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Summary
Background—The development of anti-factor VIII (fVIII) antibodies (inhibitors) is a significant
complication in the management of patients with hemophilia A, leading to significant increases in
morbidity and treatment cost. Using a panel of anti-fVIII monoclonal antibodies (MAbs) to
different epitopes on fVIII, we recently have shown that epitope specificity, inhibitor kinetics, and
time to maximum inhibition are more important than inhibitor titer in predicting response to fVIII
and the combination of fVIII and recombinant factor VIIa. In particular, a subset of high-titer
inhibitors responded to high dose fVIII, which would not be predicted based on their inhibitor titer
alone. Thus the ability to quickly map the epitope spectrum of patient plasma using a clinically
feasible assay may fundamentally change how clinicians approach the treatment of high-titer
inhibitor patients.

Objectives—To map the epitopes of anti-fVIII MAbs, of which 3 are classical inhibitors and one
non-classical, using hydrogen-deuterium exchange coupled with liquid chromatography-mass
spectrometry (HDX-MS).

Methods—Binding epitopes of 4 MAbs targeting fVIII C2 domain were mapped using HDX-
MS.

Results—The epitopes determined by HDX-MS are consistent with those obtained earlier
through structural characterization and antibody competition assays. In addition classical and non-
classical inhibitor epitopes could be distinguished using a limited subset of C2-derived peptic
fragments.

Conclusion—Our results demonstrate the effectiveness and robustness of the HDX-MS method
for epitope mapping and suggest a potential role of rapid mapping of fVIII inhibitor epitopes in
facilitating individualized treatment of inhibitor patients.
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Introduction
Hemophilia A is an X-linked recessive disorder due to causal mutations in the F8 gene that
lead to absent or decreased activity of factor VIII (fVIII). Currently, the most effective
treatment for hemophilia A is fVIII replacement therapy, which involves transfusion of
plasma-derived or recombinant fVIII [1, 2]. The most significant complication associated
with this therapy is an immune response against exogenous fVIII, which can occur in up to
30% of patients [3, 4]. Alloantibodies against fVIII mainly target its A2 and C2 domains [5].
The C2 domain of fVIII is the primary site of interaction for both von Willebrand factor
(VWF) and the phosphatidylserine (PS)-containing membrane [6]. VWF and PS-containing
membrane are mutually exclusive in binding fVIII, indicating overlapping binding sites in
the C2 domain [7]. Anti-C2 domain antibodies have been classified into two types: classical
and non-classical inhibitors. Classical inhibitors inhibit fVIII activity by interfering with its
binding to VWF and PS-containing membrane [5, 8, 9]. In comparison, non-classical
inhibitors were recently shown to inhibit thrombin activation of fVIII [10, 11].

Hemophilia A patients with high-titer inhibitors are routinely treated with bypassing agents
including recombinant factor VIIa (rfVIIa) and activated prothrombin complex concentrates
(aPCC) [12]. However, both in vitro and in vivo studies suggest that a subset of patients with
high-titer inhibitors may respond better to fVIII or a combination of fVIII and bypassing
agents than to bypassing agents alone. Using monoclonal antibodies (MAbs) with epitopes
to all domains of fVIII in a murine bleeding model and in vitro assays, we recently showed
that epitope specificity, inhibitor kinetics, and time to maximum inhibition are more
important than inhibitor titer in predicting response to treatment with fVIII and fVIII/rfVIIa
combination therapy [11, 13]. For example, non-classical C2 antibodies have ∼20 fold
higher titers but better response to fVIII than classical C2 antibodies. Similarly inhibitor
kinetics and time to maximum inhibition have been shown to be important in response to
fVIII/rfVIIa combination therapy in a pilot study of inhibitor patients [14]. Crystallographic
and structural studies have shown the binding sites for both classical and non-classical C2
inhibitors [15, 16]. Due to the variability in fVIII inhibitors and the clinical implications of
inhibitory mechanisms, there is a need for a method that can quickly characterize binding
epitopes of anti-fVIII antibodies to better predict their activity during fVIII replacement
therapy.

Amide hydrogen/deuterium exchange (HDX) is a well-characterized phenomenon in which
the amide hydrogen in a protein dissociates and becomes replaced by deuterium [17, 18].
HDX has been used extensively to characterize protein folding and protein-ligand
interactions [19, 20]. Pertinent to this paper, binding of an antibody reduces solvent
accessibility of antigen residues in the binding interface, thereby decreasing exchange rates
and lowering the level of deuterium incorporation in peptic fragments containing the
affected residues. Therefore, comparison of the HDX profiles between antibody-free and
antibody-bound states can map the antibody epitopes in antigens [21-23]. With recent
advances in instrumentation, HDX coupled with mass spectrometry (HDX-MS) has been
applied to characterization of large proteins and their complexes [24].

In the present study, we have utilized the HDX-MS method to map the epitopes of several
classical and non-classical MAbs, which match those obtained earlier through direct
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structural characterization and antibody competition assays. In addition, classical and non-
classical inhibitor epitopes could be distinguished with the HDX profile of certain sequences
in the C2 domain. Our results thus demonstrate the effectiveness and robustness of the
HDX-MS method for epitope mapping and suggest a potential role in the rapid mapping of
fVIII inhibitors.

Materials and Methods
Materials

Deuterium oxide was purchased from Cambridge Isotope Laboratories (Andover, MA).
Porcine pepsin was from Sigma-Aldrich (St. Louis, MO). Recombinant human fVIII C2
domain was produced as described[25], and dialyzed into 10 mM Tris-HCl, 150 mM NaCl,
2.5% (v/v) glycerol, pH 7.4 buffer before storage at -80°C. MAbs BO2C11, I109, 3E6, and
G99 were produced as described[26]. MAbs were dialyzed against the deuterium-based
exchange buffer (100 mM NaCl, 20 mM Tris·HCl, pH 7.4, 96% D2O) and diluted to 0.8 mg/
ml. Protein concentrations were determined using ε280 of 1.37 (mg/ml)-1 ·cm-1.

Hydrogen/deuterium exchange
Recombinant C2 domain at 1.3 mg/ml concentration was diluted in the exchange buffer at a
1:7 ratio to initiate exchange at room temperature. At various time points, an aliquot was
removed manually from the exchange reaction and immediately mixed with 5x volume of
the pre-chilled quenching buffer (50 mM phosphoric acid, pH 2.45). Subsequently, 1/48
volume of freshly prepared pepsin (2.5 mg/ml in the exchange buffer) was added and
incubated for 2 min in ice water. The mixture was analyzed in an Agilent 1260-6130 LC/MS
instrument with a reverse-phase C18 column at 4°C. The column was pre-equilibrated with
94.9% H2O/5% acetonitrile/0.1% trifluoroacetic acid (TFA), and subjected to a linear
gradient wash to 60% acetonitrile in 13 min at 0.5 ml/min. The mass spectrometer was
operated in full scan mode with resolution of 10,000. HDX in the presence of bound MAb
was performed following the same procedure except using an antibody-containing exchange
buffer to achieve a 1:0.55 molar ratio of C2 to MAb.

Identification of peptic fragments
C2-derived peptic fragments were collected from HPLC as described above and sequenced
using an LTQ-Orbitrap-XL instrument. Collected fractions were dried and resuspended in
10 μL of 0.1% TFA aqueous and injected into a C18 trap column running 0.1% formic acid
for 5 min at 10 μL/min. The sample was subsequently separated in a C18 column with a
linear gradient wash to 90% acetonitrile at 300 nL/min. Eluted peptides were introduced into
the mass spectrometer via Michrom Bioresources CaptiveSpray. The mass spectrometer was
operated in data-dependent mode in which one cycle of experiments consisted of a full-MS
in the Orbitrap (200-1800 m/z) survey scan in profile mode, resolution 30,000, and 5
subsequent MS/MS scans in the LTQ of the most intense peaks in centroid mode using
collision-induced dissociation with helium. Each file was searched for protein identification
against the FA8_HUMAN sequence in the UniProt database with no enzyme specificity and
potential oxidation of methionine or cysteine. DTA generation parameters were peptide
tolerance of 20 ppm and fragment ion tolerance of 2 Da. Peptide search results were filtered
based on a mass error <5 ppm.

Data analysis and visualization
The centroid mass of each C2-derived peptide was determined using its isotopic distribution
[27]. The shift in mass as a function of exchange time was fitted to a single inverse
exponential decay. The fitted amplitude represents the extent of deuterium incorporation,
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which was averaged over three independent experiments and expressed on a per residue
basis (D/res). For each peptide, the protective index was calculated as the difference
between deuterium incorporation values in the presence and absence of MAb. Statistical
significance (p<0.05) was assigned using Student's two-tailed t test.

Deuterium incorporation for an individual residue was calculated as a weighted average
from all fragments containing the residue. Due to deuterium scrambling in a peptide [28],
the deuterium incorporation for a given residue was calculated as the deuterium
incorporation value for the peptide divided by the peptide length. Protective indices of
individual residues were likewise generated for each MAb and further converted to a linear
color gradient to generate a heat map for the structure of C2 domain.

Results
Binding of 4 MAbs to the recombinant C2 domain of human fVIII was analyzed by HDX in
this study. BO2C11, I109 and 3E6 are classical inhibitors with overlapping epitopes [9, 26].
The crystal structure of BO2C11 Fab in complex with C2 [15] revealed that its binding
epitope in C2 is located on Met2199 and Leu2251 loops (Fig. 1). G99 is a non-classical
inhibitor [26]. It does not compete with BO2C11, I109 or 3E6 in competition ELISA.
Mutagenesis and biophysical analysis has identified a separate face in C2, including
particularly residue Lys2227 (Fig. 1), as the epitope for G99 [16, 26].

HDX of C2 domain in the absence of bound antibodies
The HDX profile of recombinant C2 at physiological pH and ionic strengths but in the
absence of MAbs was obtained first. Due to the limitation in instrumentation, all mixing
steps were accomplished manually. The mass changes of peptic fragments were measured
by a single-quadrupole ESI-MS instrument. Concurrently, peptic fragments were collected
after the same HPLC separation and sequenced using a tandem mass spectrometer. Careful
comparison of the attributes of each mass peak (m/z ratio, charge state, isotopic distribution,
HPLC retention time) obtained from two instruments identified 27 C2-derived peptides that
could be consistently monitored. These peptides covered 86% of the C2 sequence (Fig. 2).
Only N- and C-terminal sequences were not represented, despite the usage of TCEP to
reduce the Cys2174-Cys2326 disulfide bond connecting them [29]. Nonetheless, neither
sequence comprises an antibody epitope and thus not expected to significantly impact the
results here.

Time-dependent mass changes for representative peptides are shown in Figure 3; the
complete data set is included in Supplement Figure S1. HDX of amide protons occurs by
two processes [30-32]. The rate of exchange is affected by local dynamic events, which
occur in a time scale of milliseconds to seconds, and limited by global unfolding, which are
in a time scale of hours to even days [32, 33]. As a result, the HDX plots displayed a
“plateau” of deuterium incorporation around 60 minutes of exchange time (Fig. 3). Each plot
was fitted to a single inverse exponential decay, with the amplitude variable representing the
extent of deuterium incorporation. For a meaningful comparison among all peptides with
different lengths, deuterium incorporation per residue (D/res) was used. Since our
measurement was limited in early time points due to manual mixing, the fitted rate constant
appeared less consistent than the extent of deuterium incorporation. Thus, the latter was used
henceforth to indicate the extent of HDX.

For direct visualization, the extent of HDX for each C2-derived peptide was presented in a
color gradient scheme, ranging from light to dark blue (indicating low to high levels of
HDX), and aligned with the C2 sequence (Fig. 4A). Deuterium incorporation for each
residue was also calculated as described and similarly converted to blue color gradient and
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mapped onto the C2 structure (Fig. 4B). In general, HDX of C2 peptides correlated well
with solvent accessibility of the C2 domain[34]. Peptide 2200-2210, which is highly
exposed as a part of the Met2199 loop, exhibited the highest level of HDX. Peptides 2229–
2234 and 2256–2261, both of which are largely buried within C2 and therefore the least
accessible, exhibited the lowest level of HDX (Fig. 4). Overall, the obtained HDX profile of
the C2 domain formed the basis for comparison with that of the MAb-bound C2 domain.

HDX of C2 domain in the presence of bound inhibitors
The HDX profiles of the C2 domain in complex with MAbs were obtained next. Each MAb
was dialyzed extensively against the D2O-based exchange buffer before being mixed with
C2 as the antibody-free buffer. The MAb:C2 molar ratio in the mixture was 0.55, thus
ensuring binding saturation. The extent of HDX was measured for each C2 peptide and
compared to that without MAb. Due to the lack of a fully deuterated C2 domain, we did not
assess the extent of back exchange in our system. However, as samples were subjected to the
same procedure of exchange, quenching, digestion and analysis, back exchange could be
considered constant between different samples. Thus, the MAb-conferred reduction or
difference in deuterium incorporation, termed the protective index (PI), was calculated and
used as the primary indicator for HDX protection (Supplement Figure S2).

The HDX profile of C2 in complex with BO2C11 showed that several peptides had
significantly lower deuterium incorporation than that in the absence of BO2C11 (Fig. 3,5).
For instance, two peptides, 2200–2210 and 2228–2259, showed PI of 0.233 and 0.182 D/res,
respectively. For direct visualization, PI for each peptide was converted to a color gradient,
with yellow representing no HDX protection and red strong protection, and shown in
alignment with the C2 sequence (Fig. 5A). Residue-specific PIs were also calculated as
described, converted to the yellow-red color gradient and mapped to the C2 structure (Fig.
5B). Sequences with the highest PIs, as a result of BO2C11 binding, are located at Met2199
and Leu2251 loops, matching the epitope elucidated in the C2/BO2C11 complex structure
(Fig. 1). Consistently, residues distal from the binding epitope showed little to no change in
HDX protection. Thus, the BO2C11 epitope in C2 has been accurately mapped by the HDX-
MS method.

The same procedure was followed to map binding epitopes of the other three MAbs (Fig.
S2). Residue-specific PIs were derived for each antibody, enabling a direct comparison of
the binding epitopes (Fig. 6). BO2C11, I109, and 3E6 showed remarkable similarity in
increased HDX protection around the Met2199 loop (Fig. 6A-C), which is consistent with
the overlapping binding epitopes of these classical inhibitors [26]. In contrast, no HDX
protection from binding of non-classical inhibitor G99 was observed for peptide 2200-2210,
which accounts for half of the Met2199 loop (Fig. 3,6D). Peptide 2196-2199, which
constitutes the other half of the Met2199 loop, recorded a much lower PI for G99 than for
classical inhibitors. On the other hand, binding of G99 provided moderate protection for
peptide 2200-2228, which includes residues 2200-2210 (Fig. S2). This indicates that HDX
of residues 2211-2228 was protected by G99, consistent with previous studies identifying a
separate binding epitope that does not include the Met2199 loop but critically involves
residue Lys2227 [16, 26]. These results show that the HDX protection pattern of the non-
classical inhibitor G99 can be clearly distinguished from those of classical inhibitors (Fig.
6).

In addition to the difference in protection of the Met2199 loop between classical and non-
classical inhibitors, small but consistent difference in HDX protection among the three
classical inhibitors was observed for certain peptides (Fig. 3A,C). For instance, BO2C11
produced a significantly higher PI for peptide 2231-2252, as a part of the Leu2251 loop,
which is consistent with an earlier study [15]. However, I109 and 3E6 exhibited little or no
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protection on this sequence, agreeing with a prior observation that the L2252F mutation
does not interfere with I109 binding to C2 (Meeks, unpublished results). These results
indicate that, while PIs of many C2 peptides were low for all tested MAbs, those of several
sequences were clearly different, which is the key to the distinction between different
classes of fVIII inhibitors. Identification of these key peptides will facilitate future studies of
fVIII inhibitors with unknown characteristics and may help future development of the HDX-
MS method into a rapid and useful diagnostics for hemophilia treatment.

Discussion
Physicians treating high-titer fVIII inhibitor patients typically base treatment decisions on
the inhibitor titer [35]. Patients with inhibitor titers >10 BU/mL are thought to respond
poorly to fVIII treatment. They are treated instead with bypassing agents such as rfVIIa and
aPCC. However, recent studies have shown that epitope specificity is more important than
inhibitor titer in response to fVIII and combinations of fVIII and bypassing agents [13, 14].
Therefore, mapping fVIII inhibitor epitopes in a rapid, reproducible manner will help to
formulate personalized treatment options for hemophilia patients with fVIII inhibitors. In
this study, as a first step towards automated mapping of fVIII inhibitor epitopes, we have
measured the HDX profile of the recombinant C2 domain in the absence and presence of
well-characterized fVIII inhibitors by the HDX-MS method. The binding epitopes identified
by HDX-MS were consistent with those elucidated by previous structural and mutagenesis
studies (Fig. 1,5). Our analysis has identified several C2 peptides as key to distinguish
between classical and non-classical inhibitors and further among classical inhibitors (Fig.
3,6). Many of these peptides produced intense MS signals and were readily monitored in
HDX-MS (data not shown), which will be helpful in future development of the HDX-MS
method to map fVIII inhibitors with overlapping epitopes. Overall, our study indicates that
the HDX-MS method is robust and effective in mapping the epitopes of fVIII inhibitors.

The HDX-MS procedure was optimized for the materials and instruments available for this
study, and can be further improved with instrument upgrade and sample processing. For
instance, usage of a computerized stopped-flow device will enable detection of the early
HDX events and improve the detection limit and accuracy. Pre-mixing C2 with the antibody
or inhibitor-containing IgG before exchange will allow detection of epitopes that may
exchange with deuterium prior to binding the antibody. Moreover, an improved instrument
can enable detection of additional fragments for a more informative analysis. For instance,
only 3 peptides (2200-2210, 2200-2228, 2200-2232), of which the shortest is 11 residues
long, were available in this study to distinguish the epitopes of G99 and 3E6. Additional
peptides covering the sequence will provide greater resolution of the mapped epitopes.

Comparing to other epitope-mapping methods such as ortholog sequence swapping,
alaninescanning mutagenesis and synthetic peptide mapping [36-38], the HDX-MS method
offers several advantages. First, the HDX-MS method uses only the wild-type protein,
thereby saving significant efforts and materials in preparing mutant proteins and avoiding
potential complications associated with unforeseen or unwanted effects of mutations. This is
especially true for fVIII, a large protein that contains more than 2000 residues and does not
tolerate mutations very well. Moreover, using the well-folded protein domain rather than
short peptide fragments for inhibitor binding will enable detection of conformational
sensitive antibody epitopes [39, 40]. Second, the HDX-MS method requires only a small
amount of protein. Future improvement in sample handling and signal detection will
certainly reduce the sample usage, potentially to a scale that is clinically feasible. Finally,
the HDX-MS method is amenable to automation [41] and can be scaled up to full-length
fVIII. Unlike other methods, the HDX-MS method is not limited by the protein size. Due to
recent technological advances, the HDX-MS method is adequate at monitoring and
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analyzing a large number of peptic fragments. Our discovery of key sequences in the C2
domain that distinguish between different classes of inhibitors can be potentially
incorporated into automated analysis. It is thus possible that in future applications the
clinically relevant information be obtained in a rapid and reproducible fashion using a
limited number of peptides that reduces cost and simplifies the analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ribbon diagram showing the structure of fVIII C2 domain (green) in complex with BO2C11
(purple). The primary binding sites around residues 2199 and 2251 are labeled. So is the
position of residue 2227.
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Figure 2.
Sequence coverage of peptides generated by pepsin digestion of the recombinant C2
domain.
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Figure 3.
HDX profiles of five C2-derived peptides in the absence (□) and presence of indicated
inhibitors. Deuterium incorporation varies between classical inhibitors (BO2C11, I109, 3E6)
and non-classical inhibitor (G99), implying a distinct binding epitope.
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Figure 4.
Deuterium incorporation of C2-derived peptides. Deuterium incorporation values overlaid
onto (A) the C2 domain primary sequence and (B) its structure. They are colored based on
deuterium incorporation per residue (D/res).
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Figure 5.
HDX protection of the C2 domain by BO2C11 binding. Measured protective indices were
overlaid onto (A) the C2 domain primary sequence and (B) its structure. They are colored
based on the protective index, ranging from low (yellow) to high protection (red).
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Figure 6.
Comparison of HDX protection conferred by classical (A-C) and non-classical (D)
inhibitors. Structures are colored according to protective indices with red representing
stronger protection. Differences in protection pattern are most evident on the Met2199/
Phe2200 loop.
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