (LCh) 

were expressed in High Five cells and metabolically labeled as described. Binding of anti-factor VIII antibodies 

to the metabolically labeled factor VIII fragments was assessed by immunoprecipitation and analyzed under 

reducing conditions on a 10% (wt/vol) SDS-polyacrylamide gel. Lane 1, mAb CLB-CAg 9 (HCh, A2) or CLB-

CAg 117 (LCh); lane 2, anti-factor VIII antibodies present in the patient's plasma (sample from 1992); and lane 

3, control plasma. Immunoprecipitation of the metabolically labeled factor VIII heavy chain gave rise to a 

nonspecific band of approximately 40 kDa. Molecular weight markers are given on the right of the figure. 
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Characterization of the anti-factor VIII antibodies 

To characterize the antibodies against factor VIII present in the plasma of patient A, 
immunoprecipitation analysis was performed with metabolically labeled factor VIII fragments 
expressed in insect cells. These experiments showed the presence of antibodies in the patient's 
plasma directed against the heavy chain of factor VIII (Figure 1). Further analysis indicated 
that these antibodies bound to the carboxyterminal part of the heavy chain, the A2 domain. In 
contrast, no detectable binding of the antibodies to the metabolically labeled light chain of 
factor VIII was observed, whereas mAb CLB-CAg 117 reacted readily with this fragment. A 
plasma sample of patient B from 1993 was analyzed in a similar manner but no antibody 
binding to metabolically labeled domains of factor VIII could be detected upon 
immunoprecipitation analysis (data not shown). 

1 2 3 4 5 
kDa 

— 97 

— 68 

— 29 

Figure 2. Subclass determination of anti-factor VIII antibodies. Binding of anti-factor VIII antibodies to 

metabolically labeled A2 domain was performed by immunoprecipitation using subclass-specific mAbs. 

Immunoprecipitations were analyzed under reducing conditions on a 10% (wt/vol) SDS-polyacrylamide gel. The 

results of a plasma sample of patient A from 1992 are shown. Lane 1, total IgG; lane 2, IgGl; lane 3, IgG2; lane 

4, IgG3; and lane 5, IgG4. Molecular weight markers are given at the right of Figure 2. No binding to algM was 

found (data not shown). 

Subclass determination was performed by immunoprecipitation using subclass specific 
antibodies. The anti-factor VIII antibodies present in the plasma of patient A consisted of 
subclasses IgG2 and IgG4 (Figure 2). We next examined the reactivity of the anti-factor VIII 
antibodies in plasma samples of patient A from 1992 to 1995. The amount of metabolically 
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labeled A2 domain reactive with the anti-factor VIII antibodies was found to decrease, 
indicating a decline in the antibody concentration in plasma over time (Figure 3). 

1 2 3 4 5 6 
kDa 

Figure 3. Binding of anti-factor VIII antibodies over time. Immunoprecipitation analysis of antibodies 

binding to the A2 domain of factor VIII, with plasma samples of patient A from various time points. Lanes 1 

through 4, plasma of patient A from 1992, 1993, 1994, and 1995; and lanes 5 and 6, plasma of patient B from 

1993 and 1995. Some nonspecific binding of a protein of approximately 100 kDa was observed in this particular 

experiment. A molecular weight marker is given on the right of the figure. 

Relation of the genetic defect associated with hemophilia A and antibody formation 

To study a relation between the genotype of hemophilia A and antibody formation in this 
patient, we screened the factor VIII gene for a genetic defect by SSCP. An aberrant migration 
pattern was observed for the fragment corresponding to exon 12 of the factor VIII gene. Direct 
sequencing showed a point mutation (C -> T) that predicted replacement of Arg by Cys in 
this patient, in agreement with a previous report. 

We hypothesized that this mutation could be related to the epitope of the antibody. To 
address this issue, we introduced the Arg593H>Cys in the construct that encodes for the A2 
domain. The resulting construct, termed pCLB-GP67-A2-R593C, was expressed in insect 
cells. Immunoprecipitation of the metabolically labeled modified A2 domain, termed 
A2R593C, with mAb CLB-CAg 9 showed that A2R593C was present in the conditioned 
medium in a similar concentration as the wild-type A2 domain (Figure 4, lanes 1 and 2). 
Human antibodies, present in the plasma of two other hemophilia A inhibitor patients and one 
spontaneous inhibitor patient, also bound to both wild-type and modified A2 domain (data not 
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shown). However, the antibodies present in the plasma of patient A did not react with the 
modified A2 domain. This observation provides evidence that the anti-factor VIII antibodies 
react solely with wild-type factor VIII and are not directed toward the mutant factor VIII 
synthesized by the patient. Thus, in this particular patient, our data suggest a link between the 
missense mutation causing factor VIII deficiency and antibody development. 

1 2 3 4 5 6 7 

W M W M W M W M W M W M W M 

^ ^ ^ VHP 

kDa 

— 68 

— 43 

— 29 

Figure 4. Binding of anti-factor VIII antibodies to wild-type and modified A2 domain. Immunoprecipitation 

analysis of antibody-binding to the wild-type A2 domain (W) and the A2 domain with the Aig* —>Cys 

substitution (M). Sample 1, mAb CLB-CAg 9; sample 2, control plasma; samples 3 through 6, plasma of patient 

A from 1992, 1993, 1994, and 1995; and sample 7, plasma of patient B from 1993. At the right side of the figure 

the molecular weight marker is depicted. 

DISCUSSION 

We report a patient affected by mild hemophilia who developed anti-factor VIII antibodies 
that appeared to be exclusively directed to wild-type A2 domain when analyzed by 
immunoprecipitation. The antibodies did not bind to the A2 domain containing the 
Arg -H>Cys substitution associated with hemophilia A in this patient. 

Inhibitor development in patients with mild hemophilia is relatively rare. Thirty-two cases 
concerning inhibitor development in moderate or mild hemophilia have been published.11'12'23" 

In some of these patients inhibitor formation is reported to be related to a period of 
intensive factor VIII replacement therapy. In patient A, antibody formation was indeed 
preceded by a period of intensive factor VIII replacement therapy. The low frequency of 
inhibitor formation in patients with mild and moderate hemophilia may result from tolerance 
to administrated factor VIII, induced by endogenously synthesized factor VIII. Our data 
indicate that a missense mutation that alters the immunogenic determinants of the 
endogenously synthesized factor VIII may predispose to antibody development upon initiation 
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of factor VIII replacement therapy. This suggests that wild-type factor VIII is recognized as 
nonself by the immune system of this patient. 

The Arg593—>Cys mutation in the factor VIII gene has been identified in other patients, but 
it has not been associated with inhibitor development.14 '5 This and the milder clinical picture 
of the twin brother illustrates the importance of additional factors besides the genotype. 

It should be noted that immunoprecipitation was performed with plasma samples obtained 
12 to 15 years after the inhibitor was first observed. At this point, the inhibitory activity had 
decreased considerably according to the Bethesda assay. Because the factor VIII specificity of 
inhibitors may change over time,39 it cannot be excluded that the antibodies present in the 
tested samples differ in epitope specificity from the antibodies present at the time of the initial 
inhibitor detection. An antibody with a different epitope could explain the decrease in 
circulating factor VIII levels to less than 0.01 IU/mL in 1980, which is unlikely to result from 
the anti-factor VIII antibodies described in this report. We assume that the antibodies binding 
to the A2 domain of factor VIII are the cause of the slight inhibition of factor VIII activity in 
the Bethesda assay, present in the plasma samples from 1992 to 1995. However, the inhibitory 
nature of the antibodies could not be ascertained, because neutralization experiments using 
wild-type A2 domain and modified A2 domain were unsuccessful, most likely due to the very 
low inhibitor titer. It appears that this patient has had the following sequence of immunologic 
events. After the initial loss of immune tolerance involving shared epitopes, the patient 
subsequently developed immune tolerance to all but the foreign epitope. This observation is 
reminiscent of the sequence of events in posttransfusion purpura (PTP). In PTP, an immune 
response is elicited by alloantigens present on platelets in transfused blood products. The 
transient thrombocytopenia observed in these patients is thought to result from reactivity of 
the antibodies with autologous platelets.40 

The Arg to Cys mutation at amino acid position 593 in factor VIII may change the 
conformation of the A2 domain of factor VIII.41 Furthermore, we cannot exclude that the 
baculovirus-expressed A2R593C domain has an altered structure due to an S-S bound peptide. 
This would then provide an alternative explanation for lack of binding of the patient's 
antibody to the mutated A2 domain. However, gross alterations in the mutant A2 domain 
seem unlikely, because the mutant A2 domain is bound by antibodies present in the plasma of 
two other hemophilia A inhibitor patients and one spontaneous inhibitor patient. 

Two other missense mutations leading to a new cysteine residue at amino acid position 
2105 and 2229 of factor VIII have been associated with inhibitor development in mild and 
moderately severe hemophilia A.15'42 Furthermore, as in our patient, a discrepant response to 
factor VIII concentrate and DDAVP has been reported in two brothers with mild hemophilia 
caused by an Arg2150—>His mutation.33 Together with the findings in the present report, these 
observations indicate that certain missense mutations in the factor VIII gene may predispose 
to inhibitor formation. Our findings may provide a molecular basis for the increased risk of 
inhibitor formation after factor VIII replacement therapy in certain families affected by mild 
hemophilia A.43 
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ABSTRACT 

Recent studies suggest that certain missense mutations associated with mild to moderate 
hemophilia A predispose to inhibitor development. In this study, we present a longitudinal 
analysis of the epitope specificity of an inhibitor that developed in a mild hemophiliac with an 
Arg —»Cys mutation. Immunoprecipitation studies revealed the presence of antibodies 
directed toward the light chain and A2 domain of factor VIII. Limited reactivity was observed 
with metabolically labeled C2 domain. Almost complete inhibitor neutralization was achieved 
upon addition of A2 domain. Binding of the inhibitor was not affected by the presence of the 
Arg —>Cys substitution in the recombinant A2 fragment. Evaluation of the epitope 
specificity of anti-factor VIII antibodies in plasma samples obtained at different time-points of 
inhibitor development revealed initial development of a low titer inhibitor directed toward the 
A2 domain and factor VIII light chain. A second period of factor VIII replacement therapy 
resulted in a dramatic rise in factor VIII inhibitor titer, which maintained their original epitope 
specificity. Based on the results of this and previous studies (Fijnvandraat et ah, 1997; 
Thompson et «/., 1997) it is argued that inhibitor development in patients with the 
Arg —>Cys mutation may proceed via a similar mechanism. 

INTRODUCTION 

A rare complication in hemophilia care is the development of factor VIII inhibiting 
antibodies in nonseverely affected hemophilia A patients.' Exposure to circulating 
endogenous factor VIII in mild and moderate hemophiliacs may induce tolerance for 
administered factor VIII, which could account for the lower incidence of inhibitor 
development in this group.2 Interestingly, certain missense mutations appear to be more 
common in mild and moderate severity hemophilia A patients with an inhibitor.3"7 In 16 
inhibitor patients, 9 different missense mutations were identified which were mainly located 
in the CI and C2 domains.7 Besides mutations in the border region of the C1/C2 domain, 
mutations in the A2 domain have been observed in mild hemophilia A patients with 
inhibitors. The above findings may suggest that certain genetic defects are related to inhibitor 
development. This is illustrated by 2 reports, which describe inhibitor characteristics in 
patients with an Arg2'50—>His substitution.3,4 Strikingly, inhibitory antibodies observed in 
these patients were less reactive with endogenous (His2150) compared to exogenous factor VIII 
(Arg2150) providing evidence for a possible relation between this missense mutation and 
inhibitor development. Recently, we studied the characteristics of factor VIII inhibitors 
present in the plasma of a patient with an Arg593—>Cys substitution.' Remarkably, anti-factor 
VIII antibodies obtained at a late stage of inhibitor development were able to discriminate 
between wild-type (Arg593) and variant (Cys593) factor VIII. Thus, inhibitors in patients with 
the Arg393—>Cys or Arg2150—>His substitution discriminate between exogenous and 
endogenous factor VIII. These observations suggest that factor VIII genotype may relate to 
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inhibitor development. However, in another patient with the Arg —>Cys substitution factor 

VIII inhibitory antibodies with a different epitope specificity were observed.6 Reactivity of 

this patient's antibodies with factor VIII was not affected by the presence of the Arg593—>Cys 

substitution. Detailed epitope mapping revealed that anti-factor VIII antibodies were directed 

against the region Arg -He , which constitutes a major inhibitor epitope in the A2 domain.8 

To get further insight in origin and development of factor VIII inhibitors in patients with 

mild hemophilia we studied inhibitor characteristics in another patient with the Arg593—>Cys 

substitution. We report on the relation between epitope specificity and factor VIII genotype. 

Additionally, we provide a longitudinal analysis of factor VIII inhibitor epitope specificity 

from the onset of factor VIII replacement therapy. 

MATERIALS AND METHODS 

Assays 

Citrated plasma samples used in this study were collected and stored in 0.5-1.0 mL aliquots 

at -70°C. Factor VIII procoagulant activity (factor VIII:C) was measured by a one-stage 

clotting assay and expressed as IU/mL. Inhibitor titers were measured according to the 

Bethesda assay essentially as described previously.10 

Molecular genetic studies 

Genomic DNA was obtained from peripheral blood lymphocytes using the QIAamp Blood 

Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions. The 26 

exons of the factor VIII gene with their bordering intron sequences were amplified by 

polymerase chain reaction (PCR). Amplification was performed using one specific and one 

oligonucleotide primer elongated with the MI3-derived sequence 5'-

GTAAAACGACGGCCAGT-3'. PCR fragments were sequenced by dye-labeled-21M13 

primers using the Thermo Sequenase fluorescent labeled primer cycle sequencing kit 

(Amersham, 's Hertogenbosch, The Netherlands). Sequence analysis was performed using an 

Applied Biosystems 373a automated DNA sequencer. 

Expression, metabolic labeling, and immunoprecipitation of selective domains of factor VIII 

Expression and metabolic labeling of recombinant factor VIII fragments were performed 

essentially as described previously.5'" Recombinant baculoviruses expressing the various 

recombinant factor VIII fragments were obtained after transfection of Sf-9 cells. High-Five™ 

cells were infected with recombinant baculoviruses and maintained in culture medium 

consisting of serum-free Insect-XPRESS medium (BioWhittaker, Alkmaar, The Netherlands) 

supplemented with 100 U/mL penicillin and 100 ug/mL streptomycin (GIBCO, Breda, The 

Netherlands). Medium of metabolically labeled cells was collected in an equal volume of 2 

times concentrated immunoprecipitation buffer. Immunoprecipitation was performed as 

described previously." Expression of radiolabeled factor VIII fragments was monitored by 
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monoclonal antibodies specific for the C2 domain (CLB-CAg 117) and the A2 domain (CLB-
CAg 9). Normal plasma served as a negative control. 

Inhibitor neutralization assay 
Recombinant factor VIII fragments corresponding to the A2 domain, the A2 domain with 

the Arg593—>Cys mutation (designated A2-R593C), and the factor VIII light chain were 
derived from High-Five™ cells infected with recombinant baculoviruses encoding these 
fragments. Recombinant fragments present in culture medium were dialyzed against 50 
mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl. The concentration of factor VIII light chain 
and C2 domain in the conditioned medium was determined by ELISA." Quantification of 
recombinant wild-type A2 domain and A2-R593C was performed by a method outlined 
previously.1" Pooled normal human plasma served as a standard. Inhibitor neutralization was 
performed essentially as described previously. ' J 

RESULTS 

Patient 
Patient AMC-67, a 63-year-old previously untreated mild hemophiliac with factor VIII 

procoagulant levels of 0.29 IU/mL received extensive perioperative factor VIII replacement 
therapy (monoclonally purified plasma-derived factor VIII) for surgical correction of a hernia 
inguinalis and symptomatic varices. No bleeding complications occurred. At a routine control, 
6 weeks later, an inhibitor of 1.2 BU/mL and factor VIII procoagulant levels of 0.04 IU/mL 
were measured. No clinical symptoms of bleeding were present at that time. Three months 

50 100 150 200 

time (days) 

250 300 

E 

> 

Figure 1. Inhibitor development in patient AMC-67. Bars in the graph indicate periods of factor VIII 
replacement therapy and treatment of bleeding episodes with factor Vila. On the left y-axis the titer of the 

inhibitor is given in BU/mL (•, closed circles). On the right y-axis factor VIII procoagulant activity is depicted 

in IU/mL (O, open circles). On the x-axis the time is given in days. The sample corresponding to day zero has 

been taken a day prior to surgery. 
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later, the patient presented with a spontaneous hemorrhage in the left psoas muscle. Upon 
administration of high doses of factor VIII concentrate (continuous infusion 300-750 IU/h for 
5 days) the bleeding was arrested. Remarkably, factor VIII recovery was strongly reduced and 
an anamnestic rise in inhibitor titer to a peak value of 250 BU/mL was observed (Figure 1). 
Subsequently, the inhibitor titer gradually decreased and was undetectable 5 months later. 
During this period 2 bleeding episodes were successfully controlled with recombinant factor 
Vila. Meanwhile, factor VIII procoagulant levels increased to a value of 0.11 IU/mL. The 
clinical course of this patient has been described in more detail elsewhere.14 

Characterization of factor VIII inhibiting antibodies present in plasma of patient AMC-67 

A plasma sample corresponding to a titer of 250 BU/mL was evaluated for epitope 
specificity by immunoprecipitation analysis with radiolabeled factor VIII fragments. The 
antibodies present in the patient's plasma reacted with A2 domain and the light chain of factor 
VIII (Figure 2A). Only limited reactivity was observed with metabolically labeled C2 domain 
of factor VIII. In order to address the functional epitope of the inhibiting antibodies, factor 
VIII neutralization experiments were performed using recombinant factor VIII fragments. 

A 

A2 LCh 

+ - 67 + - 67 

Figure 2. Characterization of anti-factor VIII antibodies present in plasma of patient AMC-67 (A) Binding 

of antibodies to metabolically labeled factor VIII fragments corresponding to the A2 domain (A2), the factor VIII 

light chain (LCh), and C2 domain (C2) as assessed by immunoprecipitation. Plasma of patient AMC-67 (67), 

positive control (+), negative control (-) are indicated for every fragment tested. At the right of the figure 

molecular weight markers (in kDa) are depicted. (B) Neutralization of inhibitor activity by recombinant factor 

VIII fragments: C2 domain (D, open squares), factor VIII light chain (• , closed squares), A2 domain (• , closed 

circles), and A2-R593C harboring the arginine to cysteine substitution at position 593 (O, open circles). Residual 

factor VIII activity is indicated on the y-axis as a percentage of the control sample. On the x-axis the 

concentration of factor VIII fragment added is given. 
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Approximately 70 percent neutralization was achieved when increasing concentrations of 
recombinant A2 domain were added (Figure 2B). Although the factor VIII light chain was 
recognized by the patient's antibodies in immunoprecipitation studies, only limited 
neutralization was observed upon addition of this fragment. 

Analysis of the factor VIII gene of patient AMC-67 revealed a C —> T substitution in exon 
12, which predicts replacement of an Arg593 in the A2 domain by Cys. Previously, we have 
described a patient with an identical molecular defect in which anti-factor VIII antibodies 
selectively recognized a recombinant A2 domain with an Arg at position 593.5 Therefore, we 
evaluated whether binding of the antibodies in patient AMC-67 was also related to the Arg593 

to Cys substitution. The ability of the recombinant fragment A2-R593C to neutralize the 
activity of the inhibitory antibodies was investigated. Addition of A2-R593C resulted in a 
dose-dependent increase in factor VIII activity, which overlapped the pattern of inhibitor 
neutralization observed for the nonmodified A2 domain (Figure 2B). These results indicate 
that binding of the inhibitor to the A2 domain is not affected by the Arg593—>Cys substitution. 

To obtain information on the epitope specificity of anti-factor VIII antibodies over time, 
plasma samples collected during inhibitor development were analyzed by 
immunoprecipitation (Figure 3). Samples up to 5 weeks after initial factor VIII treatment 
remained negative in immunoprecipitation (samples 1 - 4; data not shown). Subsequently, 
weak but significant reactivity with factor VIII light chain and both recombinant wild-type and 
variant A2-R593C domain was observed in agreement with the low titers determined in the 
Bethesda assay (samples 5 - 8 containing 0.3 - 1.1 BU/mL) (Figure 3). A marked increase in 
signal was seen for factor VIII light chain, A2 domain, and A2-R593C in samples 10 and 11. 
This corresponds with a sharp increase in titer of the inhibitor (samples 9 - 14) which is 
followed by a more gradual decrease in inhibitor levels. The transient rise in inhibitor titer is 
reflected by the amount of radiolabeled protein bound by the antibodies in the patient's 
plasma. The latest sample, which contains detectable reactivity, is sample 18, which 
corresponds with a titer of 2 BU/mL. The above analysis was complemented by neutralization 
assays for samples 9 and 17. For both samples, a similar pattern of nearly complete inhibitor 
neutralization was observed following addition of recombinant A2 domain or A2-R593C 
(Table 1). Our results indicate that initial development of a low titer inhibitor is characterized 

Table 1. Inhibitor neutralization by recombinant factor VIII fragments. 

Sample number 

(days) 

9(141) 

14(147) 

17(183) 

Titer 

BU/mL 

9 

250 

58 

Light chain 

(A3-C1-C2) 

10 + 4 

8 + 1 

13 ± 2 

C2 

8 ± 1 

11 ± 1 

12 + 2 

A2 

6 7 1 8 

71 ± 6 

84 ± 5 

A2-593 

65 ± 3 

74 ± 2 

72 ± 9 

Inhibitor neutralization is given in percentages. Values represent the means ± S.D. of 3 independent 

determinations. 
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by the presence of antibodies directed against the A2 domain and the factor VIII light chain. A 
second period of factor VIII replacement therapy resulted in an anamnestic rise in level of 
factor VIII inhibitors, which maintain their original epitope specificity. 

E 100 

CO 

® 10 r 

Days 0 1 4 7 134136138140141142143144145147158173183259293 

Sample nr. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

LCh 

A2 

A2-R593C 

Figure 3. Longitudinal analysis of factor VIII inhibitors in patient AMC-67. Plasma samples obtained at 

different time points during inhibitor development were characterized by immunoprecipitation. Upper panel: 

inhibitor titer (BU/mL) at different time points of inhibitor development. On the y-axis the inhibitor titer is 

indicated in BU/mL. Below each bar the number of days is depicted according to data presented in Figure 1. 

Lower panel: immunoprecipitation with plasma samples, which correspond to the numbers indicated on the x-

axis of Figure 3. Radiolabeled fragments correspond with the factor VIII light chain (LCh), the A2 domain (A2) 

and A2 domain with the Arg''93—>Cys mutation (A2-R593C). Anti-factor VIII antibodies of subclass IgM could 

only be detected in samples 8 and 9. These antibodies were directed toward the light chain of factor VIII. We 

were unable to detect IgM antibodies directed toward the A2 domain of factor VIII. 
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DISCUSSION 

Factor VIII inhibitors are infrequently observed in patients with previously untreated mild 
hemophilia A and tend to associate with certain genetic defects.7 Here, we describe a 
previously untreated mild hemophiliac with an Arg5 —>Cys substitution who developed a 
factor VIII inhibitor after intensive factor VIII replacement therapy. 

The epitope specificity of the inhibitory antibodies in patient AMC-67 is remarkably 
similar to that of patient F described in a previous report. In plasma of both patients, who 
both received intensive factor VIII replacement therapy after surgery, inhibiting antibodies 
directed against the A2 domain have been identified. Part of the anti-factor VIII antibodies 
possesses light chain specificity. This observation suggests that inhibitor formation may 
proceed via a similar mechanism in both patients. In the patient described by Thompson and 
coworkers the anti-A2 antibodies were directed against a common binding site (Arg -He ) 
for factor VIII inhibitors.6'8 Although it has not been addressed in full detail in this study, it is 
likely that the anti-A2 antibodies observed in patient AMC-67 are directed toward the same 
region. It has been proposed that exposure of cryptic epitopes in combination with a high 
antigen load may explain development of inhibitors in patients with the Arg —>Cys 
mutation.6 We hypothesize that following treatment of patients with the Arg593—»Cys mutation 
and subsequent processing of factor VIII antigen, peptides containing amino acid Arg may 
evoke T-helper cell activation. This may result in loss of tolerance, which coincides with 
formation of B-cell clones expressing antibodies directed toward the major inhibitor epitopes 
on factor VIII. Following initial treatment of patient AMC-67 a low titer inhibitor developed. 
Alternative treatment of the psoas muscle bleed with DDAVP or recombinant factor Vila may 
have prevented anamnesis. Furthermore, our analysis indicates that frequent monitoring may 
be useful for early detection and management of patients at risk of inhibitor development. 

In this study we were not able to demonstrate any change in inhibitor specificity over time. 
Previously we have described an inhibitor patient with the same factor VIII mutation.5 In that 
patient baseline factor VIII was reduced at the time the inhibitor first appeared. At a late stage 
of inhibitor development the baseline factor VIII of the patient increased and the inhibitor 
appeared to be exclusively directed toward wild-type A2 domain, not recognizing the patient's 
endogenous, variant (Cys ) factor VIII. The difference in the natural history of inhibitor 
development between the presently and previously studied patient most likely originates from 
factors beyond the factor VIII genotype. 

Antibodies exclusively recognizing wild-type factor VIII may be induced by antigen driven 
stimulation of a specific B-cell clone. In the case of a patient with the Arg —>Cys mutation 
this would require continuous presentation of the Arg593 containing peptide by an appropriate 
MHC class II molecule capable of supporting proliferation of B-cell clones specific for the 
Arg5 —»Cys mutation. In the absence of the appropriate MHC class II allele inhibitor 
development may depend on 'Antigen load" as proposed by Thompson and coworkers.6 The 
hypothetical model outlined above may explain the different inhibitor epitope specificity in 
patients with the Arg593^Cys mutation and predicts a prominent role for MHC class II 
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molecules in inhibitor development in patients with mild hemophilia A. Presently, we are 

evaluating whether inhibitor development in patients with the ArgM~—>Cys mutation can be 

linked to a particular MHC class II allele. The result from this analysis may provide a 

rationale for inhibitor development in a subset of patients with mild and moderate hemophilia 

A. 
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Anti-A2 domain antibodies isolated by phage display 

ABSTRACT 

One of the major binding sites for factor VIII inhibitors is located within the A2 domain. In 

this study, phage display technology was used to isolate 2 human monoclonal antibodies, 

termed VK34 and VK41, directed toward the heavy chain of factor VIII. The VH domain of a 

single-chain variable domain antibody fragment (scFv) VK34 is encoded by germline gene 

segment DP-10. Epitope mapping studies revealed that scFv VK34 is directed against amino 

acid residues Arg484-Ile508, a previously identified binding site for factor VIII inhibitors in the 

A2 domain. ScFv VK34 inhibited factor VIII activity with a titer of 280 BU/mg. The VH 

domain of VK41 was encoded by germline gene segment DP-47. Phage corresponding to 

VK41 competed with a monoclonal antibody for binding to amino acid residues Asp7l2-Ala736 

in the acidic region adjacent to the A2 domain. Reactivity of VK41 with a factor VIII variant 

in which we replaced amino acid residues Asp7l2-Ala736 for the corresponding region of 

heparin cofactor II was strongly reduced. In addition, substitution of Tyr
718-719-723 for phe 

abrogated binding of VK41 to factor VIII. ScFv VK41 did not inhibit factor VIII activity. This 

study not only defines the primary structure of human anti-factor VIII antibodies reactive with 

the A2 domain, it also describes an antibody with an epitope not previously identified in the 

antibody repertoire of hemophilia patients with an inhibitor. 

INTRODUCTION 

Factor VIII is an essential cofactor in the intrinsic pathway of blood coagulation that 

enhances the activation of factor X by factor IXa in the presence of Ca2+ ions and 

phospholipids. Based on internal sequence homology, the factor VIII molecule can be defined 

by the domain structure: Al-a7-A2-a2-B-a5-A3-Cl-C2 (for a review see Lenting et al.)} In 

plasma, factor VIII circulates as a heterodimer composed of a heavy chain (Al-al-A2-a2-B 

domains) and a light chain (ai-A3-Cl-C2 domains). The functional absence of factor VIII is 

associated with the X-linked bleeding disorder hemophilia A. In patients with hemophilia A, 

the bleeding tendency can be corrected by the administration of factor VIII concentrates. After 

multiple infusions, some patients with hemophilia A develop antibodies that neutralize the 

procoagulant activity of factor VIII.2 

These antibodies, commonly termed factor VIII inhibitors, are directed against epitopes 

present in the A2, A3, and C2 domains of factor VIII.3 More detailed mapping of anti-C2 

antibodies revealed a common binding site consisting of residues Val2248-Ser2312.4 Using a 

series of active human/porcine factor VIII hybrids, a second determinant of the anti-C2 

inhibitor epitope has been attributed to the region Glu2l8l-Val2243.5 Anti-C2 inhibitors prevent 

factor VIII from binding to phospholipids and von Willebrand factor.6-7 Two independent 

studies identified a binding site for factor VIII inhibitors in the A3 domain of factor VIII, 

which overlaps a previously identified binding site for factor IXa.8"10 Binding of these 

inhibitors interferes with assembly of the factor IXa-factor Villa complex. 
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Within the A2 domain, residues Arg484-Ile5 have been shown to constitute a binding site 

for factor VIII inhibitors." Alanine scanning mutagenesis within this region indicated that 

amino acid residue Tyr487 is essential for binding of most human inhibitors to the A2 

domain.12 Anti-A2 inhibitors block the activation of factor X by the phospholipid-bound 

factor Villa-factor IXa complex.13 Recently, it was shown that these antibodies abrogate the 

stimulatory effect of isolated A2 domain on factor IXa activity.14 These data indicate that anti-

A2 inhibitors prevent the interaction of the A2 domain with factor IXa. 

Previously, we have used phage display technology to isolate anti-C2 antibodies from the 

immunoglobulin repertoire of a patient with acquired hemophilia. " Anti-C2 antibodies were 

characterized by an unusually long CDR3 of 20-23 amino acids and extensive somatic 

hypermutation. Surprisingly, the immunoglobulin heavy chain variable (VH) domains of all 

these antibodies were encoded by VH gene segments derived from the VH1 gene family. These 

findings suggest that a subset of VH gene segments is used to generate human anti-C2 

antibodies. Here, we have used phage display technology to further define anti-A2 antibodies. 

The current study defines the molecular characteristics of a human antibody reactive with 

factor VIII sequence Arg484-Ile508, the major inhibitor binding site located within the A2 

domain. Moreover, we provide evidence for the existence of an additional epitope for human 

anti-factor VIII antibodies located between residues Asp712-Ala736 in the a2 region. 

MATERIALS AND METHODS 

Materials 

DNA restriction enzymes and Taq DNA polymease were purchased from Life 

Technologies (Breda, The Netherlands) and New England Biolabs (Beverly, MA). Pwo DNA 

polymerase was obtained from Boehringer (Mannhein, Germany). Factor VIII heavy chain 

was purified from human plasma as described.16 Factor VIII-del(868-1562) (hereafter 

designated as rFVIII), a B domain-deleted factor VIII has been described previously. In 

rFVIII-HCII residues Asp712-Ala736 of factor VIII were replaced by residues Ile5'-Leu80 of 

heparin cofactor II.18 Construction of a factor VIII variant in which amino acid residues 

Tyr718, Tyr719, and Tyr723 were replaced for Phe, was performed by overlap extension 

mutagenisis using the previously described plasmid pCLB-dB695 as a template. rFVIII, 

rFVIII-HCII and rFVIII-Tyr7l8 '719-723^Phe were expressed in mouse CI27 fibroblasts and 

purified as described.16 Monoclonal antibody (mAb) CLB-CAg 9 has been characterized 

previously.18 mAb ESH5 was purchased from American Diagnostica. (Greenwich, CT). 

F VIII assays 

Factor VIII activity was measured by a one-stage clotting assay. Factor VIII inhibitor 

titers were measured using the Bethesda assay. 
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Construction of a hybrid FVHI/FV recombinant A2 domain 

Plasmid pCLB-GP67B-A221 and factor V cDNA served as templates for the construction 

of a plasmid encoding the A2 domain and the a2 region (residues Ser373-Arg740) in which 

residues Arg4 4-Ile508 were replaced by the corresponding sequence of coagulation factor V. 

Primer combinations A2-1 - 484FV AS (5'-TCT TCA TAA GGG ACA TCA GTG ATT 

CCG-3'), 484FV S (TGA TGT CCC TTA TGA AGA TGA AGT C-3') - 508FV AS (5'-TAT 

TTG AAT GTT TCC CCT GGT TGA AC-3') and 508FV S (5'-CAG GGG AAA CAT TCA 

AAT ATA AAT GG-3') - A2-2 were used to amplify 3 DNA fragments that were reassembled 

by overlap extension polymerase chain reaction using outer primers A2-1 and A2-2 in a 

second round of amplification.21 The final product was cloned as Nco\-Not\ fragment in pAc-

GP67B to yield pCLB-GP67B-A2-FV484-508. Expression in insect cells and labeling of 

recombinant factor VIII fragments was performed as described previously.21 

Phage display library construction and selection 

In this study, peripheral blood mononuclear cells were used as source of RNA for 

generation of the patient's IgG4-specific VH gene repertoire essentially as described 

previously.15 The obtained repertoire was combined with a VL gene repertoire of nonimmune 

origin in pHEN-1-VLrep and displayed as scFv on the surface of filamentous phage.23 Phages 

were selected for binding to the factor VIII heavy chain using the following methods: 

microtiter wells were coated overnight at 4°C with 100 |iL mAb CLB-CAg 9 (35 nmol/L in 50 

mmol/L NaHC03, pH 9.6). Subsequently, wells were blocked with Tris-buffered saline (150 

mmol/L NaCl, 50 mmol/L Tris, pH 7.4) and 3% (wt/vol) human serum albumin (HSA) for 2 

hours at 37°C. To reduce nonspecific binding, phages in Tris-buffered saline, 3% (wt/vol) 

HSA, and 0.5% (vol/vol) Tween-20 were preincubated for 2 hours at room temperature in 

blocked CLB-CAg 9-coated microtiter wells. Meanwhile, CLB-CAg 9-coated microtiter wells 

were incubated for 2 hours at 37°C with human factor VIII heavy chain (16 nmol/L in 1 mol/L 

NaCl, 50 mmol/L Tris, pH 7.4, 2% [wt/vol] HSA). Wells were blocked with HSA as outlined 

above and incubated for another 2 hours at room temperature with nonbound phages, which 

were transferred from the preincubations. After intensive washing, bound phages were eluted 

and rescued by reinfection of Escherichia coli TGI.24 Alternatively, phages were selected on 

factor VIII heavy chain (40 nmol/L in 50 mmol/L NaHC03, pH 9.6) immobilized to 

immunotubes (Maxisorp; Nunc, Breda, The Netherlands), thereby allowing the selection of 

phages directed toward epitopes blocked by antibody CLB-CAg 9. The library was subjected 

to 3 rounds of selection using the 2 procedures outlined above. 

Screening and sequencing of selected clones 

After 3 rounds, phages obtained from 20 single infected colonies of both selections were 

tested for binding to the factor VIII heavy chain immobilized to mAb ESH5. Bound phages 

were detected by anti-M13 antibody peroxidase conjugate (Pharmacia-LKB, Woerden, The 

Netherlands). VH and VL genes of factor VIII heavy chain binding clones were sequenced 

using the BigDye Terminator sequencing kit on a 377XL automated DNA sequencer (Applied 
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Biosystems, Foster City, CA). Sequences were compared with a database of germline V genes 

as compiled in the V-BASE sequence directory.25 

Expression and purification ofscFv 

To facilitate the purification of scFv, a His-tag was introduced into the expressed protein 

by subcloning the V gene cassettes into the vector pUC119-Sfi/Not-His6.26 ScFv expression 

in E. coli was induced with isopropyl P-D-thiogalactoside (IPTG) for 3 hours at 25°C. 

Purification of scFv by immobilized metal chelate affinity chromatography was performed as 

described previously.27 Eluted fractions were analyzed by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis under nonreducing conditions; protein concentrations were 

determined spectrophotometrically at A28o-

Characterization of isolated clones 

Immunoprecipitation of metabolically labeled factor VIII fragments by scFv was performed 

as described previously.15 Reactivity of phages derived from the isolated clones with plasma-

derived factor VIII heavy chain, recombinant A2 domain, rFVIII, rFVIII-HCII and rFVIII-

Tyr7l8 '7l9 '723->Phe was determined by enzyme-linked immunosorbent assay (ELISA). Factor 

VIII antigen was immobilized at a concentration of 1 nmol/L to ESH5-coated microtiter wells. 

Microtiter wells were incubated for 2 hours at room temperature with recombinant phages in 

500 mmol/L NaCl, 50 mmol/L Tris, pH 7.4, 3% (wt/vol) HSA, 0.5% (vol/vol) Tween-20. 

Bound phages were detected by anti-M13 antibody peroxidase conjugate.28 Experiments were 

performed in duplicate, and values were expressed as percentages of maximum binding. 

RESULTS 

Characterization of anti-factor VIII antibodies in patient's plasma 

Previously, we reported on the domain specificity of anti-factor VIII antibodies in a patient 

(AMC-67) with mild hemophilia A caused by an Arg593->Cys substitution.22 The patient had 

a transient inhibitor with a maximum titer of 250 BU/mL. Plasma and peripheral blood 

mononuclear cells were isolated from blood samples collected when the inhibitor reached its 

peak value. Most factor VIII inhibitory antibodies in the patient's plasma were directed against 

the A2 domain. Here, we evaluated binding of these antibodies to a hybrid factor VIII/ factor 

V recombinant A2 domain in which residues Arg484-Ile508 were substituted for the 

corresponding sequence of factor V. Immunoprecipitation analysis revealed that antibodies in 

the patient's plasma did not react with A2-FV484-508 (Figure 1A). Subsequently, an inhibitor 

neutralization assay using this fragment was performed. Limited neutralization was observed 

with the addition of A2-FV484-508, whereas the A2 domain almost completely neutralized 

factor VIII inhibitory activity (Figure IB). These findings suggest that approximately 70% of 

the factor VIII inhibitory antibodies in the plasma of this patient are directed toward an 

epitope consisting of residues Arg -He . 

100 



Anti-A2 domain antibodies isolated by phage display 

B 

A2-FV484-508 
kDa 

— 6 8 2 100 

— 43 

0.2 0.4 0.6 

A2/A2-FV484-508 (nmol/L) 

Figure 1. Characterization of antibodies present in patient plasma. (A) Binding of antibodies to radiolabeled 

recombinant factor VIII fragments corresponding to the A2 domain (A2) and an A2 domain in which residues 

Arg'l84-Ile50S were replaced for the corresponding sequence of factor V (A2-FV484-508) was assessed by 

immunoprecipitation analysis. Lane 1, positive control (CLB-CAg 9); lane 2, negative control (normal plasma); 

lane 3, plasma of patient AMC-67. Molecular weight markers (in kDa) are indicated at the right. (B) 

Neutralization of factor VIII inhibitory activity by recombinant factor VIII fragments. Inhibitor plasma was 

diluted to a final concentration of 2 BU/mL, corresponding to 25% of residual factor VIII activity. Samples were 

incubated for 2 hours at 37°C in the presence of increasing concentrations A2 domain (O, open circles) and A2-

FV484-508 ( • , closed circles). After incubation for 1 additional hour at 37°C in the presence of normal plasma, 

residual factor VIII activity was determined relative to a sample that was incubated in the absence of an inhibitor. 

Isolation and sequence analysis of antibodies directed toward the factor VIII heavy chain 

V gene phage display was used to isolate human antibodies reactive with the factor VIII 

heavy chain from the immunoglobulin repertoire of the patient. Isotyping revealed that the 

factor VIII heavy chain-specific antibodies present in the patient's plasma consisted 

predominantly of subclass IgG4 (data not shown). Therefore, a subclass-specific 

oligonucleotide primer was used for amplification of the patient's IgG4 VH gene repertoire. 

The IgG4-enriched VH gene repertoire was recombined with a nonimmune VL gene repertoire 

in pHEN-1-VLrep, resulting in a library of 1.9 x 107 clones. To isolate anti-A2 antibodies, the 

library was selected for binding to the factor VIII heavy chain. After the third round of 

selection, phages derived from 40 single clones were analyzed for binding to the factor VIII 

heavy chain. Twenty-six of 40 clones reacted with factor VIII heavy chain (data not shown). 

Sequence analysis of these 26 factor VIII heavy chain reactive clones revealed the presence 

of only 2 different VH domains. Two clones, VK34 and VK41, were selected for further study. 

The VH gene of clone VK34 was derived from germline gene segment DP-10, belonging to 

the VH1 gene family (Table 1). Comparison of the amino acid sequence of the VH segment of 
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clone VK34 with that of the nonmutated germline gene segment DP-10 revealed 8 differences. 
The CDR3 of VK34 consists of only 5 amino acids. Interestingly, residues Ala93 and Arg94, 
located adjacent to the CDR3 and normally encoded by the VH germline gene segment DP-10, 
were replaced by Glu93 and Leu94. The amino acid sequence of the VH gene segment of clone 
VK.41 differed at 13 positions from that of the most homologous germline gene segment DP-
47 of the VH3 family (Table 1). The CDR3 of VK41 comprises 12 amino acid residues. JH 

gene segments involved in immunoglobulin VDJ rearrangement in clones VK34 and VK41 
were most homologous to JH3b and Jn6b, respectively. Use of a particular D gene segment 
could not be ascertained. VL domains of VK.34 and VK41 were both derived from gene 
segment DPL16, a member of the V^3 gene family (Table 1). 

100 200 300 

scFv (nmol/L) 

400 

Figure 2. Inhibition of factor VIII activity in the one-stage clotting assay. ScFv VK34 (O, open circles) and 

VK.41 (• , closed circles) were tested for factor VIII inhibitory activity according to the Bethesda assay.20 Factor 

VIII activity is given in percentages relative to a control sample incubated in the absence of scFv. 

Biochemical characterization of VK34 and VK41 

The inhibitory effect of antibody fragments of VK34 and VK41, expressed as scFv in E. 
coli on factor VIII procoagulant activity, was evaluated in the Bethesda assay. ScFv VK34 had 
an inhibitor titer of 280 BU/mg. No inhibition of factor VIII activity was observed in the 
presence of scFv VK41 (Figure 2). To define the epitopes of VK34 and VK41, scFv were 
tested for reactivity with different metabolically labeled A2 domain fragments by 
immunoprecipitation. ScFv VK34 reacted with the recombinant A2 domain (Figure 3; lane 3, 
left panel). A variant A2 domain, in which the region Arg484-Ile508 was replaced for the 
corresponding sequence of factor V, was not recognized by scFv VK34 (Figure 3; lane 3, right 
panel). Thus, binding of VK34 is dependent on the presence of Arg484-Ile508, a region 
previously identified as a major binding site for factor VIII inhibitors in the A2 domain. 
Surprisingly, neither of the recombinant A2 domain fragments were recognized by scFv VK41 
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(Figure 3; lane 4). Therefore, the epitope specificity of clone VK41 was examined using a 

different approach. 

A2 A2-FV484-508 
1 2 3 4 5 1 2 3 4 5 

— 68 

— m —43 

— 29 

— 18 

Figure 3. Immunoprecipitation of variant A2 domain fragments by isolated scFv. Binding of scFv to 

recombinant A2 domain and A2-FV484-508 was assessed by immunoprecipitation. Lane 1, positive control 

(mAb CLB-CAg 9); lane 2, negative control (normal plasma); lane 3, scFv VK34; lane 4, scFv VK41; lane 5, 

scFv EL-14, directed toward the C2 domain of factor VIII. Molecular weight markers (in kDa) are indicated at 

the right. 

Selection of the library was performed using 2 different methods. Phages corresponding to 
clone VK41 were exclusively isolated from selection of the library using immunotubes coated 
with factor VIII heavy chain. Selection of the library on plasma-derived factor VIII heavy 
chain immobilized via mAb CLB-CAg 9 did not yield phages corresponding to clone VK41. 
The epitope of antibody CLB-CAg 9 has been localized to amino acid residues Asp712-
Ala736.18 These results suggest that the epitope of VK41 may overlap with residues Asp712-
Ala736, which constitute the epitope of CLB-CAg 9. Therefore, antibody CLB-CAg 9 was 
tested for its ability to compete with VK41 for binding to the factor VIII heavy chain. Because 
scFv VK41 reacted poorly with immobilized factor VIII heavy chain, phages corresponding to 
VK34 and VK41 were used for these studies. Phages at a concentration that corresponded to 
75% of maximum binding were mixed with serial dilutions of CLB-CAg 9 and incubated with 
factor VIII heavy chain containing wells. Bound phages were detected as described in 
"Materials and methods". Concentrations of 7 nmol/L CLB-CAg 9 were sufficient to reduce 
significantly the binding of VK41 to immobilized factor VIII heavy chain (Figure 4A). In 
contrast, the binding of clone VK34 to factor VIII heavy chain was not affected by addition of 
CLB-CAg 9. These data indicate that the epitope of VK 41 is located within or close to a 
region bounded by residues Asp712-Ala736. Previously, we have described a variant factor VIII 
in which amino acid residues Asp712-Ala736 were replaced by Ile51-Leu80 of heparin cofactor II. 
This variant, termed rFVIII-HCII, was not recognized by antibody CLB-CAg 9.18 Therefore, 
the reactivity of phages corresponding to VK34 and VK41 with rFVIII-HCII was evaluated. 
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Phages corresponding to VK41 readily bound to rFVIII, whereas binding to rFVIII-HCII was 
strongly reduced (Figure 4B). Within region Asp712-Ala7 6, 3 tyrosine residues are present that 
are posttranslationally modified by tyrosine sulfation.30 We investigated the binding of VK41 
to a factor VIII variant in which Tyr718, Tyr719, and Tyr723 were replaced by Phe (rFVIII-
Tyr718'm723-»Phe). Only limited reactivity of VK41 with rFVIII-Tyr718-719'723->Phe was 
observed (Figure 4B). Our data suggested that Tyr718, Tyr71 , and Tyr are part of a 
previously unidentified binding site for human anti-factor VIII antibodies in the acidic region 
adjoining the A2 domain. 
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pdFVIII HCh rFVIII HCII Y718,719,723F 

Figure 4. Epitope mapping of clone VK41. (A) Competition for binding to the heavy chain of factor VIII of 

phages corresponding to VK34 (O, open circles) and VK41 ( • , closed circles) with mAb CLB-CAg 9. Binding 

is expressed as percentage of maximal binding. (B) Reactivity of phages corresponding to VK34 and VK41 with 

plasma-derived factor VIII heavy chain (pdFVIII HCh), rFVIII (rFVIII), rFVIII-HCII (HCII), and rFVIII-

Tyr7i8.7i9.723_^phe (Y718, 719, 723F). Phage ELISAs were performed as described in "Materials and methods". 

Binding of phages to rFVIII is expressed as percentage relative to binding of VK41 to rFVIII. 
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DISCUSSION 

Epitope mapping studies revealed that a significant portion of factor VIII inhibitors binds 
to the A2 domain of factor VIII.3 Within the A2 domain, residues Arg484-Ile508 constitute a 
major determinant of the epitope of factor VIII inhibitors."'12 In this study, we selected a 
phage display library of the IgG4-restricted VH gene repertoire derived from a patient with 
anti-A2 inhibitor for binding to the heavy chain of factor VIII. Two different antibodies 
(VK34 and VK41) reactive with the factor VIII heavy chain were isolated. Epitope mapping 
revealed that clone VK.34 was directed toward the amino acid residues Arg -He5 in the A2 
domain. Antibodies directed toward this region account for most factor VIII inhibitory activity 
in the patient's plasma (Figure IB). Furthermore, our study provides evidence for an additional 
binding site for anti-factor VIII antibodies in the a2 region, which comprises amino acid 
residues Asp712-Ala736. So far, anti-A2 antibodies are predominantly directed toward a major 
binding site that has been attributed to the region Arg484-Ile508."'12'14 Anti-A2 inhibitors have 
been studied in functional assays, which only detect inhibitory anti-factor VIII antibodies."'12 

Because scFv VK41 does not inhibit factor VIII activity, antibodies in patient plasma 
corresponding to VK41 may have escaped detection using these assays. This may explain why 
amino acid region Asp7' -Ala7 has not been identified previously as a binding site for anti-
factor VIII antibodies. Alternatively, the plasma concentration of IgG corresponding to VK41 
may be low in patients with an inhibitor. Competition experiments indicated that IgG present 
in the patient's plasma was able to compete for binding to factor VIII heavy chain by scFv 
VK41 (data not shown). These findings suggest that IgG corresponding to VK41 is present in 
significant amounts in plasma of patient AMC-67. 

VK41 did not bind to a recombinant A2 fragment comprising residues Ser373-Arg740 in an 
immunoprecipitation assay, whereas it reacted with plasma-derived factor VIII heavy chain. 
This suggests that the properties of the recombinant fragment produced in insect cells are 
dissimilar to the corresponding region in plasma-derived factor VIII heavy chain. The acidic 
region carboxy-terminal of the A2 domain contains 3 potential tyrosine sulfation sites at 
positions Tyr ' , Tyr ' , and Tyr723. The inability of VK41 to react with variant rFVIII-
Tyr ' '7I '7 —>Phe suggests that sulfated tyrosines in amino acid region Asp712-Ala736 

constitute at least part of the epitope of VK41. Interestingly, rFVIII-Tyr718'7l9'723->Phe is 
recognized normally by antibody CLB-CAg 9, indicating that the sulfated tyrosines are not 
required for binding of this antibody (data not shown). Apparently, different amino acids 
within thea2 region contribute to the epitope of CLB-CAg 9 and VK41. The lack of reactivity 
of VK41 with the recombinant A2 fragment suggests that tyrosine sulfation at Tyr718, Tyr719, 
and Tyr7 occurs inefficiently in insect cells. Besides the acidic region carboxy-terminal of 
the A2 domain, acidic regions are present carboxy-terminal of the Al domain and amino-
terminal of the A3 domain. Some inhibitor plasmas contain antibodies directed toward the al 
region of factor VIII. ' ' Recently, also the acidic region a3, the amino-terminal of the A3 
domain, has been identified as a binding site for factor VIII inhibitors.32 The presence of 
cleavage sites for thrombin and factor Xa at the borders of acidic regions adjacent to the Al, 
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A2, and A3 domains indicates these areas are exposed in factor VIII. This may explain the 
presence of binding sites for anti-factor VIII antibodies in the acidic regions al, a2, and a3. 

Factor VIII inhibitors directed toward the A2 domain are characterized by their restricted 
epitope specificity, suggesting that a limited number of VH genes participates in the assembly 
of antibodies that recognize Arg484-Ile508. It is of note that only a single clone reactive with 
region Arg484-Ile508 was isolated from the patient's repertoire. Clonal expansion of a single 
memory B-cell may be a particular feature of the patient analyzed. Isolation of anti-A2 
antibodies from other patients should reveal whether a restricted number of VH germline genes 
encode for the VH domains in anti-A2 antibodies. Recently, we have shown that anti-C2 
antibodies are composed of multiple VH domains that are derived from germline genes of the 
VHI family.15 Interestingly, the VH domain of clone VK34 is encoded by germline gene 
segment DP-10 of the VHI gene family. Similar to VK34, the VH domain of the C2-specific 
scFv EL-14 was encoded by the DP-10 germline gene segment. In the human repertoire, the 
DP-10 germline gene segment is rearranged in less than 5% of the IgG-positive B-cells.33 No 
cross-reactivity of scFv VK34 with the C2 domain (data not shown), or of scFv EL-14 with 
the A2 domain (Figure 3) was observed. The composition of the CDR3 may contribute to 
differences in epitope specificity observed for VK.34 and EL-14. The VH domain of VK34 is 
characterized by an extremely short CDR3 of only 5 amino acid residues, whereas the average 
length of a CDR3 is approximately 12 residues. 4 In contrast, EL-14 contains an unusually 
large CDR3 of 21 amino acids.15 The VH domains of both scFv VK34 and EL-14 displayed 
extensive somatic hypermutation, indicating that the VH genes are derived from antigen 
stimulated B-cells. For clones VK.34 and EL-14, no homology in the patterns of somatic 
hypermutation were observed (data not shown). In addition, the VL domains of VK34 and EL-
14, which may potentially contribute to antigen specificity, are derived from different VL 
germline gene families (DPL16 and DPK5). However, the VL domains are derived from a 
nonimmune source and are therefore unlikely to contribute to the epitope specificity of scFv. 
Based on the above considerations, we hypothesize that the binding of VK.34 and EL-14 to 
distinct antigenic sites on factor VIII originates from differences in somatic hypermutation and 
composition of CDR3 in the VH domains of these scFv. 

The VH domain of clone VK41 is encoded by germline gene DP-47 of the VH3 gene family. 
Interestingly, DP-47 is the most frequently rearranged germline gene segment in the human 
repertoire, observed in approximately 12% of the IgG-positive peripheral B-cells.33 Therefore, 
antibodies directed toward residues Asp712-Ala736, with molecular characteristics similar to 
VK41, may also be present in the repertoire of additional hemophilia A patients with 
inhibitors. 
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ABSTRACT 

Factor VIII inhibiting antibodies target B-cell epitopes localized on the A2, C2, and/or the 

A3-C1 domains. We have studied the immunoglobulin variable domain structure of immune 

factor VIII antibodies obtained by V gene phage display technology from 3 hemophilia A 

patients with peak inhibitor levels above 60 Bethesda units/mL. The heavy chain V gene 

repertoires of all 3 patients were cloned for display as single chain variable domain antibody 

fragments on the surface of the phagemid vector pHEN-1-VLrep which contained a RNA 

derived light chain V gene repertoire of nonimmune origin. Eight factor VIII specific antibody 

fragments were selected following panning on immobilized recombinant factor VIII and all 

mapped to the same or an overlapping epitope on the A2 domain using mirror resonance and 

baculovirus produced recombinant factor VIII fragments. The heavy chain variable domains of 

3 antibodies were encoded by VH3, 2 by VH5, and 3 by VH6 family genes. Six of the 8 VH 

domains were paired with light chain variable domains derived from VKI family genes. The 

results indicate that the factor VIII A2 domain elicits the generation of antibodies with 

restricted V gene use. 

INTRODUCTION 

The formation of factor VIII inhibiting antibodies (inhibitors) remains a critical problem in 

hemophilia care. In patients with baseline factor VIII levels < 2%, 35-40% develop inhibitors 

and, in a small proportion of these, the antibodies persist and reduce the efficacy of 

administered factor VIII.1 At present, tolerization with high dose factor VIII, or infusion of 

porcine factor VIII, activated prothrombin complexes, or activated factor VII are the limited 

therapeutic modalities available. Procedures used for the viral inactivation of plasma-derived 

factor VIII have been shown to enhance the immunogenicity2 and recombinant factor VIII is at 

least as immunogenic as plasma derived.3 Inhibiting factor VIII antibodies are of polyclonal 

origin, mainly from the IgG class and predominantly of the IgGl and IgG4 subclass4 

Antibodies are directed against a confined number of B-cell epitopes on the A2 domain, C2 

and/or the A3-C1 domains of factor VIII heavy and light chain, respectively.5"7 Minimal 

knowledge is available on the molecular structure of the variable (V) domains of human factor 

VIII antibodies. V gene phage display technology provides a powerful tool to obtain human 

antibodies with predefined specificities against self and nonself antigens.8 Here, the IgG 

derived VH gene repertoires from 3 hemophilia A patients were recombined with a 

nonimmune VL gene repertoire in the phagemid vector pHEN-1-VLrep.9 From these libraries 

human monoclonal single-chain variable domain antibody fragments (scFv) specific for factor 

VIII have been isolated, their V gene use determined and an epitope map obtained by using 

baculovirus produced recombinant factor VIII fragments (A2 and A3-C1-C2)10 and resonance 

mirror technology.1 
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MATERIALS AND METHODS 

Patients 

Samples for the study were obtained from 3 patients (MH, DH, and JM). MH is a 30-year-

old male with severe hemophilia A (factor VIII < 1 IU/dL). A high responder factor VIII 

inhibitor was first detected at the age of 6 years after less than 20 treatment exposures. No 

further factor VIII was administered for 9 years. In 1983, at the age of 15, factor VIII 

concentrate therapy was started for treatment of recurrent joint bleeding. In 1990, at the age of 

22 years, treatment with factor VIII was replaced by FEIBA (Immuno, Baxter Hyland) and he 

had no further factor VIII concentrate. The maximum recorded anti-human factor VIII 

inhibitor titer was 1900 BU/mL. At the time of blood sampling the inhibitor titer was 83 and 

9.7 BU/mL against human and porcine factor VIII, respectively. 

DH is a 45-year-old male with severe hemophilia A (factor VIII < 1 IU/dL). Bleeding 

episodes were rarely treated and by the age of 30 years he had received only 30 treatment 

exposures, at which time an inhibitor was detected. He continued to receive factor VIII for 

major bleeding until 1990 when treatment with FEIBA was commenced. Since then he has 

had no further exposure to factor VIII concentrate. The maximum anti-human factor VIII 

inhibitor titer recorded was 864 BU/mL. At the time of blood sampling the inhibitor titer 

against human and porcine factor VIII was 12.5 and 1.0 BU/mL, respectively. 

JM is a 49-year-old male with mild hemophilia A (factor VIII 11.0 IU/dL). A high 

responder factor VIII inhibitor reactive with endogenous and homologous factor VIII was first 

detected at the age of 49 years after less than 20 treatment exposures. The maximum anti-

human factor VIII inhibitor titer recorded was 67 BU/mL. He was treated with FEIBA for 

bleeding and no further factor VIII was administered. The level of inhibitor gradually declined 

and after 9 months was no longer detectable. At the time of blood sampling the inhibitor titer 

against human and porcine factor VIII was 46.4 and 1.1 BU/mL, respectively. 

Purification oflgGfrom patients plasma 

Total IgG was purified from plasma using a lmL Protein G Sepaharose 4FF column 

(Pharmacia) according to manufacturer's instructions. After purification, samples were 

dialyzed into PBS and ahquots stored at -20°C. 

Immunoprecipitation 

Immunoprecipitation of (3:,S) methionine labeled factor VIII fragments was performed as 

described previously.10 Conditioned media were precleared by incubation for 2 hours at room 

temperature with gelatin Sepharose 4B and 2 successive incubations with protein G Sepharose 

4FF. Specific adsorption was performed overnight at 4°C, by adding performed complexes of 

protein G Sepharose 4FF and 30uL of patient plasma to metabolically labeled recombinant 

factor VIII fragments. The murine monoclonal antibodies (mAbs) CLB-CAg 9 (1 ug/mL) 

against the factor VIII A2 domain and CLB-CAg 117 against factor VIII light chain were used 

as positive controls. Immunoprecipitates were extensively washed with immunoprecipitation 
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buffer (IPB: 50 mmol/L Tris pH 7.6, 1 mol/L NaCl, 1.2% (v/v) Triton X-100, 0.1% (v/v) 
Tween-20, 1% (w/v) BSA, 35 mmol/L EDTA, 10 ug/mL soybean trypsin inhibitor, 10 
mmol/L benzamidine, and 5 mmol/L N-ethylmaleimide) and finally with 20 mmol/L Tris-HCl 
(pH 7.6). Bound protein was eluted by boiling for 5 minutes in SDS sample buffer and 
analyzed under reducing conditions on a 10% (w/v) SDS-polyacrylamide gel. Following 
electrophoresis, gels were fixed in 30% methanol, 10% acetic acid and treated with 10% 
diphenyloxazol in acetic acid for 30 minutes. Finally, gels were incubated in H2O, dried and 
autoradiography was performed. 

Expression of selective factor VIII domains in insect cells 
Recombinant baculovirus expressing the factor VIII A2 domain (residues 373-740) and the 

light chain (A3-C1-C2, residues 1649-2332) fragments were obtained following transfection 
of Sf-9 cells according to the instructions of the manufacturer (Invitrogen, Leek, The 
Netherlands). In short, High Five™ cells were infected with recombinant baculoviruses and 
the cells were maintained in culture medium. At 24 hours postinfection, the cells were 
pulselabeled with ( 5S) methionine for 24 hours in culture medium lacking methionine. 
Medium of metabolically labeled cells was collected in an equal volume of 2 times 
concentrated IPB. 

V gene phage display libraries 

All restriction enzymes used in construction of the phage display libraries were obtained 
from New England Biolabs (UK). Peripheral blood mononuclear cells were obtained by Ficoll 
density centrifugation from 50 mL EDTA anti-coagulated blood from the 3 aforementioned 
patients. RNA was prepared from these samples using a RNA-STAT 60TM (Tel-Test Inc, 
USA) and first strand cDNA synthesis was performed using oligo dT. The patients' rearranged 
VH genes were amplified using appropriate VH gene family based VH back primers and an IgG 
constant region primer.12 The VH genes were re-amplified in a second round of PCR using 
family based VH back primers with TVcoI restriction sites and a set of forward primers 
matching each of the 6 human germline JH segments with appended Sal\ restriction sites. PCR 
products were digested with Nco\ and Sail and purified using a Qiagen gel DNA extraction kit 
(Hilden, Germany). The VH gene repertoires of the 3 patients were each ligated independently 
with the vector pHEN-1-VLrep which had been digested with Nco\ and Xho\, treated with 
Calf Intestinal Phosphatase (Boehringer Mannheim, Germany) and extracted from a 1.3% 
agarose gel. After the ligation the reaction was extracted with phenol/chloroform, ethanol 
precipitated and resuspended in 10 uL of water. One uL samples were electroporated into 50 
uL of E. coli TGI competent cells and the cells were grown in 10 mL 2xTY for 1 hour and 
then plated onto a large square plate containing TYE medium with 100 ug/mL ampicillin and 
1% (w/v) glucose. After overnight incubation, the colonies were rescued from the plate and 
suspended in 10 mL of 2xTY with 15% glycerol and stored at -70°C. 
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Selection of phage libraries 

ScFv-phage fusions were rescued for selection following infection of a library culture with 

VCS M13 helper phage (Stratagene, UK). Phage (lxlO1 0 transforming units) were selected on 

microtiter plate wells coated with recombinant factor VIII without albumin, which was kindly 

provided for research purpose by Baxter, Hyland Division (CA, USA) at a concentration of 10 

ug/mL in 50 mmol/L NaHCO^ pH 9.6. After washing and elution with 100 mmol/L 

triethylamine, phage were propagated and rescued from E. coli TGI cells for the next round of 

selection. Each library was selected for 3 rounds. 

Screening for factor VIII binders 

96 clones from each round of selection were induced with isopropyl B-D-thiogalactoside 

(IPTG) to produce soluble scFv.'3 The bacterial supernatants from these clones were screened 

for scFv expression by a dot blot assay.'3 Binding to recombinant factor VIII (and to irrelevant 

antigens) was performed by ELISA. Recombinant factor VIII (without albumin) was coated 

on flat bottom microtiter plates at a concentration of 10 |ig/mL. Binding of soluble scFv to 

recombinant factor VIII was detected with the mouse mAb 9E10 which recognizes the C-

terminal myc tag' , which was in turn detected using a peroxidase conjugated goat anti-mouse 

Fc antibody (Sigma, UK). Positive clones were selected, expanded, and assayed for a second 

time by ELISA on plasma derived factor VIII (10 ug/mL) and on a panel of control antigens 

(human serum albumin, hen egg lysozyme, lactoferrin, and thyroglobulin) to evaluate scFv 

specificity. 

DNA fingerprinting of V genes 

The diversity of the V genes of the selected clones was tested by PCR. The amplified 

VH/VL gene insert was digested with the restriction enzyme Bsffil. Digested fragments were 

electropherezed on 3% agarose gels and restriction fragments patterns were revealed with 

ethidium bromide staining. Representative clones were selected for nucleotide sequencing. 

Sequencing 

The nucleotide sequence of the V genes of the anti-factor VIII scFv was determined using 

ABI PRISM™ dye terminator cycle sequencing ready reaction kit (Perkin Elmer, Warrington, 

UK) and an Applied Biosystems 373 DNA sequencer. Clones were sequenced in both 

directions using the primers Fdseql1 , RClinkseq15, LMB313, and linkseq16 to sequence the 

light and heavy chain V genes, respectively. Sequencing data were analyzed using sequence 

navigator software and aligned to the V gene database V-BASE17 using MacVector 4.0 (IBI 

Kodak, New Haven, CT). 

Purification ofscFv 

The VR/VL gene cassettes of the 8 scFv clones were cloned into the vector pUC119-

Sfi/Not-His69 as NcoVNoÜ fragments. ScFv were then purified from periplasmic preparations 

on Nickle agarose as previously described. 
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IAsys Biosensor and epitope mapping 

An IAsys resonant mirror biosensor (Affinity Sensors, Cambridge, UK) was used to 

determine the binding of scFv to recombinant factor VIII and baculovirus expressed A2 and 

light chain. Recombinant factor VIII (100 ug/mL), or the mAbs CLB-CAg 9I9or 9E10 (both at 

50 Ug/mL in 10 mmol/L sodium acetate, pH 5) were coupled to the carboxymethylated 

dextran (CMD) surface of the sample cuvette using the manufactures instructions. All 

experiments were performed in PBS-Tween20 (0.01% w/v, PBST) at 25°C. Data were 

analyzed using the Fastfit and Fastplot programs (Affinity Sensors, Cambridge UK). 

Factor Vlll inhibition assays 

The inhibitory capacity of the patients' plasmas at time of collection was determined by a 

classical Bethesda assay. In short, patient samples and negative controls were incubated with 

factor VIII containing plasma for 2 hours. A factor VIII:C assay was performed by the one-

stage assay based on the activated partial thromboplastin time using an ACL automated 

coagulometer and lyophilized silica reagent (Instrumentation Laboratory, UK). All assay 

dilutions were made in glyoxaline assay buffer (50 mmol/L glyoxaline, 100 mmol/L NaCl, pH 

7.3 supplemented with 1% HSA). The effect of protein G purified patient IgG and purified 

scFv on factor VIII procoagulant activity was determined by measuring factor Xa generation 

by chromogenic assay (Chromogenix AB, Sweden) using recombinant factor VIII (Baxter 

Healthcare, Hyland Division, USA). Of each scFv, 120 |iL (30 (ig/mL) were incubated at 

room temperature for 2 hours with 120 |iL of recombinant factor VIII diluted to 1 IU/mL 

(based on clotting activity) in assay buffer (as provided by Chromogenix AB) with 1%BSA. 

Control incubation mixtures of scFv diluents and recombinant factor VIII and the anti-pV 

leucine 33 scFv were used as negative controls. Additional control mixtures of equal volumes 

of recombinant factor VIII in assay buffer but not containing scFv were used as an assay 

reference for the quantitation of residual factor VIII activity. 

RESULTS 

Epitope mapping of patients IgG and inhibitory capacity 

Purified IgG from the 3 patients was used in immunoprecipitation experiments with 

metabolically labeled recombinant factor VIII fragments to investigate reactivity with the A2 

domain and the light chain, respectively. Figure 1 shows the results, IgG from patients MH 

and JM precipitates both the recombinant A2 and light chain of factor VIII, whilst patient 

DH's IgG only precipitates an A2 band. The inhibitory effect of patient IgG on factor VIII 

procoagulant activity was determined by Bethesda assay (see Table 1). The inhibitory effect of 

the IgG of all 3 patients was completely neutralized by competition with recombinant A2 

fragment but not by recombinant light chain (data not shown). 
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A2 LCh 

+ - DHMHJM + - DHMHJM 

Figure J. Immunoprecipitation results with radiolabeled recombinant factor VIII fragments and patient 
IgG. Recombinant factor VIII fragments corresponding to the factor VIII A2 domain and the light chain (LCh) 

were expressed in high five cells and metabolically labeled with ( S). Binding of antibodies was assessed by 

immunoprecipitation. Bound proteins were eluted and analyzed under reducing conditions on a 10% SDS 

polyacrylamide gel. Reactivity of the 3 patients IgG with the A2 domain and LCh is shown. Positive (+) and 

negative (-) controls are shown in lanes 1 & 2 and 6 & 7. 

Patient V gene libraries and selection of factor VIII specific clones 

Three sets of 6 single DNA bands of the correct size were isolated from the 3 patients using 

6 family based VH gene primers in the first and second PCR. Following restriction digests and 

ligation with the vector pHEN-1-VLrep library sizes of > 107 were achieved for each of the 3 

patients. Colony PCR screening showed that > 85% of clones from each library the V gene 

insert was of the correct size and all had an unique fragmentation pattern following digestion 

with BsiH\ (data not shown). 

Selection of anti-factor VIIIscFv 

Following 3 rounds of selection on recombinant factor VIII, specific antibodies were 

isolated from all 3 libraries. Two binders were isolated from patient MH (clones MH8 and 

11), 3 binders from DH (clones DH10, 11, and 12) and 3 from JM (clones JM4, 5, and 6). All 

these antibodies were specific for recombinant factor VIII and plasma-derived factor VIII, 

with no obvious reactivity with a panel of control antigens as tested by ELISA (Figure 2). 

Recombinant factor VIII binding was confirmed by mirror resonance technology (Figure 3A). 

Sequencing of Vgenes 

The nucleotide sequence of the VH and VL genes was determined and the related amino 

acid sequences are shown in Table 2A ( VH domains, GenBank accession numbers AF078935-
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rFVIII 

HSA 

HEL 

LF 

TG 

MH8 MH11 DH10DH11DH12 JM4 JM5 JM6 • 0.8> 

0.6-0.8 

0.4-0.6 

0.2-0.4 

0.0-0.2 

Figure 2. Results of ELISA with factor VIII specific scFv on recombinant factor VIII and on control 
proteins. scFv were induced in E. coli for 16 hours with 1 mmol/L IPTG and then added to a microtiter plate 

coated with recombinant factor VIII(rFVlII). human serum albumin (HSA), hen egg lysozyme (HEL), lactoferrin 

(LF), and thyroglobulin (TG). Bound scFv was detected with the mouse mAb 9E10, which recognizes the myc 

tag, and 9E10 was detected with a HRP-conjugated goat anti-mouse Fc antibody. 

Table 1: Effect of patients IgG and scFv on rFVIII procoagulant activity 

Patient 

MH 

Native 

BU/mL 

83 

IgG 

BU/mg 

125 

Clone 

8 

11 

scFv 

Mean(%) SD(%) 

106.0 1.5 

117.0 9.8 

DH 12.5 9.4 

10 

11 

12 

4 

5 

6 

138.3 

109.5 

122.0 

90.0 

107.0 

113.0 

17.7 

9.5 

13.2 

14.3 

4.0 

6.6 

JM 46.4 34.0 

Inhibition of factor VIII activity by the patients IgG or scFv was measured by chromogenic assay. 

Recombinant factor VIII was preincubated for 2 hours with antibody and assayed for residual activity. 

Purified scFv were tested on 3 occasions at a concentration of 30pig/mL; means of recombinant factor VIII 

acitivity expressed as % of control and standard deviations (SD) are given. A scFv against the leucine 33 

form of the p., integrin was used as negative control (mean and SD, 96.7 ± 7.8%). 

42) and 2B (VL domains, GenBank accession numbers AF078943-50). The observed V gene 
sequences were aligned to the V gene database V-BASE 17 and the most homologous germline 
V genes are presented in Table 3. Three of the V"H domains are derived from VH3 family 
genes, 2 from the VH5 gene DP-73, and 3 from the VH6 gene DP-74. The 2 DP-74-derived VH 
domains obtained from patient DH are identical at amino acid and nucleotide level (inclusive 
CDR3 sequence) except for 1 replacement at position 82, which occurs in DH11 but not in 
DH10. Despite the VH domain similarity both were included in the analysis since the VL 
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domains aligned to different members of the VJ group, LFVK431, and DPK8. The VH CDR3 
sequence of the 8 clones does not reveal any further obvious clonal relationship. The sequence 
of all VH genes has been altered by somatic hypermutation, although the extent of mutation 
varies between clones (average 86 mutations/1000 base pairs, range 27-169). The mutational 
load of the 3 JM clones (mean of 36/1000 base pairs) is significantly below that of the 5 
clones from the 2 other patients (mean of 114/1000 base pairs). The replacement/silent 
mutation ratio is approximately 2:1 with an emphasis of replacements in the VH CDR1 and 2 
encoding segments. The average loop length of the VH CDR3 (from residue 95 to 102 
inclusive), according to Kabat20 is 12.1 amino acids with a random use of JH segments. Six of 
the 8 VL domains are K-encoded with exclusive use of gene segments of the VKI group. Both X 
domains are derived from the DPL16 segment of the \ \ 3 cluster. 

Table 3. V gene use in anti-factor VIII scFv 

Clone 

MH8 

MH11 

DH10 

DH11 

DH12 

JM4 

JM5 

JM6 

VH gene 

V3-15+ 

DP-54 

DP-74 

DP-74 

DP-38 

DP-73 

DP-73 

DP-74 

VH family 

VH3 

VH3 

V H 6 

V H 6 

VH3 

V H 5 

VH5 

V H 6 

V L gene 

DPK8 

L12a+ 

LFVK431 

DPK.8 

DPL16 

DPL16 

HK102 

LFVK431 

VL family 

VKI 

VKI 

VJ 

VJ 

V^3 

V*3 

VJ 

VJ 

Epitope mapping 
The binding of scFv to recombinant factor VIII was studied in more detail by mirror 

resonance. All scFv bound to recombinant factor VIII when coupled directly to the CMD 
surface (Figure 3A and 3B, panel A) or captured indirectly via the murine mAb CLB-CAg 9 
which is against an epitope located on the carboxy-terminal part of the A2 domain (Figure 3B, 
panel C). The control scFv against the leucine 33 form of the p3 integrin did not produce 
significant binding (Figure 3B, panel A). The off rate of the 8 scFv was remarkably low for 
monovalent antibody fragments and, when combined with the observed Ko„ , estimated 
affinities in the nM range were observed (Figure 3A). Cross-inhibition experiments in which 
the 8 anti-A2 scFv were sequentially loaded on the recombinant factor VHI-coated CMD 
surface showed mutual inhibition of binding (Figure 3B, panel B). 

Recombinant baculovirus-produced A2 and light chain of factor VIII were used to further 
refine the B-cell epitope map. In these experiments, scFv was captured on the mirror 
resonance surface indirectly via the mAb 9E10. All 8 scFv were able to specifically capture 
recombinant factor VIII (not shown) and the baculovirus produced A2 fragment. A typical 
result obtained with scFv DH10 is shown in Figure 3B, panel C with a complete data set 
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Figure 3. (A). Results of a representative experiment in which the binding of scFv JM4 to CMD-immobilized 

recombinant factor VIII is determined by mirror resonance. The trace represents (1) addition of purified scFv, (2) 

removal of unbound material by washing with buffer, and (3) elution of scFv. (B) Epitope mapping of scFv 

fragments by mirror resonance. The figure contains 4 panels: panel A) the binding of scFv to CMD-immobilized 

recombinant factor VIII, scFv DH10 (1) is presented as an example of 1 of the 8 anti-factor VIII scFv and the 

scFv B2 against the leucine 33 form of the fj3 integrin (2) as negative control; panel B) the binding of scFv MH8 

to recombinant factor VIII (3) and inhibition of its binding by preloading of recombinant factor VIII with scFv 

MH11 (4); panel C) binding of the A2 fragment (5) but not the LCh fragment (6) to scFv DH10 which has been 

captured on the CMD surface via the mAb 9E10. Each scFv was captured on the mAb 9E10 surface for 20 

minutes. The surface was washed with PBST and the dissociation of scFv followed for 5 minutes. Recombinant 

A2 domain or light chain was added and binding observed. The observed decrease in response shown for the LCh 

fragment is the off rate of DH10 from the 9E10 surface and panel D) the same as panel C but then for scFv H2, 

but with reverse results, binding of LCh (7) and nonbinding of the A2 domain (8). 
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presented in Table 4. None of the 8 scFv bound baculovirus-produced light chain (Table 4), 
whilst, as a control, binding of scFv H2 to the light chain, but not to the A2 domain, was 
observed (Figure 3B, panel D). 

Table 4. Epitope mapping of anti-factor VIII scFv 

scFv 

MH8 

MH11 

DH10 

DH11 

DH12 
JM4 

JM5 
JM6 

H2 

B2 

rFVIII 

+ 

+ 

+ 

+ 

+ 

-

-

+ 

+ 

-

factor VIII 

A2 
+ 

+ 

+ 

+ 

+ 

t 

f 

+ 

-

-

fragments 

A3-C1-C2 

-

-

-

-

-

-

-

-
+ 

-

H2, scFv against the factor VIII light chain; B2, scFv against 

the Leucine 33 form of the p3 integrin. 

Inhibition of factor VIII 
The inhibitory effect of the patients samples at the time of the harvesting of lymphocytes 

on the procoagulant activity of plasma-derived factor VIII was measured in a one-stage factor 
VIII:C assay based on the activated partial thromboplastin time (Table 1). The inhibitory 
activity of purified IgG and purified recombinant scFv on factor Xa generation was 
determined by chromogenic assay using recombinant factor VIII and the results are presented 
in Table 1. There is a good concordance between the inhibitory activity of the native plasma 
sample and the purified IgG but no significant inhibition was obtained with all 29 kDa scFv 
against the A2 domain. 

DISCUSSION 

The B-cell repertoire of a healthy individual contains a subset expressing antibodies against 
self antigens such as factor VIII, but they are of low affinity and of no clinical significance.21 

Normally, tolerance is maintained by anergizing such self-reactive B-cells,21 possibly by anti
idiotype antibodies22 or, alternatively, by removal from the repertoire once a certain affinity 
threshold is surpassed.23 In hemophilia A patients with absent or very low levels of 
endogenous factor VIII tolerance is not achieved. Therefore, proliferation of factor VIII 
reactive B-cells is permitted and amplified by CD4 positive T-cells. 
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To date only 1 human monoclonal antibody against factor VIII has been characterized.24 

Therefore, there is a paucity of information on the primary molecular structure of the V 
domains and V gene use of anti-factor VIII antibodies, and studies on the molecular structure 
of B-cell epitopes have made use of polyclonal antibodies present in samples from patients 
with inhibitors. Equally, studies on the mechanism of inhibition have been based on 
polyclonal antibodies or murine mAbs.25 

Antibody phage display technology has provided the opportunity to clone immunoglobulin 
V gene repertoires expressed as scFv on the surface of filamentous phage.8 We have applied 
the technology to isolate anti-factor VIII antibodies from 3 inhibitor patients. The 
immunoprecipitation experiments with the IgG of these patients showed that all 3 have 
antibodies against the A2 domain and 2 also against the light chain of factor VIII (Figure 1). 
Interestingly, competition experiments with recombinant A2 and light chain showed that the 
inhibitory activity in the plasma of all 3 resided predominantly in the anti-A2 fraction. 

We were able to select 8 factor VIII reactive phage displayed antibodies against A2 from a 
random population of phage antibodies derived from the B-cell RNA of all 3 patients 
following 3 rounds of selection. All 8 scFv were specific for factor VIII by ELISA and 
specificity was confirmed by nonreactivity with a panel of control antigens (Figure 2). 

The sequences of the isolated scFv are suggestive of a restricted V gene use in both light 
and heavy chains (Table 3). Three of the sequenced scFv possess VH3 family genes. This is 
not unexpected since 22 of the 51 functional germline VH genes belong to this group17 and 1 
of the 3, DP-54 (clone MH11) belongs to the group of 9 VH genes which makes up more than 
50% of the ^-positive B-cell repertoire.26 In contrast, 2 scFv originate from the VH5 and 3 
from the VH6 family genes. The 3 genes of these 2 families (2 for VH5 and 1 for VH6) are only 
representing 6% of the available repertoire and there is no evidence that they are preferentially 
rearranged."6 Moreover, the VH6 gene DP-74 is observed in 3 clones obtained from 2 patients. 
The use of the VH5 and VH6 genes might be based on a natural shape complimentarity 
between the germline encoded VH domain and the relevant A2 epitope providing the 
necessary selection advantage during the primary immune response. 

All 8 VH genes isolated show mutations from germline with a replacement/silent ratio of 
approximately 2, and with replacement mutations more frequently found in the CDR1 and 2 
encoding segments than in the framework encoding ones. This together with the level of 
mutation (average 86/1000 base pairs) indicates that these VH genes are derived from antigen 
stimulated B-cells. Whether this antigen is factor VIII cannot be answered by our study but we 
have been unable to select factor VIII binders from a V gene phage library in which the VM 

gene repertoire was derived from IgG encoding RNA from nonimmune B-cells and 
recombined with the same nonimmune VL gene repertoire used in this study. The level of 
somatic mutation within the VH genes ranged from 27 to 169/1000 base pairs and is at a level 
to be expected for VH genes obtained from y-positive B-lymphocytes.27 The level of mutations 
in VH genes isolated from patients MH and DH who suffer from severe hemophilia A and 
clearly had multiple secondary immune responses to homologous factor VIII before the taking 
of the mononuclear cells was significantly higher than of the VH genes isolated from patient 
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JM who has mild hemophilia and produced antibodies inhibiting homologous as well as 
autologous factor VIII. 

That both the peak inhibitor and the somatic mutation level in patient JM are low is 
compatible with the high factor VIII level in this patient which must initially have resulted in 
tolerance for factor VIII.2' Why tolerance for factor VIII was lost in this patient is not clear but 
it might be explained by the single amino acid substitution at position 2009 in the CI domain 
of the light chain which is at the basis of his disease. This single residue difference between 
the patient's and therapeutic factor VIII might have caused a primary alloimmune response. A 
human antibody which reacts exclusively with exogenous and not endogenous factor VIII has 
been described for a mild hemophilia patient with a R593C mutation.' An alloantigen 
induced recall response that triggers the formation of autoreactive antibodies against other 
epitopes on the same protein has been observed in another alloantigen model in which the 
difference between self and nonself is defined by a single amino acid replacement, the 
leucine/proline 33 mutation in the (3j integrin.28 

The molecular signature of the third hypervariable loop or CDR3 of 6 of the 8 VH domains 
(Table 2A) is unique and the loop length is typical for the y-positive repertoire. The VH 

domains of the 2 remaining clones DH10 and DH11 are almost identical since they have the 
same VH CDR3 sequence and differ by only 1 amino acid at residue 82 (Table 2A). The latter 
has most likely been introduced by the PCR and both VH domains are likely to be derived 
from the same B-cell. Both VH domains have been included since they are paired with 
different K light chains (LFVK431 and DPK8, respectively). 

A predominant use of VK genes selectively recruited from the VKI group has been observed 
(Table 2B and 3). However, these V[_ genes were derived from the B-cells of 2 healthy 
individuals. We chose the combination of an immune VH gene and a nonimmune VL gene 
repertoire because of the 4 magnitudes higher diversity of the VH domain compared to VL. The 
estimated diversity of the nonimmune VL gene repertoire is 104 representing the complete 
theoretical diversity of the VL domain. Thus the preferential use of VKI gene segments is not 
explained by a limited diversity of the used VL gene repertoire and preliminary results from 
light chain shuffling experiments with the VH gene of clone MH11 confirm the selective use 
of genes from the VJ group (Hadfield, Davies, and Ouwehand, manuscript in preparation). 
Moreover, many different VK and V\ domains against a plethora of antigens have been 
selected from this repertoire.13 The use of VKI genes in the anti-factor VIII response is in line 
with the observed VL gene use in 2 previously obtained factor VIII binders." Selective 
sampling of the VL gene repertoire has been observed for some other pathological antibodies, 
e.g. DPL16 in anti-Rh(D)'0 and DPL11 in antibodies against the leucine 33 form of the p\ 
integrin (Griffin and Ouwehand, unpublished). 

Despite that we have only sequenced the V genes of 8 anti-factor VIII A2 domain 
antibodies, there is suggestive evidence for restricted use of certain VH genes and a highly 
restricted use of certain VKI segments. This observation is in agreement with studies on 
selective use of the V gene repertoire in the murine antibody response against the hapten 
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phenyl-oxazolone ' and in the human antibody response against the Rh(D) antigen.30 

Furthermore, studies on the molecular structure of the V domains of other anti-A2 antibodies 
by cloning and sequencing or alternatively by the use of anti-idiotype antibodies will help to 
clarify the picture of a possible limited structural diversity of the V domains of factor VIII 
antibodies. 

Using mirror resonance technology and recombinant fragments of factor VIII (A2 domain 
and light chain), all 8 scFv were mapped to the same epitope or to overlapping ones on the A2 
domain, whilst the scFv H2 of nonimmune origin targets an epitope on the light chain (Figure 
3B, panel D and Table 4). That anti-A2 scFv were preferentially selected over anti-light chain 
antibodies is best explained by epitope accessibility. Experiments by mirror resonance showed 
in our hands that the H2 epitope on the light chain is poorly accessible if recombinant factor 
VIII is immobilized directly onto the solid phase (data not shown). 

The outcome of mirror resonance based cross inhibition experiments in which we 
investigated whether the different anti-A2 scFv were able to compete for binding indicates 
that all 8 scFv target the same region of the A2 domain (Figure 3B, panel B and Table 3). That 
antibodies derived from 3 patients all target the same A2 epitope region supports the concept 
of a limited number of immunodominant epitopes on A2. 

The off rate of the scFv was low in all, which points at a tight binding of the scFv to 
antigen (Figure 3A, example of scFv JM4). The observed low off rate is of relevance for the 
interpretation of the factor VIII inhibition assays. Neutralization of inhibition experiments 
with excess recombinant factor VIII A2 domain or light chain and patients IgG revealed that 
inhibition was predominantly caused by the anti-A2 antibodies. However, none of the scFv 
inhibit recombinant factor VIII mediated generation of factor Xa as determined by a 
chromogenic substrate assay (Table 1). There are several possible explanations for this 
discrepancy. Firstly, the scFv could target an A2 epitope, which is distinct from the epitopes, 
targeted by the patient's IgG. Secondly, the scFv fragments are monovalent and bivalency 
might be required to achieve inhibition. Finally, the noninhibition could be due to the relative 
small size of the scFv. The fact that scFv JM4 targets an epitope also seen by the patients IgG 
(data not shown) makes it unlikely that there are antibodies in the patients plasma targeting 
other A2 epitopes. However, this cannot be definitely excluded, as such additional antibodies 
might have remained undetected because of a limited sensitivity of mirror resonance. The 
small size of the scFv (29 kDa compared with 150 kDa for IgG and a 35 versus 150 A 
diameter) seems the most plausible explanation. Similar discrepant effects of a scFv versus an 
IgG have been obtained in our laboratory with a phage-derived scFv specific for the leucine 33 
form of the platelet p3 integrin9 where the ability of the 0CnbP3 heterodimer to mediate platelet 
aggregation is not inhibited by the scFv but is by a recombinant IgG 1 antibody harboring the 
V domains of the scFv (unpublished observations). Experiments are currently underway in our 
laboratory to prepare a recombinant IgG4 molecule harboring the V domains of 1 of the anti-
factor VIII clones to obtain further evidence for this. Alternatively the scFv is displaced during 
the assembly of the multi-unit tenase complex but this seems unlikely because of the low Koff 
of these antibodies. The precise mechanism of factor VIII inhibition by anti-A2 antibodies is 
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not known although it is generally assumed that the antibodies prevent the formation of the 
tenase complex either because the B-cell epitope overlaps with the factor IXa or Xa docking 
sites or by steric hindrance. Studies with recombinant hybrid human/porcine factor VIII and 
alanine mutants of recombinant factor VIII have provided compelling evidence that the A2 
loop formed by residues 484-508 makes a critical contribution to 1 of the major B-cell 
epitopes targeted by human inhibitory anti-A2 antibodies. We have no experimental 
evidence to suggest that our scFv target this A2 loop. But building on the proposed three-
dimensional structure of the A2 domain33 and the results from our studies some tentative 
conclusions about the epitope can be made. Firstly, the inability to bring about inhibition of 
FXa generation excludes the A2 residues 558-565 involved in factor IXa binding.' Secondly, 
the mAb CLB-CAg 919 and the scFv bind recombinant factor VIII in a noncompetitive manner 
indicating that residues 713 to 740 of the A2 domain which are part of the epitope of the 
former are not seen by the scFv. The diameter of the antigen binding site formed by the double 
barrel VH/VL domain structure is 30 A. The estimated distance between the factor IXa binding 
site and the 484-508 loop is approximately 35 A and it is thus conceivable that an IgG with a 
150A diameter and targeting the 484-508 loop might prevent factor VIII procoagulant activity 
in contrast to the smaller scFv. Overall, our results are compatible with the 484-508 epitope 
model and the inability of the scFv to interfere with factor VIII function could possibly be 
made use of to block the uptake of patients antibodies on therapeutic factor VIII. 
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INTRODUCTION 

Factor VIII, a key protein involved in blood coagulation, catalyzes the activation of factor 
X by factor IXa, a reaction which is dependent on the presence of phospholipids. The crucial 
role of factor VIII in hemostasis is illustrated by the bleeding disorder hemophilia A which is 
associated with a dysfunction or deficiency of factor VIII. The bleeding tendency in 
hemophilia A patients can be corrected by the administration of plasma-derived or 
recombinant factor VIII concentrates. In response to treatment, a substantial number of 
hemophilia A patients develop antibodies that neutralize the procoagulant activity of infused 
factor VIII.2 These neutralizing antibodies (factor VIII inhibitors) are directed toward well-
defined epitopes, which are predominantly located within the A2, A3, and C2 domains of the 
factor VIII molecule.3"7 Factor VIII inhibitors often consist of heterogeneous mixtures 
composed of antibodies directed against multiple epitopes in factor VIII.8 Functional studies 
have shown that the A2 and A3 domains contain interactive sites for factor IXa, whereas the 
C2 domain mediates binding of factor VIII to phospholipid membranes. Antibodies directed 
toward the A2 and A3 domains interfere with assembly of the factor Villa-factor IXa 
complex.6'7'9 Anti-C2 antibodies block the interaction of factor VIII with phospholipid 
surfaces and von Willebrand factor.10'" Complex formation between factor VIII and von 
Willebrand factor is required to protect factor VIII from proteolytic inactivation in the 
circulation. 

The studies described in this thesis aim to elucidate the primary structure of human 
antibodies that are involved in the immune response toward factor VIII. Phage display 
technology was employed to isolate human monoclonal antibodies from the immunoglobulin 
repertoires of patients with an inhibitor to factor VIII. Antibodies directed toward inhibitor 
binding sites located in the A2, A3, and the C2 domains of factor VIII were isolated and 
characterized. The studies performed provide insight into the heterogeneity of human anti-
factor VIII antibodies that develop as a consequence of replacement therapy in patients with 
hemophilia A. 

ANTI C2-ANTIBODIES 

In more than 80% of the plasmas of hemophilia A patients with inhibitors, antibodies 
directed against the C2 domain of factor VIII are observed.8 In Chapter 2, the isolation of anti-
C2 antibodies from the immunoglobulin repertoire of a nonhemophilic individual with an 
inhibitor to factor VIII is described. Acquired hemophilia is an exceptionally rare 
phenomenon that occurs with a frequency of approximately 1 case per million individuals per 
year.12 The epitope specificity of auto-antibodies to factor VIII displays remarkable 
resemblance with that of allo-antibodies occurring in congenital hemophilia A although the 
antibodies originate from different immunological settings. 

Factor VIII inhibitors are characterized by their predominance of subclass IgG4 that makes 
up about 5% of the total quantity of IgG circulating in normal plasma.1' This property was 
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taken into account by restricting the patient-derived phage display libraries to the 
immunoglobulin heavy chain variable (VH) repertoire of the IgG4 subclass. The IgG4-specific 
repertoires were combined with an immunoglobulin light chain variable (VL) repertoire of 
nonimmune origin in the phagemid pHEN-1-VLrep.' Using this approach, 13 different C2-
specific antibodies were isolated from the immunoglobulin repertoire of a patient with 
acquired hemophilia. Sequence analysis of these antibodies revealed some striking 
similarities. The VH domains of these antibodies were encoded by germline gene segments 
DP-10, DP-14, and DP-88, all belonging to the VH1 gene family. Furthermore, all the VH 

domains were composed of an unusually large third complementarity determining region 
(CDR3) of 20-23 amino acid residues compared to an average length of approximately 13.7 
amino acid residues for a CDR3.'5'16 Thus, VH domains of antibodies directed to the C2 
domain of factor VIII appear to be generated by a limited number of gene segments from the 
VHI gene family. 

A drawback of phage display technology is the loss of original VH/VL pairing as a 
consequence of randomly combining VH and VL genes during the library construction. In our 
studies we use a VL gene repertoire of nonimmune origin which may not correspond to the 
light chain repertoire of the patients described in this thesis. A previous study indicated that 
the light chain repertoire of 2 patients with SLE was similar to that of a normal individual.16 

Based on these findings we do not expect that the VL gene repertoire of hemophilia A patients 
differs significantly from that of the nonimmune repertoire used for the construction of our 
phage libraries. The majority of the VH domains of anti-C2 antibodies was found in 
combination with VL domains derived from the VKI, V^2, and V\i gene families (Table 1; 
Chapter 2, Table 2; Chapter 3). Different VL domains were found in combination with a single 
VH domain. These findings suggest that the properties of the isolated anti-C2 antibodies are 
predominantly determined by the VH domain. A prominent contribution of the VL domain in 
determining the epitope fine-specificity has been observed for anti-Rh(D) antibodies.17 We 
cannot exclude that VL domain also contributes to the properties of anti-factor VIII antibodies. 
In order to approach the original VH/VL pairing, the isolated VH genes can be recombined with 
the original VL gene repertoire derived from the corresponding patient. Although unlikely, it is 
possible that an uncommon VL domain determines the specificity of some anti-factor VIII 
antibodies. Since we have used a nonimmune VL gene repertoire for construction of the 
libraries, our approach does not allow for the isolation of these antibodies. 

Large, combinatorial libraries derived from unimmunized individuals have been used for 
the isolation of antibodies against various antigens.18 Anti-factor VIII antibodies have been 
isolated from a large synthetic library containing VH and VL repertoires with randomized 
CDR3 loops.19 Based on these findings it may be possible to isolate anti-factor VIII antibodies 
with a low frequency from the repertoire of normal individuals. 

Biochemical analysis revealed that the isolated anti-C2 antibodies, expressed as single-
chain variable antibody fragments (scFv), did not inhibit factor VIII activity. In contrast, they 
were able to alleviate the inhibitory activity of anti-C2 antibodies present in patient's plasma. 
Previously, another anti-C2 antibody (B02C11) was isolated from the B-cell repertoire of a 
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patient with an inhibitor, using Epstein Barr virus immortalization. Interestingly, the VH 
domain of the anti-C2 antibody B02C11 was encoded by a DP-5 germline gene segment, also 
from the VHI gene family. Besides the common VHI family origin, little homology was 
observed with the VH domains of the isolated anti-C2 scFv. Furthermore, unlike the scFv, the 
anti-C2 antibody B02C11 inhibits factor VIII activity by preventing factor VIII from binding 
to von Willebrand factor and phospholipid surfaces. This suggests that antibody B02C11 and 
the C2 domain specific scFv described in Chapter 2 belong to different classes of anti-C2 
antibodies. 

Additional scFv directed against the C2 domain were isolated from a library derived from 
the VH gene repertoire of a patient with mild hemophilia A, who developed an inhibitor to 
factor VIII (Chapter 3). The isolated clones were composed of VH domains that were either 
encoded by the DP-5 or DP-88 germline gene segment. Competition experiments with 2 
noncompetitive monoclonal antibodies revealed that clones consisting of a DP-5 and DP-88-
encoded VH domain are directed toward different antigenic sites in the C2 domain of factor 
VIII. Taken together, these results suggest the presence of 2 classes of antibodies directed 
toward the C2 domain of factor VIII. The VH domains of the first class of antibodies harbor a 
large CDR3 and are predominantly derived from germline gene segments DP-88 (Chapter 2 
and 3) as well as DP-10 and DP-14 (Chapter 2). The second class of anti-C2 antibodies is 
composed of VH domains that are exclusively encoded by germline gene segment DP-5 
(Chapter 3). The VH domain encoded by DP-5 is characterized by the presence of negatively 
charged amino acid residues in the CDR1 and CDR2 (Table 1A).21 Consequently, the amino 
acid sequence encoded by the DP-5 germline gene segment has a calculated isoelectric point 
(pi) of 4.84, whereas other germline gene segments encode for amino acid sequences with 
calculated average pi of 8.74 ± 1.06. Jacquemin and coworkers demonstrated that the anti-C2 
antibody B02C11 competes with negatively charged phospholipids for binding to the C2 
domain of factor VIII.20 Possibly, the DP-5 encoded VH domains of B02C11 and the anti-C2 
antibodies described in Chapter 3 bind to the C2 domain in a similar fashion as negatively 
charged phospholipids. 

To determine the contribution of the negatively charged residues to the antigen-binding site 
of an anti-C2 antibody (WRI), a model was generated based on the previously identified 
crystal structure of a homologous anti-tumor antibody (Figure 1). The CDR1 and CDR2 
encoded by the VH gene segment together with the hypervariable CDR3 constitute the heavy 
chain's contribution to the antigen-binding site. Molecular modeling of a VH domain encoded 
by a DP-5 gene segment reveals that the antigen-binding site of scFv WRI is composed of a 
surface of negatively charged residues (Figure 1). Recently, Pratt and coworkers, who reported 
the crystal structure of the C2 domain of factor VIII, observed a hydrophobic surface in the C2 
domain which was composed of 2 protruding P-hairpins." On top of the hydrophobic surface, 
a ring of several positively charged residues was identified. Based on these data a model for 
the C2 domain-phospholipid surface interaction was proposed. The hydrophobic loops are 
believed to penetrate the phospolipid membrane thereby allowing the ring of positively 
charged residues in the C2 domain to interact with the negatively charged phospholipid head 
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groups. In a similar fashion, the negatively charged residues in an anti-C2 antibody composed 
of a DP-5 encoded VH domain may interact with the surface exposed positively charged 
residues in the C2 domain. 

Figure 1. Model of an anti-C2 scFv composed of a V„ domain encoded by gene segment DP-5. The model 

of scFv WR1 was based on the crystal structure of antibody CTM01 (PDB entry 1AD9)25 using SWISS-

MODEL." " Antigen binding loops H1-H3 and L1-L3 forming the antigen-binding site are indicated as 

transparent solvent surface. Negatively charged residues in the antigen binding loops H1-H3 are visualized as 

"Ball and Stick"representation. Negatively charged residues were absent in antigen binding loops L1-L3. 

From both patients analyzed in Chapters 2 and 3, anti-C2 antibodies composed of VH 

domains encoded by germline gene segment DP-88 were isolated. In a number of healthy 
individuals a 80 kb insertion polymorphism is present in the human VH locus located at the 
telomeric region of chromosome 14.30 In approximately 50% of the Caucasian population, at 
least 1 copy of this insertion polymorphism has been identified.31 The gene insertion results in 
a gain of 4 VH gene segments of which 2 are functional. Interestingly, 1 of these functional 
gene segments is DP-88 which differs only 1 nucleotide from gene segment DP-10.21'32 

Isolation of anti-C2 antibodies composed of a DP-88-derived VH domain suggests the 
presence of this insertion polymorphism in the VH loci of both patients analyzed in Chapters 2 
and 3. It remains to be established whether hemophilia A patients who carry an "extra" DP-88 
gene segment as a consequence of this gene insertion, are more prone to develop anti-C2 
antibodies than patients who only carry the DP-10 alleles. 
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ANTI-A3-C1 ANTIBODIES 

The presence of anti-A3-Cl antibodies in the plasma of several patients with factor VIII 
inhibitors has been postulated from neutralization assays using factor VIII light chain (A3-C1-
C2 domains) and isolated C2 domain.3'8 Two groups have independently identified a binding 
site for these antibodies in the A3 domain of factor VIII.6'7 The inhibitor binding site in the A3 
domain overlaps residues Glu'8"-Lys' ' , which has previously been mapped as a binding site 
for factor IXa.33 

In a previous study, using in vitro synthesized factor VIII fragments, the binding site for 
anti-A3 antibodies has been localized to residues Glnl778-Met1823.6 Epitope mapping studies of 
scFv described in Chapter 4, revealed the presence of at least 2 binding sites within the region 
Gin1778-Asp1840. One binding site contained within residues Arg1803-Lys1818 overlaps with the 
factor IXa binding site whereas residues contained within regions Gin -Pro and Val 
Asp1840 contribute to the second binding site for factor VIII inhibitors. In agreement with the 
presence of binding sites for factor IXa and factor VIII inhibitors, the three-dimensional model 
for the A domains of factor VIII demonstrates that the region Gin1778-Asp1840 is largely 
contained within a surface exposed loop. 

Table 2. Sequence alignment of the A3 domain sequence Ala -Ala with 
corresponding sequences of other A domains 

1800 1810 1820 1830 

humFVIII A3 YEEDQRQGAEPRKNF-VKPNETKTYFWKVQHHMAPTKDEFDCKA 
porFVIII A3 YPDDQEQGAEPRHNF-VQPNETRTYFWKVQHHMAPTEDEFDCKA 
humFVIII A2 YSRRLPKGVKHLKDFPILPGEIFKYKWTVTVEDGPTKSDPRCLT 

490 500 510 520 530 

Sequence alignment of corresponding parts of the A2 and A3 domains of human factor VIII and the A3 domain 

of porcine factor VIII. Amino acid numbers correspond to the human factor VIII sequence. Sequence similarities 

are indicated in gray. 

The domain structure of factor VIII (Al-a/-A2-a2-B-aJ-A3-Cl-C2) is based on internal 
sequence homology between the individual A and C domains.36"38 Comparison of sequence 
Tyrl792-Ala1834 in the A3 domain with corresponding sequences of other A domains yields 
some interesting features (Table 2). Residues Tyr1792, Gly1799, Lys1804, Phe1806, Pro1809, 
Glu18", Tyr1815, Tip1817, and Val1819 contained within the A3-inhibitor binding site correspond 
to residues Tyr487, Gly494, Lys499, Phe501, Pro505, Glu507, Tyr511, Trp513, and Val515 in the A2 
domain of factor VIII (Table 2, Figure 2). Interestingly, residues Arg484-Ile508 in the A2 
domain harbor a binding site for factor VIII inhibitors as well.4 These data suggest that 
conserved structural regions in both the A2 and A3 domain are antigenic determinants for 
factor VIII inhibitors. Comparison of amino acid sequence Tyr'792-Ala1834 with the 
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Figure 2. Conserved residues in a three-dimensional model of the triplicated A domains of factor VIII. 
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).14 The region Glnl778-Asp1840, identified as the 

binding site for anti-A3 scFv is indicated as transparent solvent surface. In the model, conserved residues in the 

A2 and A3 domain, which contribute to the binding sites of factor VIII inhibitors are indicated as "Ball and 

Stick" representation. 

corresponding sequence of porcine factor VIII reveals only 7 amino acid substitutions (Table 
2). Human-porcine hybrids have been successfully used for the localization of binding sites 
for factor VIII inhibitors in the A2 and C2 domain.4'5 Recently, a hybrid molecule has been 
constructed in which the A3 domain of human factor VIII has been replaced by the 
corresponding part of porcine factor VIII.39 Analysis of a large panel of inhibitor plasmas 
revealed that the porcine A3 domain was less antigenic to human factor VIII inhibitors. Our 
results indicate that residues Gln1778-Asp1840 comprise a major binding site for anti-A3 
antibodies. Nonconserved residues within this area of the human A3 domain are likely to 
contribute to binding of scFv described in Chapter 4. 

The epitope-specificity of 1 of the isolated scFv (K.M41) was identical to that of the murine 
monoclonal antibody CLB-CAg A. Analysis of the VH domains of KM41 and CLB-CAg A 
revealed some remarkable similarities. Although both antibodies are derived from different 
species, their antigen binding loops HI and H2 are highly homologous (Table IB). The 
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residues encompassing loop HI are conserved throughout members of the VH1 gene family. In 
contrast, the residues encompassing loop H2 of CLB-CAg A are only conserved in human VH 

domains encoded by gene segments DP-7, DP-8, and DP-15 that encodes for the VH domain 
of KM41 (Table 1A). In the CDR2 and FR3 of KM41 several residues have been substituted 
by somatic hypermutation by residues similar to those present in the amino acid sequence of 
antibody CLB-CAg A (Table IB). In contrast, limited homology in the CDR3 of both 
antibodies was observed. Together these data indicate that antibodies KM41 and CLB-CAg A 
not only react identically with a series of hybrid factor VIII molecules but also are composed 
of VH domains with similar sequence characteristics. It is tempting to speculate that conserved 
residues in the antigen binding loops of CLB-CAg A and KM41 are crucial for binding to 
residues Arg1803-Lys1818 in the A3 domain. 

ANTI-A2 ANTIBODIES 

Approximately 25% of the patients with severe hemophilia A develop an inhibitor, usually 
after 5-20 exposures to factor VIII. In contrast, inhibitor development in nonseverely affected 
hemophilia A patients is relatively rare.2 These latter patients are considered to develop 
tolerance to factor VIII through exposure to residual levels of endogenous factor VIII. 
However, certain missense mutations associated with mild or moderate hemophilia A may 
predispose for inhibitor development in this group of patients. The majority of these 
missense mutations is located in the CI and C2 domains. A second region harboring inhibitor-
associated missense mutations is located within the A2 domain of factor VIII. In Chapter 5 
and 6, inhibitor development in 2 patients containing an Arg593^Cys substitution in the A2 
domain was evaluated. 

Immunoprecipitation analysis revealed that antibodies present in plasma of a hemophilic 
twin were directed toward the A2 domain. Interestingly, these antibodies did not recognize an 
A2 domain harboring an Arg593—>Cys substitution, which corresponds to the patient's 
endogenous factor VIII. Initially, this patient presented with a high titer inhibitor (22 BU/mL) 
which coincided with a marked reduction of factor VIII levels in plasma. These data suggest 
that initially, antibodies directed against endogenous factor VIII were present. At a later stage 
of inhibitor development anti-factor VIII antibodies appear to be exclusively directed against 
exogenous (wild type) factor VIII. Presumably, over time the patient acquired tolerance to 
factor VIII for all but the foreign epitope containing amino acid residue Arg ". Using phage 
display a single scFv was isolated from the repertoire of the patient (data not shown). The 
scFv reacted with wild-type A2 domain as well as an A2 domain harboring an hxg —>Cys 
substitution indicating that this scFv does not represent the antibodies present in patient's 
plasma. In contrast, the scFv was not reactive with a hybrid A2 fragment in which the region 
Arg484-Ile508 was replaced for the corresponding sequence of factor V. Previously, amino acid 
residues Arg484-Ile508 were identified as binding site for the majority of the factor VIII 
inhibitors directed toward the A2 domain.4 Apparently, the isolated scFv corresponds to 
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antibodies directed toward residues Arg484-Ile508 that were present in the patient during the 
initial inhibitor response more than a decade earlier. 

Several patients with an Arg —>Cys substitution and an inhibitor have recently been 
described. In 1 of these patients, antibodies were observed with an epitope specificity 
dissimilar to that of the antibodies described in Chapter 5.4' Reactivity of the patient's 
antibodies was not affected by the Arg593—>Cys substitution. Epitope mapping revealed that 
these antibodies were directed toward region Arg484-Ile508. In Chapter 6, we described the 
characteristics of factor VIII inhibitors in another patient with the Arg593—>Cys mutation. 
Longitudinal analysis of factor VIII inhibitor development and epitope specificity revealed the 
presence of antibodies that reacted with the A2 domain independent of the Arg593—>Cys 
substitution. From the immunoglobulin repertoire of this patient 2 scFv were isolated. One of 
the scFv was directed toward amino acid residues Arg484-Ile508 that inhibited factor VIII 
activity. The second scFv was directed toward the acidic region a2, adjacent to the A2 domain 
(amino acid residues Asp7l2-Ala736). Binding sites for anti-factor VIII antibodies in the other 2 
acidic regions, located carboxy-terminal of the Al domain and amino-terminal of the A3 
domain, have been described previously.39'42 Interestingly, antibodies binding to these 2 sites 
inhibit factor VIII activity, whereas the newly isolated scFv did not inhibit factor VIII activity. 
This may explain why antibodies with this specificity have not been identified before. So far, 
anti-factor VIII antibodies have predominantly been studied in functional assays4'9'43 Several 
inhibitor-binding sites have been identified based on differential reactivity of inhibitory 
antibodies with human/porcine factor VIII hybrids. This approach does not allow for 
characterization of noninhibitory anti-factor VIII antibodies. Detection of such antibodies 
coexisting with inhibitory antibodies can only be achieved by immunoprecipitation or ELISA 
based methods. Alternatively, generation of human monoclonal antibodies directed against 
factor VIII either by EBV immortalization or phage display can be employed to isolate and 
characterize noninhibitory human monoclonal antibodies from the repertoire of inhibitor 
patients. 

Examination of the epitope specificity of factor VIII inhibitors in patients with mild 
hemophilia A suggests that some genetic defects may be related to inhibitor development (see 
Chapter 5 and 6). Besides factor VIII genotype other genetic factors are most likely involved 
in the initiation of the immune response to factor VIII (for review see Gill, 1999).44 Factor 
VIII inhibitory antibodies are predominantly composed of subclass IgG413, suggesting a T-cell 
dependent immune response. T-helper 2 (Th2) cells secrete interleukin (IL)-4 and IL-10, 
which are required for immunoglobulin isotype switching to Ig subclasses that do not bind 
complement such as IgE and IgG4. ~ Furthermore, the possibility to induce tolerance to factor 
VIII in patients with hemophilia A also suggests a role for T-cells in inhibitor development. 
Exposure to high doses of antigen may induce anergy or apoptosis of antigen specific Th2-
cells.46'47 Factor VHI-derived peptides presented by MHC class II molecules on an antigen-
presenting cell may induce a proliferative response of T-cells. The possible role of MHC 
genotype in inhibitor development has been subject of several studies48'49 In patients with 
severe hemophilia A no relation between HLA alleles and inhibitor formation could be 
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demonstrated. This is most likely caused by the lack of tolerance in these patients due to the 
absence of circulating factor VIII. Administration of factor VIII provides the immune system 
with a large number of potential T-cell epitopes that can give rise to an immune response 
virtually independent of the MHC class II context. The presence of a factor VIII molecule that 
is only partially altered such as in patients with mild or moderate hemophilia A, would restrict 
the number of possible T-cell epitopes and allow for definition of a role for MHC class II 
molecules in inhibitor development. 

Similar to the patient carrying the Arg593—>Cys substitution, antibodies discriminating 
between endogenous and administred factor VIII were observed in patients carrying an 
Arg2l50->His substitution in the CI domain of factor VIII.50'5' To investigate the role of 
mutation type and inhibitor development, the CD4+ helper T-cells of a patient carrying the 
Arg2150—>His substitution and an inhibitor were analyzed at the clonal level.52 Three T-cell 
clones recognizing factor VIII peptides presented by different MHC class II molecules were 
isolated. T-cell dependent stimulation relied on the presence of wild-type residue Arg2150 and 
not His2150 in the MHC class II presented factor VIII peptides. These data suggest a critical 
role for MHC class II molecules in the presentation of factor VHI-derived peptides to T-cells. 

From the immunoglobulin repertoires of 3 other patients 8 additional anti-A2 scFv were 
isolated. No direct experimental evidence regarding the epitope of these scFv was provided. 
Cross inhibition experiments revealed that all scFv bind to the same or overlapping epitopes 
and do not compete for binding to the A2 domain with an antibody directed toward residues 
Asp712-Ala736. Most likely, these scFv are directed against the region Arg484-Ile508, similar to 
the majority of the A2-inhibitors. Strikingly, none of the scFv inhibited factor VIII activity. 
Combined with the results obtained from the scFv isolated from 2 patients carrying the 
Arg593->Cys mutation this yields 11 anti-A2 scFv of which only 1 inhibited factor VIII 
activity. The binding sites of 2 scFv have been localized to region Arg484-Ile508. Possibly, as a 
result of their smaller size compared to complete antibodies, some scFv are unable to inhibit 
factor VIII activity. This hypothesis is supported by experiments using the murine monoclonal 
antibody 413, which is directed toward residues Arg484-Ile508. Its inhibitory activity was 
reduced by converting the complete antibody to smaller Fab fragments.53 Conversely, the 
inhibitor titer of the only inhibitory anti-A2 scFv was increased ~3-fold by crosslinking the 
scFv using an anti-scFv antibody (data not shown). 

The VH domains of the anti-A2 scFv show a large degree of diversity. The VH domain of 1 
scFv was encoded by gene segment DP-10 from the VH1 family. Gene segments DP-38, DP-
54, V3-15, and DP-47 (2 VH domains) of the VH3 family were identified as most homologous 
genes in 5 scFv. In the remaining 5 scFv, 2 VH domains were encoded by gene segment DP-73 
of the VH5 family and 3 by DP-74 of the VH6 family. Six of the 11 VL domains were encoded 
by gene segments from the VKI gene family and 5 from the V\3 gene family. Interestingly, 
these VL domains were all derived from germline gene segment DPL16. Collectively, these 
data indicate that antibodies directed to the A2 domain are heterogeneous with regard to VH 
gene use. 

142 



General discussion 

PERSPECTIVE 

The Chapters described in this thesis provide information on the characteristics of 
individual anti-factor VIII antibodies. In this respect phage display was an invaluable tool 
allowing the isolation and characterization of human antibodies directed against factor VIII. 
We were able to unveil some of the previously unknown molecular characteristics of anti-
factor VIII antibodies. The presence of 2 classes of anti-C2 antibodies directed toward distinct 
antigenic sites was demonstrated. One class of antibodies expressed as scFv did not inhibit 
factor VIII activity but conversely alleviated the factor VIII neutralizing effect of C2-
inhibitors. This property may be exploited as a new therapeutic option for treatment of 
hemophilia A patients with an inhibitor. Similarly, noninhibitory scFv directed toward the A2 
and A3 domain can potentially be used to mask antigenic sites in factor VIII. Alternatively, 
anti-factor VIII scFv can be used as a diagnostic tool to identify the presence of inhibitors in 
plasma. Detailed knowledge on the epitope specificity may ultimately result in the 
construction of factor VIII molecules with a decreased antigenicity, thereby preventing the 
formation of inhibitors in patients with hemophilia A. 
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SUMMARY 

A severe complication associated with the treatment of hemophilia A patients is the 
development of antibodies (inhibitors) that neutralize the procoagulant activity of factor VIII. 
Factor VIII inhibitors are primarily directed toward binding sites located in the A2, A3, and 
C2 domains of factor VIII. Although the epitope specificity of factor VIII inhibitors is well 
understood, knowledge on the primary structure and diversity of anti-factor VIII antibodies is 
limited. The studies described in this thesis aim at the isolation and characterization of 
antibodies from the immunoglobulin repertoire of patients with an inhibitor. We have 
employed phage display technology for the isolation of human antibodies directed toward the 
major inhibitor binding sites on factor VIII. This analysis provides information on the primary 
structure and biochemical properties of individual human antibodies to factor VIII. 

In Chapter 1, the current knowledge on factor VIII inhibitors and their characteristics are 
reviewed. In addition, methods for the isolation of human monoclonal antibodies from the 
human immunoglobulin repertoire using phage display technology are outlined. 

Chapter 2 describes the isolation of anti-C2 antibodies from a phage display library 
composed of the IgG4-restricted immunoglobulin variable heavy chain (VH) repertoire derived 
from a patient with acquired hemophilia A. The VH domains of these antibodies are derived 
from germline gene segments DP-10, DP-14, and DP-88 belonging to the VH1 gene family 
and are further characterized by a large third complementarity determining region (CDR3). 
The antibodies, expressed as single-chain variable domain antibody fragments (scFv), do not 
inhibit factor VIII activity but are able to neutralize the inhibitory activity of other C2-
inhibitors. 

In Chapter 3, the presence of an additional class of anti-C2 antibodies composed of VH 

domains encoded by germline gene segment DP-5 is demonstrated. The findings in this 
Chapter suggest that two classes of antibodies recognize 2 distinct antigenic sites in the C2 
domain of factor VIII. 

In Chapter 4, the isolation of anti-A3 antibodies is described. The VH domains of these 
scFv are encoded by multiple VH genes of the VH1 and VH3 family. Epitope mapping 
identifies the factor VIII sequence Gln1778-Asp1840 as binding site for the majority of the 
isolated scFv. The binding site of one scFv is located outside region Gin' 7 -Asp 
suggesting the presence of an additional binding site for anti-factor VIII antibodies in the A3-
Cl domains. 

In Chapter 5, inhibitor development in a mild hemophilia A patient carrying the 
Arg593—>Cys mutation is described. The antibodies present in patient's plasma appear to be 
directed toward the A2 domain of factor VIII. Interestingly, the antibodies do not recognize a 
recombinant A2 domain containing the Arg593->Cys substitution, suggesting a relation 
between factor VIII genotype and inhibitor development. 

In Chapter 6, the epitope specificity of inhibitors in another patient with the Arg -^Cys 
substitution is analyzed longitudinally. Antibodies present in plasma of this patient are unable 
to discriminate between wild type and endogenous factor VIII. Together, Chapters 5 and 6 
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suggest that factors other than factor VIII genotype may be related to the formation of 
inhibitors in some patients with mild hemophilia A. 

In Chapter 7, the isolation of anti-A2 antibodies is described. One scFv appears to be 
directed to region Arg484-Ile508, a previously described binding site for A2-inhibitors. The 
second scFv did not bind to this region in the A2 domain. Epitope mapping reveals that this 
scFv is directed against residues Asp712-Ala736. These findings suggest the presence of a 
previously unidentified binding site for anti-factor VIII antibodies in the acidic region adjacent 
to the A2 domain. 

Chapter 8 describes the isolation of anti-A2 antibodies from 3 other patients with 
hemophilia A. The VH domains of these scFv are encoded by gene segments of the VH3, VH5, 
and VH6 family. The isolated scFv compete for binding to a similar binding site located within 
the A2 domain. Furthermore, the scFv do not inhibit factor VIII activity, probably due to their 
smaller size compared to complete antibodies. 

In Chapter 9, the results described in this thesis are discussed with reference to studies 
performed by other investigators. Collectively, the data presented in thesis provide further 
insights in the properties of individual human anti-factor VIII antibodies. 
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SAMENVATTING 

Een ernstige complicatie die kan optreden bij de behandeling van patiënten met hemofilie 
A is het ontstaan van antistoffen (remmers) die de activiteit van factor VIII kunnen 
neutraliseren. Remmers zijn voornamelijk gericht tegen bindingsplaatsen die zich bevinden in 
de A2, A3, en C2 domeinen van factor VIII. Hoewel de bindingsplaatsen voor factor VIII 
remmende antistoffen goed gedefinieerd zijn, is de kennis beperkt op het gebied van de 
primaire structuur en diversiteit van antistoffen gericht tegen factor VIII. Het onderzoek 
beschreven in dit proefschrift is gericht op de isolatie en karakterisering van humane 
antistoffen uit de immuunglobuline repertoires van patiënten met factor VIII remmende 
antistoffen. Met behulp van de faag display techniek werden humane antistoffen geïsoleerd, 
gericht tegen de belangrijkste bindingsplaatsen op factor VIII. Het analyseren van de primaire 
structuur en binding van antistoffen levert informatie op over het gebruik van de variabele gen 
segmenten, de diversiteit, epitope specificiteit, en de remmende capaciteit van individuele 
humane antistoffen gericht tegen factor VIII. 

In Hoofdstuk 1 is de bestaande kennis op het gebied van factor VIII remmers en hun 
karakteristieken beschreven. Daarnaast worden de methoden die gebruikt zijn voor het 
isoleren van monoklonale antistoffen uit het humane immuunglobuline repertoire met behulp 
van faag display uitvoerig beschreven. 

Hoofdstuk 2 beschrijft de isolatie van antistoffen gericht tegen het C2 domein uit een faag 
display bibliotheek bestaande uit het IgG4-gerestricteerde immuunglobuline variabele zware 
keten (VH) repertoire van een patiënt met verworven hemofilie A. De VH domeinen van deze 
antistoffen zijn afkomstig van kiemlijn gen segmenten DP-10, DP-14, en DP-88 die allen tot 
de VH1 gen familie behoren en verder worden gekarakteriseerd door een lange "third 
complementarity determining region" (CDR3). Fragmenten opgebouwd uit de variabele 
domeinen van deze antistoffen (scFv) remmen de factor VIII activiteit zelf niet, maar zijn 
daarentegen in staat de factor VIII remming door tegen het C2 domein gerichte antistoffen op 
te heffen. 

In Hoofdstuk 3 wordt het bestaan van een tweede klasse van tegen het C2 domein gerichte 
antistoffen, welke VH domeinen afgeleid van kiemlijn gen segment DP-5 bevatten, 
aangetoond. De resultaten doen vermoeden dat deze 2 klassen van antistoffen verschillende 
epitopen in het C2 domein van factor VIII herkennen. 

In Hoofdstuk 4 wordt de isolatie van antistoffen gericht tegen het A3 domein van factor 
VIII beschreven. De VH domeinen van deze scFv zijn afkomstig van verschillende VH genen 
van de VH1 en VH3 familie. Het lokaliseren van de epitopen wees uit dat het merendeel van de 
geïsoleerde scFv een bindingsplaats binnen de factor VIII sequentie Gln'778-Asp1840 herkent. 
De bindingsplaats van één scFv blijkt zich buiten dit gebied te bevinden. 

In Hoofdstuk 5, wordt de remmer ontwikkeling bij een milde hemofilie A patiënt met de 
Arg593->Cys mutatie beschreven. De antistoffen aanwezig in het plasma van deze patiënt zijn 
gericht tegen het A2 domein van factor VIII en reageren niet met een A2 domein waarin de 
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Arg ->Cys mutatie is aangebracht. Deze waarneming suggereert dat er een relatie bestaat 
tussen het factor VIII genotype en de ontwikkeling van remmers. 

In Hoofdstuk 6, wordt de epitope specificiteit van remmers in een andere patiënt met de 
Arg —>Cys mutatie longitudinaal gevolgd. Antistoffen aanwezig in het plasma van deze 
patiënt zijn niet in staat onderscheid te maken tussen respectievelijk wild-type en endogeen 
factor VIII. De gegevens beschreven in Hoofdstukken 5 en 6 suggereren dat mutaties in 
factor VIII gerelateerd kunnen zijn aan de vorming van antistoffen bij een deel van de 
patiënten met milde hemofilie A. 

In Hoofdstuk 7 wordt de isolatie van anti-A2 antistoffen beschreven. Eén van de 
geïsoleerde scFv is gericht tegen de regio Arg484-Ile508, een reeds eerder beschreven 
bindingsplaats voor remmende antistoffen gericht tegen het A2 domein van factor VIII. Een 
andere scFv is niet gericht tegen dit epitope in het A2 domein. Verdere studies tonen aan dat 
deze laatste scFv gericht is tegen een ander deel van het A2 domein (amino zuur sequentie 
Asp -Ala ), een tot nu toe niet eerder geïdentificeerde bindingsplaats voor anti-factor VIII 
antistoffen. 

Anti-A2 antistoffen werden tevens geïsoleerd uit 3 andere patiënten met hemofilie A 
(Hoofdstuk 8). De VH domeinen van deze scFv worden gecodeerd door gen segmenten van 
de VH3, VH5, en VH6 familie. De geïsoleerde scFv competeren voor binding aan een zelfde 
bindingsplaats gelegen in het A2 domein. Deze scFv zijn echter niet in staat de factor VIII 
activiteit te remmen, mogelijk door hun kleinere formaat ten opzichte van complete 
antistoffen. 

Tenslotte worden in Hoofdstuk 9 de resultaten beschreven in dit proefschrift 
bediscussieerd met betrekking tot het werk van andere onderzoekers. Deze gegevens 
vergroten het inzicht in de eigenschappen van individuele humane antistoffen gericht tegen 
factor VIII. 
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NAWOORD 

De zin of onzin van een nawoord zal altijd wel een issue blijven. Zelf heb ik altijd met 
plezier de na of dankwoorden gelezen in alle andere proefschriften die ik in de afgelopen jaren 
heb verzameld. Ik moet zeggen, het plezier van het schrijven is nog groter. Het is een nu een 
feit, mijn proefschrift is af. 

Allereerst wil ik mijn copromoteres Jan Voorberg en Marjolein Peters bedanken. Jan, jij 
stond de afgelopen jaren het dichtst bij mijn onderzoek. Met name door jouw begeleiding en 
opbouwende kritiek is dit proefschrift geworden tot wat het nu is. Samen hebben we bij heel 
wat manuscripten de puntjes op de I gezet, zittend achter jouw (te) kleine 15 inch monitor. 

Marjolein, ook jij bent een belangrijke schakel geweest in dit geheel. Jouw belangstelling 
voor zowel de experimenten als de daaruit voort gekomen papers is door de jaren heen even 
groot gebleven. En... zonder het patiënten-materiaal van het AMC zou er tenslotte geen 
hoofdstuk tot stand zijn gekomen. 

Ten tweede wil ik mijn promotores Pim van Aken en Rob Aalberse bedanken. Ik heb de 
inspirerende discussies, in de laatste fase van mijn promotieonderzoek, bijzonder weten te 
waarderen. Pim, de door jou gesuggereerde correcties in de teksten zijn voor mij zeer 
waardevol geweest. Rob, we zouden waarschijnlijk nog uren kunnen filosoferen over nog uit 
te voeren experimenten. Je kennis op het gebied van antistoffen is mij goed van pas gekomen. 

Als we het over begeleiding, belangstelling en de kritische noot hebben, kan ik natuurlijk 
de afdelingshoofden van de afdelingen Bloedstolling en Plasma Eiwitten niet overslaan. Jan 
van Mourik en Koen Mertens, bij deze dank voor de kans die jullie me hebben geboden op 
jullie afdelingen en het kritisch bekijken van alle geproduceerde data. 

Natuurlijk moet ik mijn collega's van de afdelingen Bloedstolling en Plasma Eiwitten niet 
vergeten te bedanken. Ik heb, eerst in mijn studententijd en daarna als AIO, ontzettend veel 
aan jullie gehad. Iedereen was altijd bereid om te helpen, daarnaast zou zonder jullie deze tijd 
zeker niet zo leuk zijn geweest. 

Karin, ik ben begonnen als jouw student op de afdeling Bloedstolling. In het dankwoord 
van jouw proefschrift heb je geschreven dat jouw eigenwijsheid wel eens botste met de mijne, 
maar deze eigenschap heeft ons allebei toch een hoop opgeleverd. 

Mijn paranimfen Ellen en Niels. Ellen, op het moment dat mijn promotiedatum vast kwam 
te staan werd duidelijk dat jij er misschien op deze dag niet bij aanwezig zou kunnen zijn. Een 
kind krijgen doe je tenslotte niet even tussen de bedrijven door. Niemand kan natuurlijk jouw 
plaats bij dit gebeuren innemen. Je staat tenslotte niet voor niets als coauteur bij bijna alle 
hoofdstukken van dit proefschrift. Zonder jouw inzet en kennis zouden veel grafieken er nu 
anders uit zien. 

Niels, we hebben elkaar een aantal jaren geleden leren kennen op het VMT-lab. Je was 
toen student en moest nog een tweede stage lopen. Ik heb je destijds gevraagd dat bij mij te 
komen doen, omdat ik onder de indruk was van je niet te temmen enthousiasme. Jammer 
genoeg ontging ook Koen dit niet, je stage was destijds nog niet eens zo lang van start gegaan 
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toen je vervolgens promoveerde van student tot collega AIO. Ik ben blij dat je nu mijn 
paranimf wilt zijn. 
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Mijn ouders wil ik bedanken voor de kans die zij me hebben geboden om te studeren en de 
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