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Multiple VH genes are used to assemble human antibodies directed
toward the A3-C1 domains of factor VIl

Edward N. van den Brink, Ellen A. M. Turenhout, Niels Bovenschen, Bram G. A. D. H. Heijnen,

Koen Mertens, Marjolein Peters, and Jan Voorberg

A well-known complication of factor VIII re-
placement therapy in patients with hemo-
philia A is the development of inhibitory
antibodies. Several studies have demon-
strated the presence of a binding site for
factor VIII inhibitors in the A3 domain. Six
different human monoclonal single-chain
variable domain antibody fragments (scFv)
directed toward the A3-C1 domains of factor
VIl have been isolated, using phage display
technology. Sequence analysis revealed that
the V' domains of 2 scFv were encoded by

germline gene segments from the V
family and 4 by germline gene segments
belonging to the V 13 gene family. Epitope
mapping of the scFv was performed, using a
series of hybrid factor Vlli/ffactor V light
chain fragments. This analysis revealed that

5 of 6 scFv were directed against a region
encompassing amino acid sequence Q1778-
D1840 in the A3 domain, a previously identi-
fied binding site for factor VIII inhibitors.
Only 2 of 5 scFv directed against amino acid
sequence Q1778-D1840 inhibited the proco-

nl gene

agulant activity of factor VIII. Our results
define the properties of human antibodies
directed against region Q1778-D1840 in the
A3 domain. Binding of one, noninhibitory
scFv was independent of the region Q1778-
D1840, suggesting the presence of an addi-
tional binding site for anti—factor VIl antibod-
ies in the A3-Cl domains of factor
VIII. (Blood. 2001;97:966-972)

© 2001 by The American Society of Hematology

Introduction
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Hemophilia A is an X-linked bleeding disorder that is associatefdctor VIII, for the corresponding porcine sequence yieldedga
with a functional absence of factor VIII. Upon initiation of factorfunctional factor VIII molecule that was less antigenic to factgr
VIII replacement therapy, approximately 25% of patients withIil inhibitors. The binding site for von Willebrand factor has beef
severe hemophilia A develop antibodies that neutralize the progecalized to thea3 region, which is released following cleavage &
agulant activity of factor VIII: On the basis of internal sequenceposition R1689 by thrombit?4 Inhibitory antibodies directedé
homology, factor VIII can be defined by the domain structurgsward this region may prevent activation of factor VIII whe
Al-al-A2-a2-B-a3-A3-C1-C2%3The majority of factor VIl inhibi- - complexed to von Willebrand factor. :
tors is directed toward epitopes within the A2, C2, and A3-C1 Assembly of antibody genes occurs by random rearrangem@nt
domains of factor VI Within the A2 domain, the region ot gitferent gene segment&The primary variable region of thes
R484-1508 has been identified as a major binding site for factfp,\y chain () is generated by random recombination of variabf
VIII inhibitors.5 In the C2 doma!n, amino aC|d_ residues E2181$VH), diversity (D), and joining (J) gene segments that are preseat
V2243 and V2248-S2312 constitute binding sites for factor VIIin multiple copies in the germline DNA. At the moment, 12§

inhibitors 7 . : - .
R - oo _different Vi; gene segments have been identified, which can $%e
The presence of an inhibitor binding site in the A3-C1 domamﬁassified into 7 different families (M to Vi,7), based on§

L - . c
has been suggested by inhibitor neutralization experiments, usin . ; . . 3
factor VIII light chain @3-A3-C1-C2 domains) and isolated CZnL?CleOt'de sequence homoloBy.”Two independent studies deterg

domain?8 Epitope mapping with the use of in vitro synthesizetjjnmefJI that only 39 or 5116_ c_)f the Vi, gene s_egments are,
factor VIII fragments defined the epitope in the A3 domain tdnctional, whereas the remaining genes are mainly pseudoggnes
amino acid residues Q1778-M182Furthermore, a synthetic that are nonfunctlonallbecause.of p0|.nt mutapons or truncatio®s.
peptide corresponding to residues K1804-V1819 competed foPf assembly of the primary variable light chain region)\a Vi
binding of factor VIII inhibitors to the light chaif.This region 9ene segment, either afor \ origin, is combined with a,Jgene
harbors amino acid residues E1811-K1818, which compriseSggment. Lack of the D gene segment ip §ene recombinationd
binding site for factor I1Xd® It was demonstrated that anti-A3resultsinaV repertoire that displays limited diversity compared §®
inhibitor immunoglobulin G (IgG) prevents factor 1Xa fromthe Vi, repertoire. As a consequence of the far greater diversity of
binding to the factor VIII light chairf.? Recently, a region involved the Vi domain, it is suggested that the heavy chain provides the
in the binding of factor VIII inhibitors has been localized to themajor contribution to antigen recognition and specificity. Besides
acidic regiona3, adjacent to the A3 domairt.Replacement of the combinatorial diversity, addition and deletion of nucleotides at the
a3region, comprising amino acid residues E1649-R1689 of humaites of V(D)J gene junction gives rise to diversity, particularly in
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the third complementarity-determining region (CDR3) of both V Phage display library construction and selection

and \{ domains. . . In this study, peripheral blood mononuclear cells from a previously
Recently, we have used phage display technology to 'SOlq}QScribed inhibitor patiefiserved as the source of RNA for the construc

anti-A2 and anti-C2 antibodies from the immunoglobulin repefion of a phage display library essentially as described previd&die
toires of patients with an inhibitor to factor VHF.vlgAnaIysis of patient’s IgG4-specific  gene repertoire was amplified, using appropriate
human anti-C2 antibodies revealed that their immunoglobulin, gene family-based yback primers and an IlgG4 constant region primer
heavy-chain variable () domains were exclusively encoded byas described Subsequently, eachiMepertoire was cloned separately in
Vi gene segments derived from the; gene family. These the phagemid pHEN-1-VLreff, which contained an immunoglobulin
findings suggest that only a subset of ¥ene segments is used tolight-chain variable (V) gene repertoire of nonimmune origin. _
generate human anti-C2 antibodies. Molecular analysis of anti-A2 Phage were selected for binding to the factor VIII light chain essentially

antibodies revealed that a single; \domain encoded by gene as describEd previousf§. In .this st_u_dy, mi‘crotite‘r wells (Dynatech,
LT .~ Plockingen, Germany) were immobilized with antibody CLB-CAg 117,
segment DP-10 (1-69) of the ¢ gene family '?’ involved in which is directed toward the C2 domain of factor \VANVells were blocked
assembly of a human antibody that binds to region R484-1508 |, Tris-puffered saline (TBS; 150 mM NaCl, 50 mM Tris, pH 7.4), 3%
the A2 domain. Furthermore, an additional human antibodyvol) human serum albumin (HSA) for 2 hours at 37°C. Phage in TBS,
composed of a \f domain encoded by gene segment DP-47 (3-23)6 HSA, and 0.5% (vol/vol) Tween-20 were preincubated for 2 hours at
of the V43 gene family, bound to residues D712-A736 in the acidimom temperature in CLB-CAg 117-coated wells to reduce nonspecific
region a2, a previously unidentified binding site for anti—factorbinding. Subsequently, CLB-CAg 117-coated wells were incubated fog 2
VIl antibodies1® hours at 37°C with 25 nM plasma-derived factor VI light chain in 1 l\éf

In the present study, phage display technology was used NgCl, 50 mM Tris, pH 7.4, 2% HSA, and blocked with HSA as outline§

further define the molecular characteristics of human antibodig&eve- For specific binding of phage directed toward factor VIl "ghtCha%"
. . . L these wells were incubated for 2 hours at room temperature with nonbozind
reactive with the A3-C1 domains of factor VIIl. The majority of the hage transferred from the preincubations. After washing with TBS/0.8%6

isolated antibodies was directed toward_ amino acid seque Sllvol), Tween-20, and TBS (both 20 times), bound phage were eluﬁd
Q1778-D1840 of factor VIII. Our results indicate that differentyit 100 mm triethylamine and rescued, usischerichia colTG126 The
residues in this region are involved in the binding of the variougsjection procedure was performed for a total of 3 rounds.

scFv. One of the isolated scFv did not react with this region,

suggesting the presence of an additional binding site for anti

. L ) _facg’greening and sequencing of selected clones
VIl antibodies in the A3-C1 domains of factor VIII.

0|g/18u-suoneagnd

After the third round of selection, phage derived from 15 single infectgd
colonies were tested for reactivity with factor VIIl. The domain specificity

was evaluated by testing reactivity of phage with factor VI light chain ared

o/ oD

Materials and methods recombinant C2 fragment immobilized via antibody CLB-CAg 117.%
) Bound phage was detected by anti-M13 antibody peroxidase conjugate
Materials (Pharmacia-LKB, Woerden, The Netherlan#sBequences encoding theg

DNA modification enzymes were purchased from Life Technologie¥+ and V. domains were determined using the BigDye Terminatgy
(Breda, The Netherlands) and New England Biolabs (Beverly, MA). Thduencing kit on an Applied Biosystems 377XL automated DNA sg-
Baculovirus expression system (Pharmingen, San Diego, CA) was usedgncer (Foster City, CA). Genes were aligned with a database of gerntiine
produce recombinant factor VIIl fragments in insect cells as describ¥9enes as compiled in the V-BASE sequence directbry.
previously?® Insect-XPRESS medium was purchased from BioWhittaker

(Alkmaar, The Netherlands). Oligonucleotides, protein G Sepharose-4ifharacterization of scFv

and protein A Sepharose CL-4B were purchased from Pharmacia-LKB ) ) ) ) ] ] 9
(Woerden, The Netherlands). Plasma-derived factor VIII light chain was" Production of single-chain variable domain antibody fragments (scF3),

purified as described previously. Thrombin-cleaved light chain was ¥ 9enes were subcloned into the vector pUC119-Sfi/Not-Fishich o
prepared as described previou@Monoclonal antibodies (mAbs) CLB- introduces a carboxy-terminal*6 histidine tag in the scFv. Expression an@
o

CAg A, 12, and 117 have been characterized previ§d&ymAbs ESH4  Purification of scFv was performed as described previotidurified scFv 3

. . o
and ESH8 were purchased from American Diagnostica (Greenwich, CT)Were analyzed by sodium dodecy! sulfate—polyacrylamide gel electrophgre-
sis (SDS-PAGE), and protein concentrations were measured spectropl’%)to—

metrically at Ago Reactivity of scFv with hybrid factor Vlll/factor V §
light-chain fragments and C2 domain was evaluated by immunoprecipfta-
Factor VIII activity was measured by a one-stage C|0tting aé%ﬁgctor tion analysis. Immunoprecipitation of metabolically labeled factor VIII
VIl inhibitor titers were measured using the Bethesda a3stmymunopre ~ fragments by scFv/Ni-NTA agarose (Qiagen, Hilden, Germany) complexes
cipitation of metabolically labeled factor VIl fragments by anti—factor Villwas performed as described previouSly.

9960010t08

Factor VIII assays

IgG was performed essentially as described previciidieutralization of Reactivity of scFv with the region comprising amino acid residues
factor VIII inhibitor activity by recombinant factor VIII fragments was E1649-R1689 of the factor VIII light chain was determined as follows.
performed as describéd. Factor VIII light chain and thrombin-cleaved factor VIII light chain (0.4

nM) were captured on antibody CLB-CAg 117—coated wells as described
above. Wells were incubated with scFv (0-100 nM) in TBS/2% HSA and
0.1% (vol/vol) Tween-20 for 2 hours at room temperature. Bound scFv were
A series of hybrid factor VllI/factor V light-chain expression vectors wereletected using peroxidase-labeled antibody 9E10. Antibody 9E10 is
constructed by overlap extension mutagenesis, using vector pCLB-GPéitected toward the scFv’'s carboxy-terminal myc-tag.

80K,20 encoding the light chain of factor VIII (amino acid residues

E1649—Y23:_32), and factor V complementaw DNA (cD_NA) as templ{’_‘te%urface plasmon resonance

Three hybrid constructs were made in which amino acids residues

R1803-K1818 (HV1803-1818), Q1778-H1821 (HV1778-1821), or K1804Fhe kinetics of the interaction between scFv and factor VIII light chain
D1840 (HV1804-1840) were replaced for the corresponding sequencewsdre determined by surface plasmon resonance, using a BlAcore2000
factor V (Figure 2A). Expression of metabolically labeled factor Vlllbiosensor system (Biacore AB, Uppsala, Sweden). ScFv were covalently
light-chain hybrids in insect cells was performed as descriBed. coupled at the indicated densities to the dextran surface of an activated

Construction of hybrid FVIII/FV light-chain hybrids
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1 2 3 4 5 6 kd Therefore, a subclass-specific oligonucleotide primer was used to
selectively amplify the patient’s IgG4-specifig;\gene repertoire.
Recombination of the 1gG4-enrichedy\yene repertoire with a
3 nonimmune Y gene repertoire in pHEN-1-VLrep yielded a phage

. — 68 library of 1.9 X 107 clones.

LCh»

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

- =43 After 3 rounds of selection, the domain specificity of phage 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 4 genes. The \ genes of clones KM37 and KM41

—29 were derived from germline gene segments DP-14 and DP-15,
respectively (Table 1), both belonging to thgMgene family. The

| — 18 remaining 4 \, genes were derived from )8 family gene go

segments; 2 from gene segment DP-49 (KM33 and KM38) an% 2

. o . ) , ) from DP-77 (KM35 and KM36). The ¥ genes harbor 21 to 31§

Figure 1. Characterization of antibodies present in plasma of a patient with . L . o

inhibitors to factor VIIl.  Binding of antibodies to metabolically labeled factor VIII nucleotide SUbStItUFIOﬂS Comp_ared to the'r nonmmated germlmg

fragments corresponding to the factor VIII light chain and the C2 domain was  gene segments. This resulted in 9 to 18 amino acid replacemen% In
evaluated by immunoprecipitation. The samples were analyzed under reducing  the encoded Vdomains. Deduced amino acid sequences of uneg/

conditions on a 12.5% (wt/vol) sodium dodecy! sulfate—polyacrylamide gel. (lanes 1 d . h in Table 2. Bot fcl KM35 S

and 2) Positive control (CLB-CAg 117); (lanes 3 and 4) negative control (normal omains a_re S owr_1 In fable 2. Bo h"genes orclones andg

plasma); (lanes 5 and 6) patient's plasma. Arrowheads indicate C2 domain (C2) and ~ KM36, which are highly homologous, used gene segmgsib Jor
factor Vil light chain (LCh). Molecular weight markers in kd are indicated atthe right.  \/DJ rearrangementydb was identified as the most homologoys

gene segment in clones KM38 and KM41 ap@ ih KM37. In the

CM5-sensor chip, using the amine-coupling kit according to the manufactdf# domain of KM33, no particular gene segment could beg
ers instructions (Biacore AB). A control flow-channel was routinelyidentified, possibly as a consequence of extensive somatic hype@nu-
activated and blocked in the absence of protein. Binding to coated chanri@ion and/or N-addition and deletion at the junction between D %\d
was corrected for binding to noncoated channets5¢o of binding to  J; gene segments. The presence of a particular D gene segient
coated channels). Binding (association) of ligand was assessed in 200 mduld only be established in clone KM37 in which gene segm%qt
NaCl, 2 mM CaCj, 0.05% (v/v) Tween 20, and 20 mM HEPES, pH 7.4 aD3-3 was rearranged.,\domains of clones KM35 and KM36 weres
25°C for 2 minutes at a flow rate of 20L/min. Dissociation was allowed gncoded by germline gene segment DPL16, a member of {Be §°?
for 2 minutes in the same buffer flow. Associatidg.f and dissociation ene family. The other 4 y domains paired with V domains =
(kofr) rate constants of data sets were determined using the BlAevaluation . . .
software. Binding data were corrected for bulk refractive index changes a\r}gnved from (_jl_f'ferent gene segments belonging to the and
: ; : . : - families (Table 1).

fitted according to a one-site model. Equilibrium dissociation constkgjs ( «l1lgene

were calculated agy/Kon.

c2 »

u'suofeolign

Biochemical characterization of A3-C1-specific scFv

4pd'9960010708U/SE9LLI

For the expression of scFv, the different, dnd \{ genes were
Results subcloned in the expression vector pUC119-Sfi/Not-RisBo 2
define the domain specificity of the isolated scFv, their reactiv@y
was evaluated by immunoprecipitation analysis, using metab8li-
cally labeled factor VIII light chain and C2 domain. Expression éf
Previously, we have shown that amino acid residues Q1778-M18@&@ factor VIII fragments was monitored by binding of scFv EL-13}
in the A3 domain constitute a binding site for factor VIIl inhibitors(Figure 2B; lane 9), a previously described anti-C2 domain $&Fg
This initial characterization of factor VIII inhibitors was per-All scFv, except for a control scFv that was directed toward the A2
formed, using a plasma sample with an inhibitor titer of 40 BU/mL
of a patient with severe hemophilia®&ollowing treatment of the
same patient with factor VIII inhibitor bypassing agent (FEIBA)Z.able 1. Most homologous germiine gene segments used in A3-C1 specific

o . . g .’ 5ingle-chain variable domain antibody fragments

the inhibitor titer increased to 200 BU/mL. In this study, we first

Characterization of anti—factor VIII antibodies
in patient’s plasma

. o ; AN V,; domai v, domai

evaluated the domain specificity of anti—factor VIII antibodies in n domain L domain

the latter plasma sample. Immunoprecipitation analysis showed A _ Substitutions , ‘
Clone Germline Family nucl/aa Germline Family

reactivity of antibodies with the factor VIII light chain as well as
the C2 domain (Figure 1; lanes 5 and 6). To determine to whill37 ~ DP-14(1-18) Vil 22113 DPK8 (L8) Vid

extent anti-C2 domain antibodies contribute to the inhibitor titef™4* ~ PP-15(1-8) Vil 2114 DPK22 (A27) vl
N o o K DP-49 (3-30) Vi3 21/10 DPK3 (L11) Vil
an inhibitor neutralization assay was performed. Addition of factor DP-49 (3.30) V. 2309 L12a (L12) Vi
. . . . e - - Hi [3

VIII light chain completely neutralized factor VIII inhibitory ... 554, (3-21) Vi3 31/18 DPL16 (V2-13) V.3

activity, whereas 30% neutralization was achieved on addition gfiss  pp.77 321y w3 26/15 DPL16 (V2-13) Vi3
C2 domain (data not shown). This suggests that the majority of
factor VIl inhibitory antibodies is directed toward a region located V+ and V. germiine gene use and nomenclature according to V-BASE.*® The

. . . , . . . number of different nucleotides and amino acids compared to the nonmutated
outside the C2 domain. The patient's anti—factor VIII antibodi€gmiines are indicated.

consisted predominantly of subclass 1gG4 (data not shown). Nuclindicates nucleotides; aa, amino acids.
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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 antibodi®%.Three factor
Vlli/factor V light-chain hybrids were constructed that contained
factor V replacements in the regions R1803-K1818 (HV1803-
1818), Q1778-H1821 (HV1778-1821) or K1804-D1840 (HV1804-
1840) (Figure 2A). Inspection of a 3-dimensional model of the
triplicated A domains of factor VIl revealed that the majority of the
amino acids within amino acid sequence Q1778-D1840 are located
at the surface of the A3 domai33

First, reactivity of antibody CLB-CAg A, whose binding site
has been localized to residues K1804-K1848ith 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 R1803-
K1818. Similar to CLB-CAg A, one of the isolated scFv, KM41,
did not react with the different hybrid fragments, suggesting that
the epitope of scFv KM41 is also contained within amino acid
sequence R1803-K1818 (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 R1803-K1818 in the binding of scFv KM35 and KM36 to
the light chain of factor VIIl. 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 HV1804-1840 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 Q1778-D1840. Re-
cently, a binding site for factor VIII inhibitors has been assigned to
amino acid residues E1649-R1689 at the amino-terminus of the
factor VIII light chain!! Binding of KM38 to thrombin-cleaved
factor VIII light chain was evaluated. Following thrombin cleavage
at position R1689, the region E1649-R1689 is removed from the
factor VIII light chain. In an enzyme-linked immunosorbent 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.

The capacity of each scFv to inhibit factor VIII procoagulant
activity was evaluated in a Bethesda as¥&@nly 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 VI
activity (titer <5 BU/mg scFv). To determine whether the
observed Bethesda titer of each scFv corresponds with its affinity
for the factor VIII light chain, we measured the association rate
constantK,,) and dissociation rate constakgg) of the factor VIl
light chain for the different scFv by surface plasmon resonance.
Addition of factor VIII light chain to immobilized scFv KM41
resulted in a time-dependent increase in mass detected on the
sensor chip that reflects binding of factor VIII light chain to
immobilized scFv (Figure 3). Fitting of this part of the curve
yielded ak,, of 1.8 X 10> M~1s~1 for the interaction of factor VIl

Table 2. Deduced protein sequences of isolated factor VIII A3-C1-specific single-chain variable domain antibody fragments

HUMAN ANTIBODIES SPECIFIC FOR THE A3-C1 DOMAINS

Heavy chains
CDR2

FR4

CDR3

FR3

FR2

CDR1

FR1

34567890 123

567890abcdefghijkim12

67890123456789012abc345678901234

012a3456789012345

67890123456789

SYGIS

12345

123456789012345678901234567890
QVQLVQSGAEVKKPGASVKVSCKASGYTFT

RVTMTTDTSTSTAYMELRSLRSDDTAVYYCAR

GKADQYYNLWRGSHSPNLLDN

WISAYNGNTNYAQKLQG

WVRQAPGQGLEWMG

-F-PHK-D----

DP-14

TVTVSS

WGQGT

—F--

KM37

RVTMTRNTSISTAYMELSSLRSEDTAVYYCAR
STPHSYSGSGLPPTSDS....

WMNPNSGNTGYAQKFQG

WVRQATGQGLEWMG
S S{ - =

QVQLVQSGAEVKKPGASVKVSCKASGYTFT SYDIN

DP-15

TLVTVSS

WGQG

L-L--D--T---

WVRQAPGKGLEWVA

——ND

A-F-

Q-Dnnmennn

.
QVQLVESGGGVVQPGRSLRLSCAASGFTFS

KM41

RFTISRDNSKNTLYLQMNSLRAEDTAVYYCAK

VISYDGSNKYYADSVKG

SYGMH

DP-49

TLVTVSS

WGQG

DLIESNIAEAF..........
DRHINISPPDS..........

SISSSSSYIYYADSVKG

N-VV

Tl
S \KY/y—

—--VD-

[ —

KM33

D-Al-

EVQLVESGGGLVKPGGSLRLSCAASGFTFS

TLVTVSS

WGQG

P T R

KM38

RFTISRDNAKNSLYLQMNSLRAEDTAVYYCAR

DGTIFGSAATWRAFDI.....
DGTIFGSAATWRAFDI.....

WVRQAPGKGLEWVS

- GGN--D---
- GGN--D------

SYSMN

DP-77

TMVTVSS
TMVTVSS

WGRG
WGRG

F
—Fem-

M

R-DIH
R-DIH

-R
R

KM35

KM36

Sequence numbering is according to Kabat et al.3! Sequences are available from GenBank under accession numbers: AF234247 (VHKM33); AF234248 (VHKM35); AF234249 (VHKM36); AF234250 (VHKM37); AF234251 (VHKM38);

AF234252 (VHKMA41); AF234253 (VLKM33); AF234254 (VLKM35); AF234255 (VLKM36); AF234256 (VLKM37); AF234257 (VLKM38); AF234258 (VLKMA41).

scFv indicates single-chain variable domain antibody fragments; FR, framework region; CDR, complementarity-determining region. Dashes indicate sequence identity to germline. Lowercase indicates amino acid substitutions encoded by

the PCR primer.
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A 1780 1790 1800
FVIII QASRPYSFYSSLISYE-------- EDQRQGAEPRKNFVKE
(AR 111 I 1]

BV LASRPYSLHAHGLSYEKSSEGKTYEDDS PEWFKEDNAVQE
1810 1820 1830 1840

PVIII NETKTYFWKVQHHMAPTKDEFDCKAWAYFSD
[ |1

PV NSSYTYVWHATERSGPESPGSACRAWAYYSA

Fvilk [ A1 [ A2 [ B W[ A3 Jci]c2]

e e

1649 1690 1778 1840

Y/l
HV1803-1818 Al

LCh

HV1778-1821 Y77

HV1804-1840 [ A77]

B + 333536373841 - 14
LCh

c2

HV1803-1818

HV1778-1821

HV1804-1840

123 45 67 89 10

Figure 2. Reactivity of isolated scFv with factor Vlll/factor V light-chain hybrids.

(A) Below a sequence alignment of factor VIII region Q1778-D1840 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
R1803-K1818 (HV1803-1818), Q1778-H1821 (HV1778-1821), and K1804-D1840
(HV1804-1840) in the factor VIII light chain that have been replaced for the
corresponding factor V sequence are indicated as dotted boxes. Hatched boxes
correspond to the acidic region a3, composed of residues E1649-R1689. (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, and 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)!* positive control (scFv EL-14, directed toward the C2
domain of factor VIII); (lane 10) antibody (A) antibody CLB-CAg A. On the left, the
used factor VIII fragments are indicated.

light chain with scFv KM41 (Table 3). Dissociation of bound factokmss
VI light chain from scFv KM41 was initiated at 2 minutes. Km37
Analysis of the obtained sensorgram revealed that factor VIII light3s
chain dissociates with a slow rate from immobilized scFv KM4{M41
(Figure 3). Aky of 2.9 X 10~*s~1 was obtained from the observed
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Figure 3. Kinetic parameters for binding of factor VIII light chain to immobilized

scFv. Factor VIII light chain (20 nM) was incubated with immobilized scFv KM33 (3.3
fmol/mm?), KM35 (63.3 fmol/mm2), KM36 (67.5 fmol/mm?2), KM37 (28.3 fmol/mm?),
KM38 (32.3 fmol/mm?), and KM41 (25.0 fmol/mm?) in 200 mM NacCl, 2 mM CaCl,,
0.05% (v/v) Tween 20, and 20 mM HEPES, pH 7.4 at a flow rate of 20 pL/min for 2
minutes at 25°C. Dissociation was initiated on replacement of ligand solution by
buffer. Response is indicated as resonance units (RU) and is corrected for
nonspecific binding (< 5%). To obtain similar values of resonance units for all scFv,
the amount of scFv KM33 immobilized was approximately 10-fold reduced compared
to the other scFv. Similar values of k,, and ko were found when higher concentrations
of scFv KM33 were immobilized.

S eu-suoneoygndyse;/:dpy wouy papeojumoq

determined values of,kand ky, a value of 1.6 nM was calculate
for the Ky of scFv KM41 and factor VI light chain (Table 3). Th
affinity of the other 5 scFv for factor VIII light chain was analyzeg
in a similar manner (Figure 3; Table 3). ScFv KM35 and KM
bound with a 35-fold lower affinity to factor VIII light chain whe
compared to scFv KM41 (Figure 3). Theg, observed for scF
KM38 is similar to that of scFv KM41, which indicates that facta®
VIII light chain readily binds to both scFv. The observed diffei
ences in affinity for the 2 scFv are due to an increased rate%of
dissociation of factor VIII light chain from scFv KM38 (Figure 3)%
Also, the reduced affinity of scFv KM37 compared to scFv KM43
can be attributed to an approximate 3-fold higher dissociation r§te
(Table 3). Factor VIII light chain associates with an approximate
10-fold higher rate to scFv KM33 when compared to scFv KM4d,
whereas the dissociation rate is similar for both scFv (Table ;%).
Consequently, the affinity of scFv KM33 is more than 10-f0§
higher than observed for scFv KM41 (Table 3). Overall, the affinigy
of the scFv isolated in this study ranges between 0.1 and 59 riM
Interestingly, scFv KM33 and KM41, having the highest affinil§
for factor VIl light chain, do inhibit the biological activity of factor

VIl as determined in a Bethesda assay. These data indicate that the
inhibitory capacity of the scFv is at least in part determined by their
affinity for factor VIII.

/ Vﬂﬁ/@%‘ mllJ?/P

<
/996,

Table 3. Binding kinetics and affinities of isolated single-chain variable
domain antibody fragments

scFv Kon (M~1s71) Koft (571) Kg (NM)

KM33 1.8 X 106 1.9 X104 0.1

KM35 1.6 X 10° 9.4 X 1073 59
1.7 X 10° 9.5 x 1073 55
2.6 X 10° 9.5 x 1074 3.7
3.8 X 10° 3.5x 1073 9.0
1.8 X 10° 2.9 X104 1.6

Ka, Kon, and kot Wwere determined by surface plasmon resonance as described in

decay in binding (Table 3). On the basis of the experimentaltyaterials and methods.”
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procoagulant activity, and binding of both scFv is dependent on
Discussion residues contained within regions surrounding R1803-K1818. The
Vy domains of these scFv differ at only 3 amino acid positions,
A significant portion of plasmas of patients with inhibitors tovhich may explain their similar epitope specificity.
factor VIII are known to contain antibodies that bind to the A3-C1 The lack of inhibition of factor VIl activity by scFv KM35 and
domainst® In the present study, 6 different human antibodieKM36 is most likely explained by their low affinity for the factor
directed toward the A3-C1 domains were isolated from thélll light chain in comparison to scFv KM33 and KM41 (Figure
immunoglobulin repertoire of a single patient. Previously, we ang). Because of their lower affinity for factor VIII, scFv KM35 and
others have shown that thg;\\domains of anti-C2 antibodies areKM36 may not be able to efficiently compete for binding of factor
preferentially encoded by germline gene segments derived from tbf@ to the factor VIII light chain. The epitope specificity of the
V1 gene familyt83435The results of the present study suggest thaoninhibitory scFv KM37 overlaps with that of the inhibitory scFv
anti—A3-C1 antibodies are composed qf ¥omains derived from KM33 (Figure 2B). The low affinity scFv KM37, compared to that
multiple germline gene segments of thggVand \{,;3 family. of scFv KM33, for the factor VIII light chain may explain its
Germline gene segments of thg;and ;3 family occur in, inability to block the procoagulant activity of factor VIII. Taken
respectively, 15% and 55% of human peripheral 1g& cells¢  together, it seems likely that high-affinity binding of scFv to factor
The individual germline gene segments DP-49 (3-30) DP-AII light chain is a prerequisite for factor VIII inhibition. o
(3-21), and DP-14 (1-18) that encode anti-A3-C1 antibodies are Inspection of the 3-dimensional homology model of the &
present in 5% to 10% of the total immunoglobulin repertdfren  domains of factor VIII reveals that, within region Q1778-D184§,
contrast, germline segment DP-15 (1-8) that has been used dnino acid residues Y1792-A1834 are expo¥ethe factor IXa &
assembly of scFv KM41 (Table 1) is present with a low frequendyinding site present within region R1803-K1818 is located at chie
(< 0.5%) in the immunoglobulin repertoire. These observatiorsite of this region, whereas regions Q1778-P1802 and V18%9-
suggest that, in contrast to, for example, human anti-Rh(ID1840 are in close contact but oriented away from residyges
antibodies, which are almost exclusively derived from members BfL803-K18183On the basis of the diameter of an antigen-bindi@
the “V,3-33 superspecies’—closely related germline gene segjte of 3.0 nme region Q1778-D1840 can accommodate at leasg?2
ments DP-49 (3-30/3-30.5), DP-46 (3-30.3), and DP-50 (3-33)-separate binding sites for scFv. The first binding site may overgg'ap
anti-A3-C1 antibodies are not encoded by a restricted setyof With residues R1803-K1818, and antibodies directed against this
gene segment. Further analysis of additional patients shouldite are likely to interfere with binding of factor IXa. The secor@
confirm whether anti-A3-C1 antibodies are indeed recruited frohinding site may be composed of residues derived from béth
B cells expressing immunoglobulins that incorporate frequenthpgions Q1778-P1802 and V1819-D1840. This hypothesis@is
used \; gene segments. compatible with our findings on the reactivity of scFv with thig
Five of 6 scFv bound to amino acid sequences contained witHigbrid factor Vili/factor V light-chain fragments. The inhibitoryS
the region Q1778-D1840 in the A3 domain. These findings confiratFv KM41 and mAb CLB-CAg A are targeted to the factor |X§
that this part of the A3 domain comprises a major binding site fdinding site present within region R1803-K1818. In contrag,
factor VIII inhibitors&° Within amino acid sequence Q1778-binding of KM33, KM35, KM36, and KM37 to factor VIII is 2
D1840, an interactive site for factor IXa has been localized tensitive to replacement of amino acid sequences surroun@ng
amino acid residues E1811-K1818.Binding of factor VIl R1803-K1818. ScFv binding to this site may not necessarfly
inhibitors to this site in the A3 domain interferes with binding ofnterfere with factor VIII activity because most of these residués
factor IXa®® Surprisingly, only 2 of 6 scFv described in this studyare not in close proximity to the factor IXa binding site &
effectively inhibited the procoagulant activity of factor VIII. In theE1811-K1818. Because of the smaller size of scFv (30 &)
following paragraphs, potential explanations for the differerdompared to that of complete antibodies (150 kd), we canfot
functional properties of the isolated scFv will be discussed. exclude that a complete antibody molecule that binds to regi@gns
Binding of the inhibitory scFv KM41 is dependent on residue®1778-P1802 and V1819-D1840 can interfere with factor VI
R1803-K1818, which contain a binding site for factor IXaprocoagulant activity. Also, complete antibody molecules may bifid
Previously, we have shown that monoclonal antibody CLB-CAg #vith a higher affinity to the factor VIII light chain compared to thg
binds to a synthetic peptide comprising these residBeplace corresponding scFv. Finally, it should be noted that the scgv
ment of residues R1803-K1818 by the corresponding sequencedescribed in this report contain \omains that are derived from &
factor V abolishes binding of CLB-CAg A to the factor VIII light nonimmune source. Phage display does not preserve the original
chain (Figure 2B). CLB-CAg A interferes with binding of factorVy-V, pairing as found in anti-A3-C1 antibodies present in
IXa to the factor VIII light chair?! In view of the similar epitope patient’s plasma. Potentially, both affinity and epitope specificity
specificity of scFv KM41 and CLB-CAg A, it is likely that scFv may be modulated by substituting the Whain of the scFv for a
KM41 competes with factor IXa for binding to the factor VIl different, patient-derived light chain.
light chain. The epitope specificity of scFv KM38 clearly differs from that
Also, scFv KM33 inhibits the procoagulant activity of factorof the other scFv isolated in this study. Presumably, scFv KM38
VI, although its epitope is located outside region R1803-K1818orresponds to anti—factor VIII antibodies that recognize an
(Figure 2B). Binding of scFv KM33 is primarily affected by additional epitope in the A3-C1 domains. ScFv KM38 is not
replacements in the carboxy-terminal part of sequence Q17%Brected against amino acid residues E1649-R1689, a recently
D1840. The epitope specificity of scFv KM33 is remarkablylescribed epitope for factor VIII inhibitors in the acidic region at
similar to that of scFv KM37, which does not inhibit factor VIIl the amino-terminus of the factor VIII light chath. Human
procoagulant activity. It should be noted that thg 8omains of antibodies directed against this region are often accompanied by
scFv KM33 and KM37 are derived from differentyVgene inhibitory antibodies directed against other parts on factor VIl and
segments, which may endow these scFv with different biochemicake not present in plasma of all inhibitor patients. Most likely,
properties. Both scFv KM35 and KM36 do not inhibit factor VIllantibodies with this specificity are not sufficiently represented in
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the repertoire of the patient described in this study to allow for their
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isolation by phage display. Competition experiments revealed “)@bknowledgments
the epitope of scFv KM38 overlaps with that of antibody CLB-CAg
12, a noninhibitory mAb directed against the A3-C1 domains af/e thank C. van der Zwaan for providing factor V cDNA, P. H. N.

factor VIII (data not shown). Only a single scFv that bound outsidgelie for providing purified factor VIII light chain, and G. van

region Q1778-D1840 has been found in this study, suggesting tlstémpvoort for the construction of HV1803-1818. We are also
human antibodies corresponding to scFv KM38 occur with a lograteful to W. G. van Aken, R. C. Aalberse, and P. J. Lenting for
frequency in the immunoglobulin repertoire of inhibitor patients. critical reading of the manuscript.
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