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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. 
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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 

47 



Chapter 3 

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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