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Key Points

• C1 domain antibodies with
low inhibitor titers by the
Bethesda assay are
pathogenic in mice due
to increased fVIII clearance.

• Monoclonal and patient-
derived polyclonal anti-fVIII
C1 domain antibodies
recognize similar B-cell
epitopes.

Inhibitor formation in hemophilia A is the most feared treatment-related complication of

factor VIII (fVIII) therapy. Most inhibitor patients with hemophilia A develop antibodies

against the fVIII A2 and C2 domains. Recent evidence demonstrates that the C1 domain

contributes to the inhibitor response. Inhibitory anti-C1 monoclonal antibodies (mAbs)

have been identified that bind to putative phospholipid and von Willebrand factor (VWF)

binding epitopes and block endocytosis of fVIII by antigen presenting cells. We now

demonstrate by competitive enzyme-linked immunosorbent assay and hydrogen-

deuteriumexchangemass spectrometry that 7 of 9 anti-humanC1mAbs tested recognize

an epitopedistinct from theC1phospholipid bindingsite. ThesemAbs, designated group

A, display high binding affinities for fVIII, weakly inhibit fVIII procoagulant activity, poorly

inhibit fVIII binding to phospholipid, and exhibit heterogeneity with respect to blocking

fVIII binding to VWF. Another mAb, designated group B, inhibits fVIII procoagulant

activity, fVIII binding toVWFandphospholipid, fVIIIa incorporation into the intrinsic Xase

complex, thrombin generation in plasma, and fVIII uptake by dendritic cells. Group A and

B epitopes are distinct from the epitope recognized by the canonical, human-derived inhibitory anti-C1 mAb, KM33, whose epitope

overlaps both groups A and B. Antibodies recognizing group A and B epitopes are present in inhibitor plasmas from patients with

hemophiliaA.Additionally,groupAandBmAbs increase fVIII clearanceandarepathogenic inahemophiliaAmouse tail snipbleeding

model. Group A anti-C1 mAbs represent the first identification of pathogenic, weakly inhibitory antibodies that increase fVIII

clearance. (Blood. 2016;128(16):2055-2067)

Introduction

Hemophilia A is an X-linked bleeding disorder characterized by a
deficiency of blood coagulation factor VIII (fVIII). Approximately
30% of individuals with severe hemophilia A and 5% of individuals
withmild or moderate hemophilia Awill develop inhibitors, defined as
neutralizing alloantibodies against fVIII.1,2 Inhibitors significantly
impact hemophilia treatment by rendering fVIII infusions ineffective
and increasing morbidity and mortality of disease.3-6

The fVIII protein consists of 6 domains in a sequence designated as
A1-A2-B-ap-A3-C1-C2.7 Most inhibitor patients with congenital
hemophilia A develop antibodies against the A2 and C2 domains.8-10

Healey et al11 demonstrated a predominance of anti-fVIII antibodies
to the A2 and C2 domains of fVIII in a murine hemophilia A model,
but antibodies to the other domains were also detected. Characteriza-
tion of the structural and functional properties of anti-A2 and
anti-C2 domain monoclonal antibodies (mAbs) has advanced our
understanding of the epitope spectrum of anti-fVIII antibodies12-15

and their mechanisms of inhibition.16-19 However, there is increas-
ing evidence of the C1 domain’s contribution to fVIII function and
immunogenicity.

Three major functions of the C1 domain have been described:
binding to vonWillebrand factor (VWF) and phospholipidmembranes
and mediating the uptake of fVIII by antigen presenting cells (APCs).
Several studies have described the involvement of the C1 domain in
binding toVWF and phospholipidmembranes.20,21 Recently negative-
stain electron microscopy and hydrogen-deuterium exchange mass
spectrometry (HDX MS) studies have revealed that VWF primarily
interacts with the C1 domain of fVIII.22,23 VWF binding protects fVIII
from endocytosis24 and the human-derived anti-C1 domain antibody
KM33 inhibits fVIII uptake by human monocyte-derived dendritic
cells (MDDCs).25 Moreover, B-domain deleted (BDD) fVIII mutant
constructs containing alanine substitutions at exposed C1 residues
Arg2090, Lys2092, and Phe2093 alone or in combination showed
reduced fVIII uptake by human MDDCs and macrophages and
immunogenicity in fVIII knockout mice compared with wild-type
BDD fVIII.26

C1 domain antibodies have been reported in patients with
hemophilia A. An anti-fVIII C1 domain antibody derived from a
patient with mild hemophilia A and inhibitors showed competitive
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inhibition of fVIII binding to VWF and incomplete (type 2) inhibition
of fVIII activity at saturating concentrations of antibody.27 Addition-
ally, inhibitor plasmas from 2 unrelated patients with mild hemophilia
A due to a missense mutation in the C1 domain (Arg2150His)
demonstrated type 2 inhibition and recognition of wild type but not
autologous fVIII.28

Given the complexity of the inhibitor response to fVIII, in-depth
investigation of the immunologic response to all fVIII domains is
warranted. In this study, we characterized the humoral response to the
C1 domain using anti-human fVIII antibodies developed in a murine
hemophilia A model. Pathogenic group A mAbs were identified that
increase the clearance of fVIII, despite having weak, type 2 inhibitory
activity. A mAb that recognizes a distinct nonoverlapping epitope,
designated a groupBmAb, is similar to the canonicalmAb,KM33, and
inhibits fVIII binding to VWF and phospholipids, fVIIIa incorporation
in the intrinsic Xase complex, and thrombin generation. Epitopes
recognized by groupA andBmAbs are shared by anti-fVIII antibodies
found in plasmas from patients with severe hemophilia A.

Methods

Anti-fVIII C1 domain antibody purification

Murine anti-human anti-C1 domain antibodies were purified from anti-fVIII
hybridomas as previously described.11,29 The supernatants of hybridomas
producing anti-C1 domain antibodies were collected and antibodies purified
usingSPSepharose Fast Flowor ProteinGagarose chromatography columns.
The immunoglobulin G (IgG) isotype and subclass were determined by
enzyme-linked immunosorbent assay (ELISA) using alkaline-phosphatase
isotype and subclass-specific antibodies. The purity of IgGwas assessed to be
.95% by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Antibodies were biotinylated as previously described.11

Competitive ELISA for mapping of overlapping epitopes

High-bindingELISAplateswere coatedwith aprimary anti-C1mAbat 6mg/mL
in phosphate-buffered saline/0.05% sodium azide (NaN3) and incubated at 4°C
overnight. BDD fVIII at 100 ng/mL was incubated on the plate for 1 hour
after blocking ELISA plates for 2 hours at room temperature with 20 mM
N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid/0.15 M NaCl
(N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid buffered saline)/2 mM
CaCl2/0.05% Tween-20/0.05% NaN3/2% bovine serum albumin, also referred
to as blocking buffer, pH 7.4. A secondary biotinylated anti-C1 mAb was
incubated on the plate for 1 hour, detected with alkaline phosphate–conjugated
streptavidin, and developed with p-nitrophenyl-phosphate. Absorbance was
measured at 405 nm. All anti-C1 mAbs were competed in the nonbiotinylated
(primary) and biotinylated (secondary) form.

HDX MS

HDX-MS experimentswere performed on a recombinant human serum albumin
fVIIIC1domain fusionprotein (HSA-C1) in thepresence and absence of anti-C1
mAbs in replicates of 3 using aWatersUPLCHDXsystemcoupledwith aQ-Tof
Premier mass spectrometer (Waters Corp, Milford, MA). Preparation of the
HSA-C1 fusion protein is detailed in supplemental Data, available on the Blood
Web site. The samples of antigen or antigen/mAb mixtures (1:1.1 molar ratio)
were prepared separately in phosphate-buffered saline buffer to the final antigen
andmAb concentration of 0.2 and 0.3mg/mL, respectively. An autosampler was
programmed to mix proteins 1:7 (v:v) with D2O-containing buffer (10 mM
phosphate buffer, pD 7.0) at 20°C for a variable time period between 0 and 120
secondsbeforequenching theexchange reactionwithanequalvolumeofprecooled
quenching buffer [100 mM phosphate, 0.5 M tris(2-carboxyethyl)phosphine,
0.8% formic acid, and 2% acetonitrile, pH 2.5] at 1°C. The quenched sample
was passed through a Waters Enzymate BEH Pepsin Column (2.1 3 30 mm).
Peptic peptides were separated in-line on a Waters ACQUITY UPLC BEH C18

column (1.7 mm, 1.03 100 mm) at a flow of 40 mL/min for 12 minutes (8-40%
linear gradient, mobile phase: 0.1% formic acid in acetonitrile) at 1°C. The mass
spectrometer was operated with the electrospray ionization source in positive
ionmode, and the data were acquired in elevated-energymass spectrometrymode.
For internal calibration, a reference lock-mass of Glu-Fibrinopeptide (Sigma-
Aldrich, St Louis, MO) was acquired along with each sample data collection.
Peptides were sequenced and identified through database searching of the human
fVIII-C1 sequence (2020-2172) in ProteinLynx Global SERVER (ver. 3.02), and
theHDX-MSdatawereprocessed inDynamX(ver. 3.0).Massassignment for each
peptide at 0 seconds of exchange was checked manually; any assignment with a
mass deviation.0.2 Da was removed. H/D exchange protection was quantitated
by comparison of hydrogen exchange profiles at different time points as previously
described.14

fVIII inhibitor assay

The inhibitor titer and inhibition type were determined by a modification of the
Bethesda assay using citratedpoolednormal humanplasma as the source of fVIII
as previously described.30 Specific inhibitory activities were converted to
Bethesda Units (BUs)/mg IgG using the known concentration of the anti-C1
mAb.

Inhibition of fVIII binding to phospholipid and VWF

Phospholipid and VWF binding competitive ELISAs were performed as
previously described and detailed in supplemental Data.16,31

Determination of binding affinities of anti-C1 mAbs for fVIII

The binding affinities of anti-C1 mAbs for BDD fVIII were determined by
surface plasmon resonance (SPR) spectroscopyusing aBiacoreX100 instrument
(GE Healthcare BioSciences, Pittsburgh, PA) as previously described32 and are
detailed in supplemental Data. Single-cycle kinetic sensorgrams were assessed
using a Langmuir binding model and fitted globally to estimate the association
and dissociation rate constants, binding affinities, and errors in parameter es-
timates using the BIAevaluation software.

Intrinsic Xase assays

The inhibition of activated fVIII (fVIIIa) in the intrinsic Xase assay by anti-C1
mAbs was analyzed using a chromogenic substrate assay for factor X activation
as previously described16 and detailed in supplemental Data. The initial velocity
of factor X activation, which is proportional to fVIIIa activity, and subsequent
first-order rate of decay of fVIIIa, along with the standard deviations (SDs) of
these estimates, were determined by linear regression estimates of the slope and
y-intercept of semi-log plots of factor Xa generation vs time.33

Thrombin generation

Thrombin generation was performed as previously described.34 Peak thrombin
concentration, endogenous thrombin potential (ETP), defined as the area under
the thrombin generation curve, and lag time were analyzed.

fVIII uptake by dendritic cells

HumanMDDCs were generated from healthy donors as previously described25

and detailed in supplemental Data. MDDCs were treated with DyLight
650–conjugated full-length fVIII in the presence and absence of anti-C1 mAbs.
UntreatedMDDCswereused to account for the intrinsicfluorescenceofMDDCs
in the data analysis. Anti–factor IX antibody GMA-138 (Green Mountain
Antibodies, Burlington, VT) was used as a control. The percentages of fVIII
uptake, and median fluorescence intensities of treated MDDCs, normalized
to untreated MDDCs, were analyzed using an LSRII flow cytometer (BD
Biosciences, San Jose, CA).

Competitive ELISA of anti-C1 mAbs with patient

inhibitor plasmas

The ability of plasma samples from patients with congenital hemophilia A and
inhibitors to block the binding of anti-C1 mAbs was tested by competitive ELISA
aspreviouslydescribed,with a fewmodificationsdetailed in supplementalData.35
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Hemophilia A mouse tail snip bleeding model

An invivo tail snip assaywasused todeterminebleedingphenotypeofhemophilia
Amice in the presence and absence of anti-C1mAbs as previously described.36,37

fVIII clearance in vivo

To determine fVIII clearance, mice were killed 2 hours following BDD fVIII
injections and plasma samples were collected by cardiac puncture. fVIII antigen
levels were determined by sandwich ELISA using anti-A1 domain mAb 2-116
and anti-A2 domainmAb 2-76 as capture and detection antibodies, respectively,
as described in supplemental Data. fVIII coagulant activity was measured using
the activated partial thromboplastin reagent-based 1-stage coagulation assay as pre-
viously described38 and pooled mouse plasma spiked with BDD fVIII to 1 U/mL
for the standard curve.

Approval

After approval by the institutional review board and written informed consent
from subjects, samples were obtained in accordance with Emory Institutional
Review Board Protocol IRB00006290. Approval for the use of animals in this
study and approval of study methods was granted by the Emory University
Institutional Animal Care and Use Committee. The Emory University School of
Medicine Division of Animal Resources provided training for the proper
handling and euthanasia of animals.

Statistical Analysis

Data are presented as means 6 SD unless otherwise specified. Significance
testing of differences in blood loss in the tail snip assay, fVIII antigen, and fVIII
activity were determined by the nonparametric Mann-Whitney U test using
Prism6.0 (GraphPadSoftware, LaJolla, CA).AvalueofP, .05was considered
statistically significant.

Results

Immunodominant B-cell epitope is present in the C1 domain

of fVIII

To elucidate the overlapping and nonoverlapping B-cell epitopes
within the C1 domain, a competitive ELISA between 8 murine and
1 human-derived anti-human C1 mAbs was used. A matrix of the
competition pattern between pairs of mAbs revealed 2 distinct B-cell
epitopes designated groups A and B within the C1 domain (sup-
plemental Figure 1A). Group A contained 7 of the 9 mAbs from 5
different mice, 2A9, B153, F156, I41, I84, I88, and M6143, that
competed for binding to fVIII. B136 was the only group B mAb. The
human-derived mAb KM33 competed with group AmAbs B153, I84,
I88, and M6143 and group B mAb B136 and is designated group AB
(supplemental Figure 1B).

Epitope mapping of anti-C1 mAbs by HDX-MS

Mapping of 60 peptic peptides of HSA-C1 byHDX-MS achieved 97%
sequence coverage of the C1 domain at an average 7.76-fold
redundancy/residue (Figure 1A). Comparison of the C1 domain with
and without bound mAbs identified sequences with altered HDX
profiles, most of which exhibited reduced deuterium exchange with
bound mAb (Figure 1B). Spectra demonstrating H/D exchange pro-
tection of HSA-C1 sequences by groupAmAb2A9 as a representative
mAb are shown in supplemental Figure 2. Group A mAbs showed
reduced deuterium exchange for C1 sequences 2063-2071 and
2129-2136 (Figures 1B and 2A-B). In contrast, group AB mAb
KM33 demonstrated reduced deuterium exchange of residues
2157-2164 and 2091-2092 similar to previously described results39

with additional H/D exchange protection identified at sequences
2036-2044 and 2077-2085. Group B mAb B136 demonstrated de-
creased deuterium exchange at residues 2077-2084, similar to group
AB mAb KM33, and consistent with the competitive ELISA findings
indicating an overlapping epitope between KM33 and B136 (sup-
plemental Figure 1A). Overall, the HDX-MS results identify distinct
C1 domain epitopes recognized by groupAandgroupAB/BmAbs and
are consistent with the competitive ELISA results.

Effect of anti-C1 mAbs on fVIII procoagulant activity and

binding to phospholipids and VWF

Group A mAbs demonstrated weak inhibition of fVIII activity with
inhibitor titers ranging from indeterminate (50% fVIII inhibition was
not reached) to 180 BU/mg IgG in the Bethesda assay (Figure 3A;
Table 1). The group A mAbs demonstrated type 2 inhibition, defined
as incomplete inhibition of fVIII activity in the presence of saturat-
ing concentrations of antibody. In contrast, group B mAb B136 and
group AB mAb KM33 demonstrated higher inhibitor titers of 700 and
3700 BU/mg IgG, respectively. mAbs B136 and KM33 demonstrated
complete, type1 inhibitionof fVIII activity at saturating concentrations.

Comparedwith groupABmAbKM33, groupAmAbs demonstrated
weak or no inhibition of fVIII binding to phospholipids (Figure 3B;
Table 1). In contrast, group A mAbs 2A9, I41, I84, I88, and M6143
inhibited the binding of fVIII to VWF, albeit with higher IC50s than
KM33.GroupAmAbsB153andF156didnot inhibit thebindingof fVIII
to VWF at the highest concentrations tested, indicating functional
heterogeneity within group A. Like KM33, group B mAb B136 was a
potent inhibitorof fVIIIbinding tophospholipidandVWF(Figure3B-C).

High-affinity binding of anti-C1 mAbs to fVIII

All of the mAbs exhibited equilibrium dissociation constants (KD)
between 0.1 and 10 nM determined by SPR spectroscopy, which is
consistent with high affinity for fVIII (Table 2). Despite high-affinity
binding, group A mAbs with inhibitor titers of;10 BU/mg (Table 1)
required a concentration of;600 nM to produce 50% inhibition of fVIII
in the Bethesda assay. Thus, fVIII bound to group A mAbs is weakly
inhibited. In contrast, group B mAb B136, which potently inhibits fVIII
binding to VWF and phospholipids and displays type 1 inhibition of
fVIII, revealed thehighest affinity for fVIII and is similar to thepreviously
reported KD for group AB mAb KM33 of 0.1 nM.40 B136 requires a
concentration of 9.5 nM to produce 50% inhibition. Representative SPR
sensorgrams are shown in supplemental Figure 3. These results indicate
that the anticoagulant property of anti-C1 mAbs is a function of their
ability to inhibit fVIII binding to phospholipid membranes.

Inhibition of intrinsic Xase activity and thrombin generation by

anti-C1 mAbs

Preliminary experiments were done to determine that the potent fVIII
inhibitor, group B mAb B136, inhibits fVIIIa function and not the
activation of fVIII. fVIII was activated with thrombin followed by
addition of B136 and dilution of this mixture into a solution containing
factor IXa and PCPS. Initial fVIIIa activity was inhibited by B136 in a
concentration-dependentmanner (supplemental Figure 4). fVIIIa activity
exhibited first-order decay over time due to the dissociation of the fVIII
A2 subunit,41 which was not affected by B136. In subsequent ex-
periments, anti-C1 mAbs were preincubated with fVIII, followed by
rapid activation by thrombin and assembly of the intrinsicXase complex.
Extrapolation of the decay curves to zero timeprovided an estimate of the
effect of anti-C1 mAbs on fVIIIa activity (Figure 4A). Group A mAbs
2A9, F156, I84, and M6143 showed weak inhibition of fVIIIa activity
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compared with group AB and B mAbs KM33 and B136, respectively.
None of themAbs affected the decay rate of fVIIIa (data not shown). The
addition of VWF provided some degree of protection of fVIIIa activity
for the groupAmAbs.mAbsB136 andKM33 inhibited fVIIIa similarly
in the absence or presence of VWF. Similar to the intrinsic Xase assays
findings, group AmAbs showed weak inhibition of peak thrombin gen-
eration and ETP compared with mAbs B136 and KM33 (Figure 4B-C).
Lag time was not significantly altered by anti-C1 mAbs.

Anti-C1 mAbs binding epitopes play a role in fVIII uptake by

dendritic cells

The intracellular uptake of fVIII by MDDCs in the presence of the
group AmAbs 2A9, F156, and I84, group ABmAbKM33, and group
B mAb B136 was compared with the uptake of fVIII alone or in
the presence of control anti–factor IX antibody GMA-138 by flow
cytometry. Cells treatedwithfluorescently labeled fVIII in the presence
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Figure 1. Epitope mapping of mAbs within the C1 domain. (A) Peptide map of HSA-C1 protein showing 97% sequence coverage of the C1 domain. (B) Heat map of

differences in deuterium exchange per residue at 0, 15, 60, and 120 seconds for the C1 domain demonstrating regions of H/D exchange protection in the presence of anti-C1

mAbs. Color scale indicates percentage of H/D exchange protection determined by the difference in percentage of deuterium exchange per residue between the antigen alone

and antigen/mAb mixtures at each individual time (antigen/mAb, also referred to “Apo-mAb,” subtracted from antigen). Red indicates regions of increased H/D exchange

protection and blue indicates no protection.
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ofKM33andB136 inhibited fVIIIuptakeby95%and69%, respectively.
In contrast, mAbs 2A9 and I84 reduced fVIII uptake by only 21% and
43%, respectively (Figure 5A). The noninhibitory mAb F156 increased
fVIII uptake by 55%. GMA-138 did not alter fVIII uptake. fVIII uptake
was also studied as a function of fVIII concentration and observed down
to a physiologic concentration of 1 nM fVIII (Figure 5B). The increased
inhibition of fVIII uptake by group AB and B mAbs compared with
group A mAbs was observed at all concentrations tested.

Anti-C1 mAbs are present in patients with severe hemophilia A

and inhibitors

The ability of patient plasmas with inhibitor titers ranging from 1 to
3337 BU/mL (mean, 54 BU/mL; median, 308 BU/mL) to block the

bindingof anti-C1mAbs to fVIIIwas assessed. Significant inhibition of
binding by mAbs 2A9, F156, I84, and B136 was present in 58% (7 of
12), 30% (3of 10), 60% (6of 10), and50%(4of 8) of inhibitor plasmas,
respectively (Figure 6). These results indicate that the epitopes bound
by the anti-C1mAbs in this study are recognized by antibodies present
in patient inhibitor plasmas.

Pathogenicity of anti-C1 mAbs in an in vivo murine tail snip

bleeding model

Whereas the inhibitory properties ofC1domain antibodies onkey fVIII
functions have been described and now expanded in this study, the
effect of anti-C1mAbsonbleedingphenotype in vivohas yet to be fully
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Figure 2. Anti-C1 domain antibodies epitope map-

ping by HDX MS. (A) Heat map demonstrating

percentage of H/D exchange protection of HSA-C1 fVIII

protein in the presence of the anti-C1 mAbs. The color

scale represents the difference in percentage of deute-

rium exchange per residue between antigen alone and

antigen/mAb mixtures at 120 seconds (antigen/mAb

subtracted from antigen) in which the darker shades

represent decreased deuterium exchange in the presence

of anti-C1 mAbs. The red and purple shaded regions on

the C1 domain corresponding to the red and purple bars

below the heat map adapted from the crystal structure

of fVIII (Protein Data Bank ID code 4BDV) represents

regions of reduced deuterium exchange rate by group A

mAbs. The red shaded region and bar corresponds to the

proposed primary binding epitope for group A mAbs. The

green bars below the heat map and green shaded region

on the fVIII C1 domain crystal structure corresponds to

the proposed phospholipid binding site for group AB mAb

KM33 and group B mAb B136. (B) Binding regions for

each anti-C1 mAb imposed on the C1 domain. Shaded

regions represent sequences with decreased deuterium

exchange in the presence of the anti-C1 mAb. Regions

shaded red correspond to sequences with increased H/D

exchange protection and orange shaded regions corre-

spond to sequences with a lesser degree of protection in

HDX-MS.
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Figure 3. fVIII functional assays in the presence of group A,

AB, and B anti-C1 mAbs. (A) Inhibition of fVIII procoagulant

activity by type 2 group A mAb I84 (d), type 1 group AB mAb KM33

(n), and type 1 group B mAb B136 (4) by Bethesda assay. (B)

Inhibition of fVIII binding to PCPS and (C) fVIII binding to VWF in the
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and group B B136 (4) determined by competitive ELISAs.
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explored. Anti-C1 mAbs 2A9, M6143, KM33, and B136 all caused
significant bleeding in mice producing median (mean 6 SD) blood
losses per gram of mouse body weight of 33 (326 9.8), 40.1 (36.96
14.8), 44.9 (44.5 6 4.1), and 41 (34.1 6 15.6) mg/g, respectively,
compared with 1.2 (7.16 3.2) mg/g in mice that received fVIII alone
(P, .05; Figure 7A). Mice that received mAbs 2A9, M6143, KM33,
and B136 were estimated to have plasma inhibitor titers of ,1, 2.3,
46.3, and 8.8 BU/mL, respectively. mAb F156 did not produce sig-
nificant bleeding in mice with a median (mean 6 SD) blood loss of
1.7 (2.8 6 3.2) mg/g (P 5 .36, Mann-Whitney U test) and has an
estimated plasma inhibitor titer of ,1 BU/mL. These findings dem-
onstrate that in addition to the inhibitory mAbs B136 and KM33, the
weakly inhibitory group A mAbs 2A9 and M6143 are pathogenic.

Anti-C1 mAbs increase fVIII clearance in hemophilia A mice

The clearance of fVIII is increased in the absence of VWF. Because
some of the weakly inhibitory group A mAbs inhibit the binding of
fVIII to VWF, we hypothesized that increased fVIII clearance was
responsible for pathogenic bleeding in the presence of these mAbs.
GroupAmAbsM6143 and 2A9 significantly reduced circulating fVIII
antigen (Figure 7B) and activity (Figure 7C) comparedwith fVIII in the
absence of mAb, consistent with this hypothesis. In contrast, group A
mAbF156, which does not inhibit the binding of fVIII toVWF, did not
reduce fVIII clearance.mAbsKM33andB136also reduced the level of
circulating fVIII antigen. fVIII procoagulant activity was reduced even
further, presumablydue to carryover of thesemAbs into the coagulation
assay. This suggests both inhibition of fVIII procoagulant activity and
increased fVIII clearance as contributingmechanisms for pathogenicity
by mAbs KM33 and B136.

Discussion

We characterized epitope recognition and the functional properties of
8 murine-derived anti-human anti-C1 domain mAbs and a previously

described human-derived mAb, KM33.25,26,39,40,42,43 We identified 2
novel antibody groups, designatedA andB, by competitive ELISAand
HDX-MS (Figures 1 and 2). KM33 binds to partially overlapping
epitopes recognized by both group A and group B mAbs and is
designated a group AB mAb.

Despite their recognition of overlapping epitopes, there is notable
heterogeneity in the residues bound by group A anti-C1 mAbs as
judged by differential inhibition in VWF and phospholipid binding
assays (Table1).Fiveof the7groupAmAbs inhibited, althoughweakly,
fVIII binding to VWF with IC50s ranging from 0.6 to 3.3 mg/mL.
This is in contrast to an IC50 of 0.03 mg/mL observed for group
AB mAb KM33 that is comparable to classical anti-C2 mAbs.16

Additionally, only mAb 2A9 inhibited fVIII binding to both VWF and
phospholipids. mAbs F156 and B153 inhibited neither VWF nor
phospholipid binding. Generally, the group A anti-C1 mAbs demon-
strated weak and incomplete inhibition of fVIII by Bethesda assay at
concentrations up to 1 mg/mL (;7 mM). SPR experiments revealed
that all of the anti-C1 mAbs display high-affinity, nanomolar or
subnanomolar binding to fVIII. Thus, the functional differences
between the mAbs are not due to the inability of some mAbs to bind
fVIII at the concentrations used in the assays.

The weak anticoagulant activity of group A antibodies is consistent
with theobservation that they inhibit thebindingof fVIII tophospholipid
weaklyornot at all (Table1).Site-directedmutagenesis ofC1 residues in
fVIII indicates that residues2042-2043, 2090-2093, and2159contribute
to phospholipidmembrane binding.21Additionally, residues 2042-2043
and2159,whichare contiguous in the fVIIIX-ray structure, interactwith
VWF. Consistent with this, HDX-MS results indicate that binding of
groupAmAbsprotect sequences2063-2071and2129-2136 (Figure 2A),
which are remote from the phospholipid and VWF binding sites. Given
the distance between these two sequences, it is unlikely that the footprints
of an IgG antibody would mask both regions simultaneously. We hy-
pothesize that the sequence 2063-2071 contains the primary group A
binding epitope due to the unaltered deuterium exchange rates at
2129-2136 by mAb I41, which has high affinity binding for fVIII
(KD, 1.9 nM) and similar characteristics to the other group A mAbs.

Table 1. Summary of anti-C1 mAb characteristics

mAb no. Name Isotype Group Spleen prigin no. BU/mg IgG Inhibitor type VWF binding IC50 (mg/mL) Phospholipid binding IC50 (mg/mL)

1 2A9 IgG2ak A 1 23 II 1.1 0.9

2 B153 IgG2ak A 2 3 II .10 .10

3 F156 IgG1k A 3 7 II .10 .10

4 I41 IgG1k A 4 15 II 2.7 .10

5 I84 IgG2ak A 4 IND II 3.3 .10

6 I88 IgG2ak A 4 3 II 1.7 .10

7 M6143 IgG1k A 5 180 II 0.6 .10

8 KM33 IgG1k* AB † 3700 I 0.03 0.03

9 B136 IgG2ak B 2 700 I 0.4 0.04

IND, indeterminate.

*Human-derived mAb KM33 was donated as a full-length human IgG1K converted from the original scFv.

†KM33 is a human-derived mAb.

Table 2. Binding affinities of anti-C1 mAbs for fVIII determined by SPR spectroscopy

mAb Group ka (M-1s21) kd (s21) KD (nM) Rmax (RU) x2 (RU2)

2A9 A (0.3 6 0.1) 3 106 (2.2 6 0.2) 3 1024 0.9 6 0.2 97.8 6 1.1 0.3 6 0.2

B153 A (0.3 6 0.03) 3 106 (28 6 10.8) 3 1024 10 6 2.9 92.5 6 22.8 1 6 0.8

F156 A (0.3 6 0.1) 3 106 (8.3 6 0.6) 3 1024 2.9 6 1.5 74.0 6 21.1 0.9 6 1.2

I41 A (0.3 6 0.1) 3 106 (6.5 6 0.4) 3 1024 1.9 6 0.2 85.8 6 3.3 0.1 6 0.2

I84 A (0.2 6 0.03) 3 106 (3.5 6 0.3) 3 1024 1.9 6 0.5 108.9 6 6.6 0.1 6 0.04

I88 A (0.4 6 0.2) 3 106 (4.3 6 1.1) 3 1024 1 6 0.1 124.6 6 11.2 0.2 6 0.03

M6143 A (0.5 6 0.2) 3 106 (0.9 6 0.1) 3 1024 0.2 6 0.1 132.8 6 25.3 0.1 6 0.004

B136 B (3.1 6 1.2) 3 106 (3.2 6 0.4) 3 1024 0.1 6 0.03 301.9 6 26.5 1.3 6 0.04
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One possibility to explain the reduced deuterium exchange observed at
2129-2136 is an allosteric effect on fVIII in which the C1 domain is
stabilizedonbinding to the2063-2071sequencebygroupAmAbs, leading
to protection from H/D exchange at residues 2129-2136 in HDX-MS.

Epitope mapping of the human-derived C1 antibody LE2E9
suggests binding to residues 2150 and 2153, which is in contrast to our

proposed group A binding site; however, these studies were limited to
the evaluation of 9 scattered residues in the C1 domain and were not
confirmed by another mechanism.27 Additionally hemophilia A mice
infused with LE2E9 demonstrated increased bleeding, decreased
survival, and reduced fVIII activity over time comparedwith wild-type
mice in tail snip studies.44 Given its properties, we hypothesize that
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Figure 4. Inhibition of intrinsic Xase complex and

thrombin generation by anti-C1 mAbs. (A) BDD fVIII at a

limiting concentration of 1 nM was preincubated for 2 hours at

37°C in the presence of 20 nM anti-C1 mAbs or buffer control

in the absence (black bars) or presence (gray bars) of 10 mg/

mL VWF. fVIII was activated by 100 nM thrombin for 30

seconds followed by inhibition of thrombin by 150 nM hirudin.

fVIII is completely activated within 10 seconds at this

concentration. The intrinsic Xase complex was assembled

by the addition of the fVIIIa sample to factor IXa (2 nM), PCPS

vesicles (20 mM), and factor X (300 nM). fVIIIa activity was

determined by measurement of factor Xa generation in the

intrinsic fXase assay as described in “Methods.” (B) Repre-

sentative thrombin generation in fVIII-deficient plasma spiked

with 1 U/mL recombinant full-length fVIII in the presence of 5

mg/mL group A mAb 2A9 and group B mAb B136. Control

curves of fVIII-deficient plasma with and without fVIII are also

shown. (C) ETP (black bars), peak thrombin generated (light

gray bars), and lag time (dark gray bars) of fVIII-deficient

plasma spiked with fVIII and anti-C1 mAbs as a percentage of
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shown as a negative control.
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LE2E9 would accelerate fVIII clearance similar to 2A9. mAb TB-402,
LE2E9’s deglycosylated counterpart, behaves differently from LE2E9
in that it shows reduced inhibition of fVIII activity compared with
LE2E9 and does not appear to inhibit fVIII binding to VWF.45

Three of the sequences identified by HDX-MS that interact with
mAb KM33, 2036-2044, 2157-2164, and 2091-2092, include phos-
pholipid and/or VWF binding sites, consistent with potent inhibition by
KM33 of these interactions. mAb B136 is a potent inhibitor of fVIII
binding to phospholipids (Table 1), and like KM33, demonstrates

decreased deuterium exchange at residues 2077-2084 (Figure 2A).
However, no evidence was found by HDX-MS for the interaction of
this sequence with previously identified phospholipid or VWF bind-
ing sites. Thus, residues within 2077-2084 may represent a previously
unrecognized functionally important region. This is in contrast to HDX-
MS findings reported by Bloem et al39 that excluded partially over-
lapping peptide 2076-2090 as a protected site byKM33due to unaltered
time-dependent deuterium incorporation. Although an explanation
for this observed difference is unclear, differences in experimental
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procedures,C1domain sequence coverage followingpepsindigestion,
and the fVIII proteins used between the current study and published
data may have contributed to sequence variances with HDX-MS.

Patients with congenital and acquired hemophilia A produce a
polyclonal antibody response to fVIII that has been attributed primarily
to epitopes in the A2 and C2 domains.8-10 However, in the current
study, most of the inhibitor plasmas tested competed with anti-C1
mAbs for binding to fVIII.Combinedwith the pathogenicity of a subset
of minimally inhibitory anti-C1 antibodies (Table 1; Figure 7A), this
suggests that the clinical importance of anti-C1 antibodies in the
humoral response to fVIII has been underestimated. In the polyclonal
fVIII inhibitor environment, anti-C1 antibodies could bemasked in the
presence ofA2orC2domainantibodies that exhibit potent inhibitionof
fVIII procoagulant activity.

fVIII residues within the C1 domain recognized by mAb KM33
have been implicated in mediating fVIII uptake by APCs.25 All of
the anti-C1 mAbs tested, with the exception of F156, inhibited the
endocytosis of fVIII by MDDCs (Figure 5). Potent fVIII inhibitors

KM33 and B136 were the strongest inhibitors of fVIII uptake by
MDDCs. These mAbs not only recognize the group B epitope but
abrogate fVIII binding to VWF and phospholipids, indicating that the
groupB epitope contributes to fVIII presentation to the immune system
and regulation of critical fVIII functions. Better understanding of the
specific residues recognized by APCs could provide a mechanism
for production of a less immunogenic fVIII protein. For instance,
Wroblewska et al26 showed that hemophilia A mice that received 5
weekly injections of BDD fVIII with combined alanine substitutions
at residues 2090/2092/2093, residues previously implicated in KM33
binding, had significantly reduced anti-fVIII ELISA titers, Bethesda
titers, and splenicCD41T-cell proliferation on restimulationwith fVIII
compared with mice that received wild-type BDD fVIII.

The weakly inhibitory group A mAbs 2A9 and M6143 were
surprisingly pathogenic in a hemophilia A mouse tail snip bleeding
model (Figure 7A) despite having only mild/moderate inhibition of
fVIII activity inmultiple in vitro coagulation assays. Interestingly, there
have been reports of patients in the literature and anecdotally with
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undetectable inhibitor titers that have significant bleeding episodes
despite infusions of high doses of fVIII.46 Given that 1 potential source
of in vivo pathogenicity not measured by in vitro assays is clearance of
antibody/antigen complexes, we proposed increased fVIII clearance
due to inhibition of VWF binding by 2A9 and M6143 as a possible
pathogenic mechanism. To test this, we measured fVIII antigen and
activity levels at the time of tail snips and found that both 2A9 and
M6143 produced a reduction of fVIII activity levels that corresponded
to the loss of the fVIII antigen (Figure 7B-C). In addition, there was
increased clearance of fVIII antigen in the presence of the strongly
inhibitory mAbs KM33 and B136, which also contributes to their
pathogenicity.

In summary, anti-C1 mAbs have been identified that recognize 2
novel B cell epitopes and have differential effects on fVIII function.
Weakly inhibitory group AmAbs are pathogenic due to their effect on
fVIII clearance and are present in a significant portion of inhibitor
patient plasmas. This antibody group represents thefirst documentation
ofminimally inhibitory, pathogenic anti-fVIII antibodies.Additionally,
the identification of immunodominant C1 domain sequences by HDX-
MS may guide development of a less immunogenic fVIII protein.
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