1280 LOCK ET AL.
la a] b v
o Q
[ .S m )
- F=T.
c o ]
e g o |
o~
E Eh § 0
Q
o - © o
© 4 c? 0 °
e Il
L] t T 1) 1) A 1 T 1 1
-2 -1 0 1 4 -2 -1 0 1 2
Theoretical Quantiles Theoretical Quantiles
e . d o
b £
E
o 3
]
E o §
) 7]
]
T L
-2 2
Theoretical Quanties Theoretical Quantiles

FIG.2. Quantile—quantile plots displaying sample versus normal quantiles of (a) particles per milliliter, (b) square root of
vector genomes per milliliter, (c) square root of transducing units per milliliter, and (d) logyo infectious units per milliliter.

Lines pass through the 25th and 75th quantiles.

institution is accounted for, the precision of the mean esti-
mate as illustrated by the width of the 95% confidence in-
terval is decreased (Table 5). Taking the transformed,
modeled data as the true estimate of the mean, we have
arrived at the following determinations for the rAAV2 RSM:
the mean particle titer is 9.18x10"" particles/ml with 95%
confidence that the true value lies in the range of 7.89x 10"

to 1.05x 10" particles/ml; the mean vector genome titer is
3.28x 10" vector genomes/ml with 95% confidence that the
true value lies in the range of 2.70x10™ to 4.75x 10" vector
genomes/ml; the mean transducing titer is 5.09x10® trans-
ducing units/m} with 95% confidence that the true value lies
in the range of 2.00x10° to 9.60x10° transducing units/ml;
and the mean infectious titer is 4.37x10° TCIDs, IU/ml with

TABLE 4. TAAV?2 REFERENCE STANDARD MATERIAL TITER ESTIMATES AFTER TRANSFORMATION

Lower 95%  Upper 95%
confidence  confidence
Titer units limit for limit for
(method) Transformation® Meagn the mean the mean +2 SD +35D
Particles/ml Untransformed  9.11x10'  810x10"  1.01x10'  373x10"-145x10'*  1.04x10''-1.78x10"
(ELISA)
Vector Square root 326x10"  241x10"  4.25x10"°  882x10%-1.10x10" 0-1.66x10"
genomes/ml
(qPCR)
Transducing Square root 5.29x10°  299x10®°  8.23x10° 0-2.43x10° 0-3.90x10°
units/ml
(green cells)
Infectious Loguo 4.49x10°  275x10°  7.29x10°  594x10°-3.39x10"  2.16x10°-9.31x10'
units /ml
(TCIDso)

*Used to better qualify the assumption of normal distribution for the purpose of determining distributional values.

—178—



rAAV2 RSM CHARACTERIZATION

1281

TaABLE 5. FINAL rAAV2 REFERENCE STANDARD MATERIAL TITER ESTIMATES AFTER TRANSFORMATION AND MODELING

Lower 95% Upper 95%
confidence  confidence
Titer units limit for limit for
(method) Transformation®  Mean the mean  the mean +2SD +3 8D
Particles/ml (ELISA)  Untransformed 9.18x10' 7.89x10"  1.05x10™ 3.73x10'-1.45x10'? 1.04x10"'-1.78x10"?
Vector genomes/ml  Square root 3.28x10"™ 2.70x10"° 4.75x10'°  9.00x10%-1.04x10" 0-1.66x10"
(qQPCR)
Transducing units/ml Square root 5.09x10% 2.00x10°  9.60x10° 0-2.47x10° 0-4.00x10°
(green cells)
Infectious units/ml ~ Logyg 437x10°  2.06x10° 9.26x10°  5.15x10°-3.71x10"° 1.77x10%-1.08x10"
(TCIDsg)

*Used to better qualify the assumption of normal distribution for the purpose of determining distributional values.

95% confidence that the true value lies in the range of
2.06x10° to 9.26x10° TCIDs, IU/ml. The mean vector ge-
nome titer of 3.28x10" VG/ml is almost 1 log lower than the
titer of 2x10™ VG/ml assessed for the diluted purified bulk
harvest before vialing. The discrepancy between the bulk
material and final fill may be due to loss of vector after fil-
tering of the bulk product, to the different assay methods
used for the titering (dot-blot vs. gPCR), or a combination of
both. The bulk vector was titered at the University of Florida,
using the method of dot-blot hybridization to determine the
appropriate formulation volume for the final fill. It is possi-
ble that the loss, if any, occurred during the final filtration
and filling of the dilute reference standard material at the
ATCC (diluted nearly 1000 times relative to preparations
that are used preclinically or clinically). The product that was
vialed and frozen constitutes the reference standard material
that was characterized, and that is available to the community.

Some important properties of the rAAV2 RSM are indi-
cated by the ratios of the titers (Table 6). The vector genome-
to-infectious titer (VG:IU) ratio is often used as a measure of
the relative infectivity of the vector, with lower ratios re-
flecting more infectious preparations. The rAAV2 RSM
VG:IU ratio is 7.5, which indicates that the RSM has retained
infectivity. The vector genome-to-transduction titer (VG:TU)
ratio is 8.6-fold higher than the VG:IU ratio, and this result
reflects the different sensitivities of the infectivity and
transduction (measuring infectivity and gene expression)
assays. Another ratio that is often used is the particle-to-
vector genome titer ratio (P:VG). This ratio indicates the ratio
of total particles, including both empty and full, to those
particles containing the vector genome. The P:VG ratio ob-
tained for the rAAV2 RSM is 28 and indicates a large excess
of empty particles. This finding is consistent with the fact
that the chromatographic purification process used in the
production of the rAAV2 RSM was not designed to separate

TABLE 6. tAAV2 REFERENCE STANDARD
MATERIAL TITER RATIOS

Ratio
Particles: vector genomes® 27.99
Vector genomes: infectious units 7.51
Vector genomes: transducing units 64.44
Particles: infectious units 210.07

*A measure of the ratio of total particles to full particles.

empty and full particles. One concern is that empty particles
may have adversely affected the performance of the rAAV2
RSM in transduction and infectivity assays. However, during
beta testing, two triple-transfected CsCl-purified lots (one
each of AAV2.CMV.eGFP and AAV2.CMV.lacZ) were tes-
ted, using the RSS characterization methods: vector genome
(@PCR), TCIDs,, and where applicable eGFP transduction
titering. Because these were CsCl-purified preparations the
empty capsid content is lower than in preparations purified
by chromatography. The VG:TCIDs, IU ratios and VG:TU
ratios were similar or greater than those obtained for the
reference standard (Tables 2 and 6). Similarly, the VG:TCIDs,
IU ratios and VG:TU ratios of the reference standard (Table
6) are similar to those reported in the literature for other
AAV2 vectors (Salvetti et al., 1998; Zolotukhin ef al., 1999;
Zen et al., 2004).

The purity of the rAAV2 RSM was assessed and the capsid
identity confirmed by SDS-PAGE analysis. The RSM was
examined under both reducing and nonreducing conditions,
using SYPRO ruby and silver stains (Fig. 3). Under reducing
conditions all proteins including the denatured AAV2 cap-
sids are expected to enter the gel and impurities would be
detected as protein bands other than the capsid proteins VFP1,
VP2, and VP3. Under nonreducing conditions the capsid
would remain intact and would not be expected to enter the
resolving gel, whereas impurities would enter the gel; pro-
teins that previously comigrated with the capsid proteins on
reducing gels would thus be detected. Silver nitrate staining
was included because it is capable of detecting DNA, lipid,
and carbohydrate impurities as well as nanogram levels of
protein (Weiss et al., 2009). SYPRO ruby is a protein-specific
fluorescent dye that has a sensitivity close to that of silver
stain (Rabilloud et al., 2001; Weiss et al., 2009). In each case
the rAAV2 RSM was analyzed alongside an internal labo-
ratory standard AAV2 vector. The consensus data from the
11 testing laboratories that carried out the purity/identity
test estimated that the rAAV2 RSM was greater than 94%
pure and confirmed that VP1, VP2, and VP3 comigrated with
the AAV2 capsid proteins of the internal vector standards
(Fig. 3; and data not shown).

Discussion

As rAAV vectors more frequently head toward the clinic
for gene therapy trials, there is an increasing need to share
pharmacokinetic, toxicologic, and efficacy data. This need is
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FIG. 3. The rAAV2 RSM was run on
SDS—polyacrylamide gels under both re-
ducing and native conditions and then
stained with (a) SYPRO ruby or (b) silver
stain. An in-house rAAV2 standard was
run as a positive control and buffer as a
negative control. The lanes for each gel are
as follows: (1) benchmark ladder (un-
stained or prestained)—reduced; (2) neg-
ative control—reduced; (3) AAV reference
material—reduced; (5) positive control—
reduced; (6) benchmark ladder (unstained
or prestained)—native; (7) negative
control—native; (8) AAV reference
material—native; (10) positive control—
native.

currently confounded by the lack of standardization of crit-
ical vector parameters such as vector strength and potency.
The standardization issues arise because different assays or
different protocols for the same assay are often used by in-
dividual investigators to measure an identical vector prop-
erty. The introduction of a widely accepted rAAV reference
standard would allow laboratories to characterize AAV
vectors in terms of common units, therefore facilitating
comparison of doses determined by disparate assays and
permitting safe and effective dosage at equivalent levels.
Furthermore, efficacy and toxicology data reported in the
literature could be used as a guide for initial dosing in ani-
mals and humans.

Here we have described the characterization of the first
rAAV reference standard, an AAV serotype 2 vector. The
goal of the AAV2RSWG was to provide a stable, high-
quality, highly characterized RSM that would be both ac-
cepted and easily accessed by the AAV research community.
As pointed out by FDA officials at the beginning of the effort,
a reference standard material does not need to be pure or the

“best,” it just needs to be well characterized. Furthermore,
there are many examples of viral reference standard mate-
rials from the World Health Organization (WHO, Geneva,
Switzerland) and the National Institute for Biological Stan-
dards and Control (NIBSC, Potters Bar, UK) that are not pure
(e.g., poliovirus and hepatitis B virus references). Although
the rAAV2 RSM was made in a research vector core and not
at a current Good Manufacturing Procedure (cGMP) facility,
it was extensively tested for adventitious agents and con-
taminants. The final rAAV2 RSM product was negative for
adventitious agents in all tests to which it was subjected,
although the harvest material was exposed to mycoplasma
that was cleared and/or inactivated in the purification pro-
cess, because the purified bulk tested negative for viable
mycoplasma and mycoplasma DNA (Potter et al., 2008).
Because the rAAV2 RSM is a reference standard to be used in
research and quality control (QC) laboratories and is not
intended for use in humans, the AAV2RSWG recommended
that filling, banking, and characterization proceed. A sum-
mary of the mycoplasma testing will be included on the
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product information sheet supplied with each shipment of
the rAAV2 RSM, stating that the reference standard has been
exposed to mycoplasma, but is mycoplasma-free. Thus, in-
stitutions and companies requesting the rAAV2 RSM will be
fully informed and can decide if they want to bring it into
their QC laboratories. The reference material is intended to
be restricted to QC laboratories, isolated from production
suites. In addition, it is envisioned that internal reference
standards will be calibrated against the AAV2 RSM one time
and then used on a routine basis for product-specific testing.

The short-term stability testing performed on the surro-
gate AAV2-GFP vector as well as on the final vialed rAAV2
RSM material suggested that some loss of vector potency
was occurring on storage. Initially this loss was assumed to
be due to absorption to the surfaces of the vial as was seen in
the previous study using vials that were not siliconized
(Potter et al., 2008); however, when vector genomes were
assayed no corresponding loss was seen when using sili-
conized vials (Table 2). One explanation for the loss of po-
tency observed may be the omission of a stabilizing excipient
in the final formulation (Croyle et al., 2001; Wright et al.,
2003). The beta test stability results influenced the way the
rAAV2 RSM was handled during the testing phase; aliquots
were thawed only once and transduction and infectivity as-
says were performed within 1hr of this thaw. Regarding
future use of the reference material for potency assays, it
would seem essential that a similar protocol be followed
when normalizing internal reference standards against the
rAAV2 RSM. For physical titer assays such as particle and
vector genome assays, storage and refreezing are permissi-
ble. Plans for assessing the long-term stability of the rAAV2
RSM by yearly testing for capsid protein integrity, infectious
titer, transducing titer, and vector genome titer are in place.
Data will be reported by the AAV2RSWG through the Re-
ference Standards section of the International Society for
BioProcess Technology website (www.ISBioTech.org).

The characterization phase of the rAAV2 RSM project
successfully fulfilled the goals of the AAV2RSWG by ob-
taining mean titers and 95% confidence intervals from a large
number of representative assays performed by numerous
test centers. The tightest confidence intervals were obtained
for the nonbiological assays (particle titer and vector genome
titer) whereas the biological assays (infectious titer and
transduction titer) gave wider intervals (Table 5). This pat-
tern might be expected because the biological assays are in-
herently more variable. The tight confidence interval
observed for the vector genome titer is relevant because this
titer has been used exclusively in dosing regimens and a high
degree of precision is important for the use of the rAAV2
RSM in dose standardization.

One obvious trend in the quantitative assay data was the
degree of variation between institutions for each assay (Fig. 1
and Table 3) despite the relatively tight correlation of assay
tesults within an institution (Table 3). This poor degree of
interlaboratory precision and accuracy was apparent even
though attempts were made to standardize the assays by
providing detailed protocols and common reagents. The
variation may be explained by the use of different reagents
(i.e., other than those provided, such as tissue culture media,
PCR primers, and PCR mixes), equipment, and/or operator
technique. This is the first time that such variation between
laboratories has been thoroughly documented and the find-
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ings emphasize the need in the field for universal reference
standards. This need is especially apparent when it is con-
sidered that fundamentally dissimilar tests are often used to
measure the same parameter (e.g., QPCR and dot-blot for
vector genome titer) and that even when different laborato-
ries use the same assay, different protocols are usually fol-
lowed. For some assays the variation is not large, with the
most important measure, vector genome titer (QPCR), which
is almost exclusively used for dosing in preclinical and
clinical studies, having low variation (confidence interval of
less than 0.5 log). Despite the spread of infectious titers, the
mean value represents the best titer based on multiple rep-
licates conducted at the different sites on different test dates.

Because the rAAV2 RSM supply is limited, it is not in-
tended that it be used routinely, but rather for the calibration
of laboratory-specific internal reference standards, which can
then be run concurrently with test samples in subsequent
assays that have been validated. The initial calibration would
involve titering the RSM alongside the internal standard in
the same assay; the difference between the titer determined
in this assay and the accepted titer of the RSM would act as a
conversion factor for calculating the titer of the internal
standard in reference standard units (RSU). Once the internal
standard titer is known in reference standard units per mil-
liliter, the titer of test samples can be calculated similarly in
the same units, during subsequent assays. It is envisaged that
the RSM will be used in this way for standardizing the ge-
nome titer, particle titer, and infectious titer of AAV2 vectors.
A prerequisite for qJPCR or hybridization-based vector ge-
nome/infectivity titering methods would be that the internal
AAV standard share enough genome sequence with the
rAAV2 RSM for oligonucleotide or labeled probe annealing.
Several common transcriptional elements are included in the
rAAV2 RSM genome for this purpose and many existing
internal reference standards will therefore be candidates for
calibration. If this is not the case, new internal standards will
need to be produced that harbor DNA elements in common
with the AAV2 RSM, For transducing titers, the encoded
transgene provides the basis of detection and, therefore, with
the exception of GFP-expressing vectors for preclinical
studies, these titers will generally not be amenable to stan-
dardization using the rAAV2 RSM.

Although the primary intent of the tAAV2 RSM was to
provide a reference point for AAV2 serotype vectors it is
possible that for nonbiological assays such as vector genome
titration, the rAAV2 RSM could be used for the calibration of
other AAV serotypes. Because the vector capsid is not di-
rectly involved in these types of assays, it might be argued
that there is no capsid specificity and that the capsid serotype
would not have an impact. As an example, in the vector
genome titer assay it might be assumed that different capsids
are equally susceptible to PCR heat treatment for liberation
of the vector genome. However, conditions would need to be
optimized because equal susceptibility of AAV serotypes to
heat has not been definitively demonstrated. In addition,
Pproteolysis is often used to liberate the vector genome and it
is known that different capsid serotypes have different sus-
ceptibilities to protease treatments (Van Vlet et al., 2006).
Similarly, serotype-independent methods of determining
particle titer (e.g., high-performance liquid chromatography,
spectrophotometry) could be calibrated, using the rAAV2
RSM, but the same assumption of capsid independence

—181—



1284

would apply, and for spectrophotometric measurements the
proper extinction coefficient would need to be incorporated
(Sommer et al., 2003). If data are available to demonstrate
that an assay is indeed capsid independent, then the use of
the rAAV2 RSM for other serotypes may well be acceptable,
but thorough review with the appropriate regulatory agency
is recommended. For biological assays such as infectious
titer, the paramount roles of the capsid, the requisite target cell
line, and the helper virus preclude the use of the rAAV2 RSM
to calibrate other serotypes. For these assays, investigators
must await the development of further reference standard
materials such as the AAVS material currently under pro-
duction (Moullier and Snyder, 2008).

The rAAV2 RSM carries a single-stranded DNA vector
genome. Self-complementary AAV vector genomes, gener-
ated with a mutation within the terminal repeat (McCarty
et al., 2003), have become popular for gene transfer because
they bypass the rate-limiting genome conversion of single-
stranded to double-stranded DNA during transduction of
target cells. The rAAV2 RSM can be used to normalize
“in-house” reference standards for both the classic single-
stranded vectors and self-complementary vectors. Because
self-complementary vectors carry double the genome com-
plement of single-stranded vectors, a simple conversion is
necessary when calculating vector genome titers for these
two vector types.

In the United States, the FDA Center for Biologics Eva-
luation and Research (CBER), Office of Cellular, Tissue, and
Gene Therapies (OCTGT), Division of Cellular and Gene
Therapies (DCGT) recommends reference materials as
benchmarking tools for qualifying and validating “in-house”
reference standards and assays by comparison with the col-
lective data. It should be noted that it is not the intent of the
FDA to standardize assay methods across the field or to re-
quire that the values assigned to the rAAV2RSM be dupli-
cated during validation studies. Furthermore, there is no
requirement in the United States to follow rAAV2 RSM
procedures when assaying particle concentration, genome
copy number, or infectious titer. Sponsors of adeno-associated
virus-related investigational new drugs (INDs) should con-
sult with the FDA/CBER or appropriate national agency for
further guidance. The rAAV2 RSM fulfills many of the re-
quirements of a reference standard material in that it (1) is
sufficiently homogeneous and stable with respect to speci-
fied properties, (2) is established to be fit for its intended use
in measurement, (3) is accompanied by documentation, (4)
provides relevant property values that are based on multiple
measurements conducted at different locations, and (5) is
accompanied with associated measurement uncertainty.

From the outset, the vision of the AAV2RSWG for the
rAAV2 RSM was that it would represent the first step to-
ward standardization of AAV-based gene therapy dosing
and provide a blueprint for the development of reference
standards for other AAV serotypes. This vision is becoming
reality through the successful production and characteriza-
tion reported here, and with the effort to develop the AAVS
reference standard material underway. The requirement that
the reference materials be universally accepted by the AAV
community has dictated the need for a voluntary communal
effort in the production and characterization phases. Despite
the numerous drawbacks, difficulties, and delays inherent in
this type of approach, the AAV gene therapy community has
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responded selflessly and with enthusiasm. It is hoped that
the ultimate success of this collaboration will inspire future
reference standard efforts and contribute to the development
and commercialization of AAV-based gene therapeutics.
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Summary

Many reports have identified factor (F)VIN inhibitory antibodies with
epitopes located in alf subunits of the FVIll molecule. Antibodies that
promate FVIil activity do not appear to have been reported. We charac-
terised, for the first time, a unique anti-FViil monoclonal antibody,
mAb216, that enhanced FVIIl coagulant activity. The mAb216 short-
ened the activated partial thromboplastin time and specifically in-
creased FVIIL activity by ~1.5-fold dose-dependently. FXa generation
and thrombin generation were similarly increased by ~1.4- and
~2.5-fold, respectively. An A2 epitope, not overlapping the commaon A2
epitope, was identified and the antibody was shown to enhance throm-
bin {and FXa)-catalysed activation of FVIi by modestly accelerating
cleavage at Arg®’2. The presence of mAb216 mediated an ~1.5-fold de-
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Introduction

Factor (F)VIII circulates as a complex with von Willebrand factor
(VWF) and functions as an essential cofactor in the FXase complex
responsible for phospholipid surface-dependent conversion of FX
to FXa by FIXa (1). Molecular defects in FVIII result in the con-
genital bleeding disorder, haemophilia A. FVIII is composed of
2,332 amino acid residues (~300 kDa), and contains three types of
domain, arranged in the order of A1-A2-B-A3-C1-C2 (2). Mature
FVIllis processed to a series of metal ion-dependent heterodimers
by cleavage at the B-A3 junction, generating a heavy chain (HCh)
consisting of the A1 and A2 domains, together with heterogeneous
fragments of the B domain, linked to a light chain (LCh) consisting
of the A3, Cl, and C2 domains. FVIII is converted into an active
form, FVIIIa, by limited proteolysis catalysed by either thrombin
or FXa (3). Cleavages at Arg””?and Arg’*’ in HCh produce 50-kDa
Al and 40-kDa A2 subunits. Cleavage of the 80-kDa LCh at Arg!t?
produces a 70-kDa A3-C1-C2 subunit. Mutational analyses listed
in the International Hemophilia A database indicate that proteoly-

Thrombosis and Haemostasis 103.1/2010

crease in K., for the FVHil-thrombin interaction. Enhanced FViHI activity
was evident to an equal degree, even the presence of anti-FVIll neutra-
lising antibodies with epitopes in each subunit. In addition, mAb216
depressed the rates of heat-denatured loss of FVIll activity and FVilla
decay by 2 to ~2.5-fold. We have developed an anti-A2, FVIIl mAb216
that augmented procoagulant activity. This enhancing effect could be
attributed to an increase in thrombin-induced activation of FVIII, me-
diated by cleavage at Arg*”? and a tighter interaction of thrombin with
the A2 domain. The findings may cast new light on new principles for
improving the treatment of haemophilia A patients.
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sis at Arg*’? and Arg'®® is essential for generating FVIIIa cofactor
activity (4).

FVIITinhibitors develop as alloantibodies (alloAbs) in ~20% of
multi-transfused patients with haemophilia A. Epitopes of these
neutralising antibodies have been located within each of the FVIII
domains, but predominantly in the A2, C2, and A3-C1 domains
(5). Most antibodies recognising the C2 domain prevent FVIII
binding to VWF (6) and phospholipid (7), and some inhibit FVIII
activation by thrombin (8) and FXa (9). Most antibodies recognis-
ing the A2 or A3-C1 domain inhibit FVIIIa-FIXa interaction in the
FXase complex (10, 11). These findings indicate that inactivation
of FVII activity by the inhibitory antibodies is related to impair-
ment of cofactor function by the occupation of functionally im-
portant regions in the FVIII molecule. Epitope localisation and
characterisation of these antibodies can provide useful informa-
tion on FVIII(a) structure and function.

In contrast, in this study, we have identified a non-inhibitory
anti-FVIII monoclonal antibody (mAb), mAb216, that bound to
FVIII and enhanced its activity. The antibody recognised the A2
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domain but not the common A2 inhibitor epitopes. The enhanced
mechanism was attributed to an acceleration of the cleavage of
Arg"?in the FVIIT HCh, mediated by the binding of mAb216 to the
A2 domain. Enhanced activity was observed even the presence of
anti-FVIII inhibitory antibodies. The findings may offer a challen-
ging new principle for improving the treatment of haemophilia A
patients with and without inhibitors.

Materials and methods

Reagents

Recombinant FVIII (Kogenate FS") was a generous gift from Bayer
Corp. Japan (Osaka, Japan). The LCh and HCh, A1, and A2 subun-
its were isolated as previously reported {12). SDS-PAGE of the iso-
lated subunits followed by staining with GelCode BlueStain Reagent
(Pierce, Rockford, IL, USA) showed >95% purity. Coagtrol N, FVIII-
deficient plasmas (Sysmex, Kobe, Japan), human ¢-thrombin, FIXa,
FX,FXa (Hematologic Technologies, Burlington, VT, USA), and rec-
ombinant human tissue factor (rTF; Innovin”, Dade Behring, New-
ark, DE, USA), fluorogenic specific-substrate for thrombin, Z-Gly-
Gly-Arg-AMC (Bachem, Bubendorf, Switzerland), and chromo-
genic FXa substrate $-2222 (Chromogenix, Milano, Italy) were pur-
chased from the indicated manufacturers. Phospholipid vesicles
containing 10% phosphatidylserine, 60% phosphatidylcholine,and
30% phosphatidylethanolamine (Sigma) were prepared using N-oc-
tylglucoside (13).

Antibodies

A series of anti-FVIII mAbs were generated by standard hybridoma
procedures. Briefly, spleen cells were isolated from mice immunised
with human FVIII and fused with murine myeloma P3U1 cells. The
fused cells were cultured in HAT selection medium (hypoxanthine/
aminopterin/thymidine). Aliquots of culture supernatants were
screened for FVIII binding by enzyme-linked immunosorbent assay
(ELISA). Relevant antibody-secreting hybridoma cells were selected
and cloned by limited dilution twice to maximise monoclonality.
The cloned mAbs were purified using Protein G Sepharose (Amer-
sham Bio-Science). The effects of the mAbs on blood coagulation
were examined in activated partial thromboplastin time (APTT)-as-
says. The mAbC5 with an Al epitope (12) and the mAb413 with an
A2 epitope (10) were kindly provided by Dr. C. A. Fulcher and Dr. E.
L. Saenko, respectively. The anti-C2 mAbNMC-VIIL/5 was purified
as previously reported (14). Anti-A3 mAbJR5 and anti-A2 JR8 were
obtained from JR Scientific Inc. (Woodland, CA, USA). FVIII epi-
topes were determined by ELISA and surface plasmon resonance
(SPR)-based assay (Biacore X™) (8, 9). Biotinylated IgG was pre-
pared using N-hydroxysuccinimido-biotin (Pierce). F(ab’), was pre-
pared using ImmunoPure F(ab’), preparation Kit (Pierce).

© Schattauer 2010

Clotting assays

Normal plasma was mixed with mAb216 and evaluated by APTT
clot waveform analysis (15). Transmittances were monitored during
the APTT measurement, and clot waveform parameters (clotting
time, maximum coagulation velocity |min1|) were calculated by the
MDA-II" system ( Trinity Biotech, CW, Ireland). Specific FVIII activ-
ity was measured in a one-stage clotting assay using FVIII-deficient
plasma. For assessing FVIII heat-stability, purified FVIII (1 nM) or
normal plasma was incubated at 55 °C. FVIII activity was measured
at intervals in a one-stage clotting assay.

FXa generation assay

The rate of conversion of FX to FXa was monitored in purified systems
(16). FVIII (30 nM) was activated by thrombin at the indicated con-
centrations in the presence of phospholipid {10 uM). The thrombin
reaction was terminated after 1 minute (min) by the addition of hiru-
din. FXa generation was initiated by the addition of F1Xa (0.5nM) and
FX (300 nM). Aliquots were removed at approprialc times to assess in-
itial rates of product formation and added to tubes containing EDTA
to stop the reaction. Rates of FXa generation were determined by ad-
ding of chromogenic substrate $-2222 (0.46 mM final concentration).
Reactions were read at 405 nm using a Multiskan microplate reader
(Labsystems, Helsinki, Finland).

Thrombin generation assay

The amount of thrombin generated in plasma was measured by cali-
brated automated thrombography (17). Normal plasma was preincu-
bated with various concentrations of mAb216 for 2 hours (h) at 37°C.
Plasma mixtures were incubated in microtiter wells with mixtures of
r'TF and phospholipid vesicles in 20 mM HEPES, 0.1 M NaCl, 5 mM
CaCl,, and 0.01% Tween 20, pH 7.2 (HBS-buffer). The reaction was
initiated by the addition of CaCl, and rates of thrombin generation
were determined using fluorogenic thrombin substrate. All reagents
were prewarmed to 37°C. Final concentrations of reagents were 0.5
pM rTF, 4 uM phospholipid, 433 uM fluorogenic substrate, and 13.3
mM CalCl,. The fluorescent signal was monitored at 8-second (s) in-
tervals using a Fluoroskan Ascent microplate reader (Thermo Elec-
tron Co., Waltham, MA, USA) with a 390 nm (excitation)/460 nm
(emission) filter set. Fluorescent signals were corrected and actual
thrombin generation (in nM) was calculated by reference to throm-
bin calibrator samples.

FVIIl activation and cleavage

Activation and cleavage of FVIII by thrombin and FXa was assessed
as previously reported (8, 9). FVIII (100 nM) was incubated with
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Figure 1: Effects of mAb216 on the APTT and FVIII coagulant activity.
A) Clot time. Normal plasma was incubated with mAb216 (O) or normal IgG
(®) prior to measuring the APTT in clot waveform assays. Inset shows the
|min1| calculated from clot waveform patterns. B) FVIll activity: FVIIl {1 nM)
was incubated with mAb216 (O) or normal IgG (@) and FVIII activity was
measured in one-stage clotting assays. FVIIl activity in the absence of

thrombin or FXa plus 10 uM phospholipid in HBS-buffer at 37°C.
Samples were removed at the indicated intervals and reactions im-
mediately terminated by 5,000-fold dilution on ice, adding SDS-
buffer and boiling. The presence of thrombin and FXa in diluted
samples did not affect these assays.

Electrophoresis and Western blotting

SDS-PAGE, using 8% gels, and Western blot analyses were per-
formed as previously reported (12). Densitometry scans were
quantified using Image J 1.34 software (National Institutes of
Health, Bethesda, MD, USA).

Data analyses

All experiments were performed at least three separate times, and
the average values and standard deviations (SD) were calculated,
Non-linear least squares regression analysis was performed using
KaleidaGraph (Synergy Software, Reading, PA, USA). The K, and
k., values for FVIITa/FIXa-catalysed FX activation were calculated
from the Michaelis-Menten equation.

Aualysis of the intramolecular stability of FVIII was determined
by Equation 1.

[fvit] =[fVII], - e(-107 x2)
where [FVIII], and [FVIII], represents concentrations at initial
(0} and time point (1), respectively, and C is -log k, with rate con-

stant k.
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mAb216 represents the initial level (100%). C) FVllia-dependent FXa gener-
ation. FVII (30 nM) was incubated with mAb216 (O) or normal igG (@) prior
to activation with thrombin (10 nM). FXa generation was initiated by adding
FiXa (0.5 nM) and FX (300 nM). FXa generated in the absence of mAb216
represents the 100% level (~160 nM/min). Experiments were performed five
separate times, and the average values and standard deviations are shown.

The half-life values were calculated from Equation 2.
1,,=10° xIn(2)

where Cis -log k, as in Equation 2.

Results
Effect of mAb216 on APTT and FVIIl activity

The effects of the various anti-FVIII mAb preparations on the APTT
were evaluated using clot waveform analysis (15). Only one antibody
(numbered mAb216) when preincubated with normal plasma short-
ened the APTT. The effect was modest but dose-dependent, with a ~3
sdifferenceat 10 pg/ml (P Fig. 1A). The jmin1| value of the clot wave-
form analysis was correspondingly increased (inset). To further exam-
ine this acceleration of procoagulant activity, we assessed the effect of
mAb216 specifically on FVIII activity. Purified FVIII (1 nM) was pre-
incubated with mAb216 and FVIII activity measured at intervals in a
one-stage clotting assay. FVIIT activity in the presence of mAb216 was
increased by ~1.5-fold at 12.5 pg/ml compared to control IgG, and this
effect was dose-dependent (Fig. 1B). In addition, FXa generation as-
says using purified components showed that mAb216 increased
FVIIIa/FIXa-dependent FXa generation by ~1.5-fold dose-depend-
ently (Fig. 1C). Similar resuits were obtained using F(ab’), prepara-
tions (data not shown). The results indicated that the enhanced pro-
coagulant activity mediated by mAb216 was related to an increase in
FVIII activity.

© Schattauer 2010
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Thrombin generation in the presence of mAb216

Measurements of thrombin generation in plasma are reported to
correlate with coagulant ability and to be clinically useful (17).
Furthermore, levels of FVIII activity appear to correlate with that
of thrombin generation (18). We evaluated, therefore, the effects of
mAb216 on thrombin generation using plasma. Thrombin gener-
ation assay in the presence of TF (5 pM) showed that the enhanc-
ing effect of mAb216 was mildly less than expected (data not
shown). Therefore, to observe the significant difference, assays
were performed at low concentrations of rTF (0.5 pM) and phos-
pholipid (4 uM) as previously recommended (19). As shown in
» Figure 2A, thrombin generation was increased in the presence of
mAb216 dose-dependently. Four parameters of thrombin gener-
ation (lag time, peak value, peak time, and endogenous thrombin
potential [ETP]) were calculated (Fig. 2B a-d, respectively). The
addition of mAb216 shortened the lag time and peak time, and in-
creased the peak value and ETP by 2- to ~3-fold at 0.3 jg/ml con-
centration. Control experiments using FVIII-deficient plasma
demonstrated that mAb216 itself did not affect thrombin gener-
ation, indicating that the enhancing effect of mAb216 attributed to
the presence of FVIII (data not shown). The data were consistent
with the results showing that mAb216 increased FVIII activity.
However, low concentration of TF may be not the driver of throm-
bin generation, rather contact activation under such circum-
stances. To avoid this influence, thrombin generation assay trig-

© Schattauer 2010

gered by TF (0.5 pM) was performed in the presence of corn tryp-
sin inhibitor. Results obtained in the presence of corn trypsin in-
hibitor were almost similar to that in its absence (data not shown),
supportive of validity of this assay using lower TE. Furthermore, an
effective concentration of mAb216 obtained in this assay was
lower, compared to that in APTT (Fig. 1A, B) or FXa generation
assay (Fig. 1C). This reason is unclear, but may be due to difference
of assay.

In order to identify the epitope recognised by mAb216, we per-
formed ELISA in which different FVIII(a) subunits were immobi-
lized onto microtiter wells. The mAb216 bound to immobilized
EVIII, HCh, and A2 domain, and not to LCh and A1 domain. In ad-
dition, SPR-based assays also demonstrated that FVIII bound to
mAb216 immobilised on a sensor chip (Kg 1.1 nM, k/kys
9.3x10° M''s'/1.0x107* 5!}, and in keeping with the ELISA results,
the HCh and A2 domain bound to solid phase antibody (Ky; 3.0
and 0.8 nM, k,/kye 2.9x10° M's1/0.9 x107 5! and 2.4x10°
M-s1/0.2x107% s, whilst LCh and A1 failed to bind. The results
confirmed that mAb216 possessed an A2 epitope. Furthermore,
competition experiments using the ELISA method demonstrated
that the A2 epitope of mAb216 did not overlap with the common
epitope (residues 484-509) represented by anti-A2 mAb413 (data
not shown).

Thrombosis and Haemostasis 103.1/2010
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Figure 3: Effect of mAb216 on thrombin- or FXa-catalysed FVIIl activation. FVIIl {100 nM) was preincubated with mAb216 and was activated by
thrombin (1 nM, A) or FXa (4 nM, B) plus phospholipid {10 uM). FVIIl activity was measured at the indicated time intervals in one-stage clotting assays. The
symbol used are (A) O; 0 pg/ml, @; 2.5 ug/ml, 3; 5 pg/ml, M; 10 pg/ml, (B) O; 0 pg/ml, @; 10 pg/ml, Q; 20 pg/ml. Experiments were performed three sep-

arate times, and the average values and standard deviations are shown.

mAb216 affects FVIIl activation and proteolytic
cleavage by thrombin and FXa

To clarify the mechanism(s) by which mAb216 enhances FVIIl ac-
tivity, we focused on FVIII activation by thrombin and/or FXa.
FVIII was incubated with mAb216 prior to incubation with
thrombin or FXa, and FVIIla activity was assayed at timed inter-
vals. Peak levels of FV1IIa activity induced by thrombin were sig-
nificantly increased, dose-dependently, in the presence of mAb216
(PFig. 3A). The presence of mAb216 (10 Mg/ml) showed an
~3-fold elevation of peak level of FVIIIa activity. Similarly, peak
levels of FXa-induced FVIII activation with mAb216 were in-
creased dose-dependently (Fig. 3B). The presence of mAb216 (10
ug/ml) showed an ~1.4-fold elevation of FVIIIa activity, although
the effect of FXa on FVIII activation was not dominant in these cir-
cumstances, compared to that of thrombin. Overall these results
clearly indicated that mAb216 enhanced FVIII activation by
thrombin (and FXa)- related mechanisms.

The generation of FVIIIa activity is regulated by proteolytic
cleavage at Arg®”? at the A1-A2 junction (3). Since both thrombin
and FXa cleave FVIII at Arg®”, we speculated that the FVIII-en-
hancing effect of mAb216 might be due to the acceleration of
Arg*? cleavage. In order to confirm this, we examined the effect of
mAb216 on thrombin- (and FXa-) catalysed HCh cleavage by
SDS-PAGE. Western blotting (® Fig. 4A panels a,b) and band den-
sitometry (panel ¢) demonstrated that mAb216 mildly accelerated
cleavage by thrombin at the A1-A2 junction (Arg*?) but did not
appreciably affect cleavage at the A2-B junction (Arg’*"). The ratio
of the A2/A1-A2 product obtained by densitometry suggested that
cleavage at Arg*’? in the presence of mAb216 was faster than that of
control by ~2-fold. This finding was similar to that observed with
thrombin-catalysed activation. However, LCh cleavage by throm-
bin at Arg'®® was not significantly affected (data not shown).

Thrombosis and Haemostasis 103.1/2010

Similarly, cleavage at Arg*” by FXa was mildly accelerated by
mADb216, whilst that at Arg™® was little affected (Fig. 4B). The
cleavage rate (A2/A1-A2 product) at Arg*”? in the presence of
mAb216 was increased ~2-fold compared to control within 15
min, similar to that seen with FXa-catalysed activation in clotting
assays. The derived A2 product gradually diminished at 20 min or
later in the presence of mAb216, however, and this resulted in a de-
creased ratio of A2/A1-A2, indicating further proteolysis of FXa
within the A2 domain. These findings strongly suggested that
mAb216 elevated FVIII activity by accelerating cleavage by throm-
bin (and FXa) at Arg¥>.

Effect of mAb216 on FVIII-thrombin interaction

The possibility that the enhancing effect of mAb216 on thrombin-
catalysed FVIII activation might be due to the alteration of FVIII-
thrombin interaction was further examined using FXa generation
assays. Various concentrations of FVIII were incubated with
mAb216 (5 pg/ml) and were activated by thrombin (1 nM) prior to
the addition of FIXa (0.5 nM) and FX (400 nM) (™ Fig. 5). The V,,,,,
of FXase in the presence of mAb216 was ~1.4-fold greater than that
in its absence (127 + 12 and 89 + 9 nM/min, respectively), and was
similar to that seen in earlier experiments. Notably, the affinity of the
interaction between FVIII and thrombin was ~2-fold higher in the
presence of mAb216 than inits absence (K,,; 16.8 £ 2.8 and 33.5+ 4.2
nM, respectively), suggesting that mAb216 strengthened this inter-
action and was a consequence of the increased thrombin-catalysed
FVIIL activation. However, mAb216 preincubated with FVIIla
(thrombin-activated FVIII) did not affect the kinetic parameters for
the FIXa-catalysed FX activation on the FXase complex, compared to
its absence (V,,,,: 164 + 18 and 162 + 16 nM/min and K,,: 8.7 1.6

m
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Figure 4: Effects of mAb216 on cleavage of FVIIl HCh by thrombin and FXa. FVIIl (100 nM) was incubated with thrombin (1 nM, A) or FXa (4 nM, B)
plus phospholipid (10 M) in the presence of mAb216 (10 pg/ml, a) or normal IgG (b) for the indicated times. Samples were run on 8% gels followed by West-
ern blotting using biotinylated anti-A2 mAbJRS. Panel ¢ shows quantitative densitometry of the ratio of A2/A1-A2 subunit in the presence of mAb216 (O)
or normal IgG (®). Experiments were performed three separate times, and the average values and standard deviations are shown.

and 10.7 2.4 nM, respectively) (inset). In addition, thrombin gen-
eration assay also showed that the presence of mAb216 little affected
the effect of adding FV1Ila in FVIII-deficient plasma compared to its
absence (data not shown), supportive of no direct effect of this mAb
for FVIIIa cofactor function. Taken together, these findings indicated
that mAb216 specifically moderated FVIII-thrombin interaction.

Effect of mAb216 on decrease of FVIII activity by
anti-FVIII inhibitory antibodies

We further examined whether the FVIII-enhancing effect of mAb216
could be observed even in the presence of anti-FVIII neutralising
antibodies. FVIII (4 nM) was incubated with the anti-FVIII inhibitor
mAbs, C5 (anti-A1), 413 and JR8 (anti-A2), JR5 (anti-A3), NMC-
VIII/5 (anti-C2) or control IgG for 1 h, followed by a further 1-h in-
cubation with mAb216 (2.5 and 5 pg/ml). The inhibitor titers of the
anti-FVIIIinhibitor mAbs were adjusted to 3 BU/ml,and FVIITactiv-
ity was subsequently measured at intervals by one-stage clotting as-
says. Elevation of FVIII activity with mAb216 alone and initial FVIII
activity with anti-FVIII mAbs alone were regarded as 100% and 0%,
respectively. The mAb216 enhanced FVIII activity even the presence

© Schattauer 2010

of each anti-FVIII inhibitor mAb, and these effects showed the simi-
larity of increase of FVIII activity in the absence of anti-FVIIl mAbs
(»Fig. 6). In particular, mAb216 (5 ug/ml) was required to over-
come the inhibitory effects of the anti-FVIII inhibitory mAbs. Simi-
lar experiments were repeated using anti-FVIII alloAbs with A2 or C2
epitopes, derived from multi-transfused patients with haemophilia
A. The mAb216 was shown to enhance FVIII activity even the pres-
ence of these anti-A2 or C2 alloAbs (data not shown). These results
supported that even in the case of haemophilia A with inhibitors
there was improved function of FVIII when mAb216 is present.

Effect of mAb216 on stability in FVIII and FViila
activity

The stability of FVIII or FVIIIa activity likely correlates with intra-
subunit interaction within its protein. Ansong and Fay (20) have
reported that the temperature-dependent decrease in FVIII activ-
ity resulted from the instability for interactions between the HCh
and LCh. Hence, to investigate whether mAb216 affected the sta-
bility of FVIII activity, we assessed temperature-dependent de-
creases in FVIII activity. FVIII (1 nM) or normal plasma was pre-
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Figure 5: Kinetic analyses of FXase complex in the presence of
mAb216. Various concentrations of FVIII were preincubated with mAb216
(5 pg/ml, O) or normal IgG (®) and were activated by thrombin (1 nM). FXa
generation was initiated by adding of FIXa (0.5 nM) and FX (400 nM) as de-
scribed in Methods. Inset: Various concentrations of FVIII were activated by
thrombin (10 nM) prior to reaction with mAb216 (5 ug/ml, O) or normal IgG
(®). FXa generation was initiated by adding of FIXa (0.5 nM) and FX (400
nM). Data were fitted to the Michaelis-Menten equation. Experiments were
performed three separate times, and the average values and standard devi-

ations are shown.

incubated with mAb216 or control IgG before measuring FVIII ac-
tivity at intervals in mixtures incubated at 55°C (B>Fig. 7A). FVIII
activity in plasma was more stable (~2-fold) than that of purified
FVIII (t;5; 11.5 + 2.4 and 5.8 + 1.1 min, respectively), in keeping
with the suggestion that VWF protects FVIIL In addition, FVIII ac-
tivity in both normal plasma (t,/5; 20.4 £ 3.1 min) and purified
FVIII (12.9 £ 1.7 min), preincubated with mAb216, was signifi-
cantly more stable (~2-fold) than in the presence of control IgG.
Otheranti-A2 mAbs (JR8and 413) did not affect stability (data not

shown).

FVIIIa activity is unstable and spontaneously decays. This labil-
ity reflects the dissociation of A2 subunit from FVIIla molecule
(21). Therefore, we examined the effect of mAb216 on the stability
of FVIIIa activity. FVIII (10 nM) preincubated with mAb216 (10
ug/ml) was reacted with thrombin (10 nM) for 1 min to reach
maximal FVIIT activity, followed by measuring the FVIIla activity
at timed intervals in a one-stage clotting assay (Fig. 7B). The
mAb216 (0.027 + 0.002 min™!) prolonged FVIIIa activity by de-
pressing (by ~2.5-fold) the rate of A2 dissociation, compared to
normal IgG (0.066 £ 0.002 min!'). Taken together, these data dem-
onstrated that mAb216 stabilised both activities of FVIII and

FVIIIa.
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Figure 6: Effect of mAb216 on the decrease of FVIII activity by anti-
FVIIl mAbs. FVIII (4 nM) was incubated with anti-FVIIl mAb (final concen-
tration 3 BU/ml) for 1 hour, followed by a further 1-hour incubation with
mAb216 (2.5 ug/ml; white bar, 5 pg/ml; gray bar). FVII activity was
measured in one-stage clotting assays. FVIIl mAbs 1-6 show normal IgG,
anti-A1 (C5), anti-A2 (413), anti-A2 (JR8), anti-A3 (JR5), and anti-C2 (NMC-
VIII/5), respectively. Elevation of FVIII activity in the presence of mAb216
alone and initial FVIII activity in the presence of anti-FVIll mAbs alone were
regarded as 100% and 0%, respectively. Experiments were performed five
separate times, and the average values and standard deviations are shown.

Discussion

The inhibitory mechanisms of most anti-FVIII antibodies, includ-
ing alloAbs developed in haemophilia A patients, autoAbs, and
mADbs, have been well-analysed (5) and have been shown to decrease
or neutralise FVIII activity through direct or indirect inhibitory ef-
fects on FVIII function or enhanced clearance of FVIII from circu-
lating blood. Some anti-FVIII antibodies, lacking the ability to in-
hibit FVIIT activity (i.e. non-inhibitory antibodies) have been ident-
ified in both normal plasma and haemophilia A patients using
ELISA-based assays (22). Most of these non-inhibitory antibodies,
however, appear to have little significant function, and relevant epi-
topes remain to be determined. We anticipated that the range of
non-inhibitory antibodies might include immuno-reactants that
enhance FVIII activity. In the present report we describe for the first
time an anti-FVIII mAb, mAb216, that recognised an A2 epitope and
enhanced FVIII activity by ~1.5-fold in plasma-based assays. The
antibody also increased the generation of both FXa and thrombin to
a similar extent.

Antibodies are known to be versatile molecules that have prop-
erties beyond their immunological function, and have been shown
to modify the biochemical and biological properties of their target
proteins. For example, FVIIT antibodies can serve as enzymes with
catalytic properties (23). In addition, Kerschbaumer et al. (24) re-
ported a unique anti-FIXa mAb, 224AE3, which enhanced the
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Figure 7: Effects of mAb216 on FVIIl and FVlila stability. A) FVIII stabil-
ity: FVIII (1 nM) reacted with mAb216 (10 pg/ml, O) or normal IgG (®), and
normal plasma reacted with mAb216 (10 pg/ml, Q) or normal IgG (), were
incubated at 55°C. Aliquots were removed at the indicated times and as-
sayed to determine the FVIII activity. Data were fitted to the formula given in
Equation 2. B) FVllla stability: FVIIl (10 nM) preincubated with mAb216

catalytic activity of the FXase complex. This enhancing effect ap-
peared to be mediated by two mechanisms; i) the FIXa-
mADb224AE3 complex bound to FVIIIa (substrate) with an
~18-fold higher affinity than FIXa alone, ii) the catalytic activity
(k.,) of the enzyme complex increased by 2- to ~3-fold whilst the
K,, for FX was unaffected. In the present study the FVIII-mAb216
complex bound to thrombin (enzyme) with ~2-fold higher affin-
ity than that of FVIII alone, and the catalytic activity of the anti-
body complex also was increased by ~1.5-fold. The K, of FX in the
FXase-mAb216 complex was unaffected (data not shown). In ad-
dition, mAb216 had no direct effect on FVIIIa cofactor function.
These results indicated that the enhancing mechanism of mAb216

What is known about this topic?

e Many reports have identified factor (F)VIll inhibitory antibodies
with epitopes located in all subunits of FVIll. However, antibodies
that promote FVIII activity do not appear to have been reported.

s We found an anti-A2, FVIll mAb216 that augmented procoagulant
activity.

What does this paper add?

e We found an anti-A2, FVIIl mAb216 that augmented procoagulant
activity. This enhancing effect could be attributed to an increase in
thrombin-induced activation of FVIIl, mediated by cleavage at
Arg372 and a tighter interaction of thrombin with the A2 domain.

e The findings may provide the basis for developing new principles
for improving the treatment of haemophilia A patients with and
without inhibitors.

© Schattauer 2010

(10 pg/ml, O) or normal IgG (@) was activated with thrombin (10 nM) at
1 minute for maximal FVIII activity. Aliquots were removed at the indicated
times and assayed to determine the FVIII activity. Maximal FVIII activities
were regarded as 100% level. Data were fitted to the exponential decay. Ex-
periments were performed four separate times, and the average values and
standard deviations are shown.

was remarkably similar to that of mAb224AE3 described by
Kerschbaumer et al. (24).

In our studies the FVIII-enhancing effect of mAb216 was at-
tributed to an alteration in the rate of proteolytic cleavage of HCh
by thrombin (and FXa), mediated by a modified affinity in the in-
teraction between FVIII and thrombin. The FVIII A2 domain pos-
sesses two independent thrombin-binding regions. One appears to
be located within residues 484-509 and is responsible for the cleav-
age of Arg*’ at the A1-A2 junction (25). The other is located with-
in the residues 389-394, and is responsible for the cleavage of
Arg™ at the A2-B junction (26). In the current investigations, the
binding of mAb216 to the A2 domain appeared to change the
structural conformation, leading to a tighter interaction with
thrombin. Consequently, proteolysis by thrombin (and FXa) of the
FVIII molecule complexed with mAb216 was faster than in the ab-
sence of antibody. It is of interest that thrombin (and FXa) acceler-
ated the cleavage at Arg>2 in FVIII complexed with mAb216 whilst
cleavage at Arg’*" and Arg'*® remained unaffected. Our data pro-
vide novel information regarding the enhancing mechanism of a
unique anti-FVIII antibody, and suggest that further studies on the
precise A2 epitope composition of mAb216 could lead to the devel-
opment recombinant FVIII mutants with superior FVIII coagu-
lant activity.

Moreover, the FVIII-enhancing properties of mAb216 provide
the basis for challenging new replacement therapy in haemophilia A.
The antibody enhanced FVIII activity and protected the stability of
intrasubunit interactions (HCh-LCh interaction and A1-A2 inter-
action). It seems possible therefore, that intravenous administration
of recombinant FVIII complexed with mAb216 could lead to higher
levels of FVIII activity and a prolonged half-life compared with the
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use of recombinant FVIII alone. Treatment of this nature could be
especially useful in patients requiring long-acting FVIII replacement
therapy. Such therapy could result in a reduction in the total dose of
recombinant FVIII concentrates and help to prevent the devel-
opment of FVIII inhibitors. Furthermore, the enhancing effects of
mAb216 on FVIII activity were evident even in the presence of com-
mon FVIII allo-inhibitors and mAbs (anti-A2 mAb413 and anti-C2
mAbNMC-VIII/5) that recognise A2 and/or C2 epitopes (5). It may
be, therefore, that the administration of mAb216-related products
could be a useful adjunct in protocols for replacement therapy in pa-
tients with either congenital haemophilia A with alloAb inhibitors or
acquired haemophilia A with autoAbs. Further investigations on the
effects i vivo of this unique antibody using animal models are pro-
posed.
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Summary. Background: Factor (F)VIla, complexed with tissue
factor (TF), is a primary trigger of blood coagulation, and has
extremely restricted substrate specificity. The complex catalyzes
limited proteolysis of FVIII, but these mechanisms are poorly
understood. Objectives: In the present study, we investigated the
precise mechanisms of FVIla/TF-catalyzed FVIII activation.
Results: FVIII activity increased ~4-fold within 30 s in the
presence of FVIIa/TF, and then decreased to initial levels within
20 min. FVIIa (0.1 nM), at concentrations present physiolog-
ically in plasma, activated FVIII in the presence of TF, and this
activation was more rapid than that induced by thrombin. The
heavy chain (HCh) of FVIII was proteolyzed at Arg™ and
Arg®” more rapidly by FVIIa/TF than by thrombin, consistent
with the enhanced activation of FVIIL Cleavage at Arg®>® was
evident at ~1 min, whilst little cleavage of the light chain (LCh)
was observed. Cleavage of the HCh by FVIIa/TF was governed
by the presence of the LCh. FVIII bound to Glu-Gly-Arg-
active-site-modified FVIIa (Ky, ~0.8 nm) with a higher affinity
for the HCh than for the LCh (Kg, 5.9 and 18.9 nm). Binding to
the A2 domain was particularly evident. Von Willebrand factor
(VWF) modestly inhibited FVIIa/TF-catalyzed FVIII activa-
tion, in keeping with the concept that VWF could moderate
FVIla/TF-mediated reactions. Conclusions: The results dem-
onstrated that this activation mechanism was distinct from
those mediated by thrombin, and indicated that FVIIa/TF
functions through a ‘priming’ mechanism for the activation of
FVIII in the initiation phase of coagulation.

Keywords: factor VIla, factor VIII, factor VIIIa, tissue factor.

Introduction

Factor (F)VIII, a plasma protein that is deficient or defective in
individuals with the severe congenital bleeding disorder,
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hemophilia A, functions as a cofactor in the tenase complex,
responsible for phospholipid (PL)-dependent conversion of FX
to FXa by FIXa [1]. FVIII circulates as a complex with von
Willebrand factor (VWF), a macromolecule that protects and
stabilizes the cofactor. FVIII is synthesized as a single chain
molecule consisting of 2332 amino acid residues with a
molecular mass of ~300 kDa, and is arranged into three
domains, A1-A2-B-A3-CI1-C2, based on amino acid homology.
FVIII is processed into a series of metal ion-dependent
heterodimers by cleavage at the B-A3 junction, generating a
heavy chain (HCh) comprising Al and A2 domains together
with heterogeneous fragments of partially proteolyzed B
domain linked to a light chain (LCh) consisting of A3, Cl
and C2 domains [2].

The catalytic efficiency of FVIII in the tenase complex is
enhanced over 10°-fold by conversion into an active form,
FVIIIa, by limited proteolysis by either thrombin or FXa [3].
Both enzymes cleave native FVIII at Arg*”? and Arg™® of the
HCh and produce 50-kDa, Al and 40-kDa, A2 subunits. The
80-kDa LCh, 1649 A3C1C2, is cleaved at Arglﬁsg, generating a
70-kDa, '°A3C1C2 subunit. Proteolysis at Arg’” and
Arg'®® is essential for generating FVIIIa cofactor activity [4].
Cleavage at the former site exposes a functional FIXa-
interactive site within the A2 domain that is cryptic in the
unactivated molecule [5). Cleavage at the latter site liberates
FVIII from VWF [6], contributing to the overall specific
activity of the cofactor [7]. FVIIla activity is down-regulated by
serine proteases including activated protein C (APC), FXa,
FIXa and plasmin following cleavage at Arg>® within the Al
subunit [3,8,9]. This inactivation appears to reflect loss of a FX-
interactive site, mediated by a modified interaction with the A2
subunit and an increased K, of the truncated Al for the
substrate FX [10].

FVIL is a single chain zymogen consisting of 406 amino acid
residues with a molecular mass of 48 kDa [11]. The active form
of FVIL, FVIla, forms a complex with tissue factor (TF), to
generate a potent serine protease responsible for initiating and
propagating the blood coagulation cascade in normal hemo-
stasis [12]. The central role of FVIIa is the activation of FIX
and FX. Following injury to the blood vessel wall, TF is
exposed to circulating blood and forms the complex with
FVIla, resulting in initiation of hemostasis through activation
of FX and the generation of a minimal amount of thrombin
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[13). This trace amount of thrombin dissociates FVIII from
VWF and promotes platelet activation. Following these
‘priming’ reactions, thrombin generation is accelerated through
propagation of tenase and prothrombinase enzymes on neg-
atively-charged PL exposed on platelet surfaces, synchronized
with an increase in platelet procoagulant activity [14). More-
over, a TF-independent cell-based FX activation mechanism
has been identified involving direct binding to platelet mem-
branes [15], and these concepts have been applied to hemostatic
therapy for various bleeding disorders including hemophilia A
and B.

FVIIa/TF has also been shown to proteolyze FV and FVIII
(16,17]. Warren et al. [17] reported that FVIIa/TF induced
FVIII cleavage at Lys*, Argm, Arg®”, Arg®®® and Arg740 n
the HCh and at Arg'®** and Arg'®® in the LCh, over extended
reaction times. In addition, FVIIa enhanced FVIII activity by
~2-fold by cleavage at Arg'®, Arg®*® and Arg®”>. These
findings supported the concept that FVIIa might up-regulate
tenase activity by activating FVIIL. The exact mechanism of
this activation is poorly understood, however. In the present
study, we have investigated the mechanism of FVIIa/TF-
catalyzed FVIII activation using a combination of functional
assays, binding assays and SDS-PAGE analysis. We demon-
strated that FVIIa/TF induced limited proteolysis of the HCh
of FVIII at Arg’® and Arg®” and appeared to function
through a ‘priming’ mechanism to generate small amounts of
FVIIIa in the initiation phase of coagulation. FVIIa specifically
proteolyzed the HCh in a reaction that was governed by the
LCh, and this activation mechanism appeared to be distinct
from that mediated by thrombin or FXa.

Materials and methods

Reagents

Purified recombinant FVIII (Kogenate FS®) and FVIla
(Novoseven®) preparations were kindly provided by Bayer
Corp. Japan (Osaka, Japan) and NovoNordisk (Bagsverd,
Denmark). The monoclonal antibody (mAb) C5 [18],
recognizing the C-terminal end of the Al domain, was a
generous gift from Dr Fulcher. The anti-C2 mAb, NMC-
VIII/5, was prepared as previously reported [19]. VWF was
purified from FVIII/VWF concentrates using gel filtration
on a Sepharose CL-4B column (Amersham Bio-Science,
Uppsala, Sweden) and immune-beads coated with immobi-
lized FVIII mAb [19]. Human FXa (Enzyme Research
Laboratories, Inc., South Bend, IN, USA), thrombin
(Sigma, St. Louis, MO, USA), recombinant hirudin
(Calbiochem, San Diego, CA, USA), FVIla-specific inhib-
itor peptide E-76 (Bachem, Bubendorf, Switzerland), re-
combinant lipidated TF (Innovin®; Dade Behring, Marburg,
Germany) and Glu-Gly-Arg-chloromethylketone (EGR-ck;
Calbiochem) were purchased from the indicated vendors.
Gla domainless (GDless)-FVIla was prepared from FVIla
by limited chymotryptic digestion [20]. PL vesicles contain-
ing 10% phosphatidylserine, 60% phosphatidylcholine and
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30% phosphatidylethanolamine (Sigma) were prepared using
N-octylglucoside [21].

Preparation of FVilla subunits

LCh ("***A3C1C2 and '*A3C1C2), HCh (A1-A2-B), Al and
A2 subunits of FVIII were purified as previously reported
[5,7,10]. FVIIla was isolated from thrombin-treated FVIII by
CM-Sepharose chromatography (Amersham) [22]. The Al/
A3CI1C2 dimer was prepared by reconstitution from isolated
Al and A3CI1C2 subunits [10]. The recombinant (r)A3 domain
of FVIII was expressed in E. coli using the pET expression
system (Novagen, Madison, WI, USA) [23]. The protein was
purified using His-Select affinity cartridges. A cDNA coding
the C2 domain sequence of human FVIII was constructed,
transformed into Pichia pastoris cells and expressed in a yeast
secretion system [24]. The rC2 protein was purified by
ammonium sulfate fractionation and cation-exchange high-
performance liquid chromatography (HPLC). SDS-PAGE of
the isolated subunits followed by staining with GelCode Blue
Stain Reagent (Pierce, Rockford, IL, USA) showed >95%
purity. Protein concentrations were determined by the method
of Bradford.

Preparation of active-site modified EGR-FVIla

FVIla was inactivated by the addition of a 10-fold molar excess
of EGR-ck in 50 mm HEPES, pH 7.2, and 0.1 m NaCl and
incubation overnight at 4 °C. Unbound EGR-ck was removed
by extensive dialysis at 4 °C in 20 mm HEPES, pH 7.2, 0.1 m
NaCl and 0.01% Tween 20 (HBS-buffer) containing 5 mm
CaCl,. Inactivation of FVIla was considered complete when
residual FVIIa activity was <0.2% as measured in a FVIla-
specific assay.

Clotting assays

FVIII activity was measured in a one-stage clotting assay using
FVIII-deficient plasma. All reactions were performed at 22 °C.
FVIII products were incubated in HBS-buffer containing
5mm CaCl, and 0.1% bovine serum albumin plus the
indicated concentrations of PL and TF. Samples were removed
from the mixtures at the indicated times, and FVIIa/TF
reaction was immediately terminated by the addition of FVIIa-
inhibitor E-76 (2.5 pm) and 1000-dilution. FVIII activity was
converted from the obtained clotting times using a standard
curve of FVIII in FVIII-deficient plasma. The presence of
FVIIa/TF and E-76 in the diluted sample did not affect FVIII
activity ( <0.5%) in these coagulation assays.

Cleavage of FVIli(a) and its subunits by FVlia

Various concentrations of FVIIa/TF were added to 10 nm
FVIII(a) or subunits together with 20 pm PL in HBS-buffer
containing 5 mm CaCl, at 22 °C. Aliquots were removed at the
indicated times and the reactions were immediately terminated
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and prepared for SDS-PAGE by adding SDS and boiling for
3 min.

Electrophoresis and Western blotting

SDS-PAGE was performed using 8% gels at 150 V for [ h,
followed by Western blotting using a Bio-Rad mini-transblot
apparatus at 50 V for 2 h. Protein bands were probed using
anti-FVIII mAbs followed by goat anti-mouse peroxidase-
linked secondary mAb (MP Biomedicals, Aurora, OH, USA).
Signals were detected using enhanced chemiluminescence
(PerkinElmer Life Science, Boston, MA, USA). Densitometric
scans were quantitated using Image J 1.38 (National Institute
of Health, Bethesda, MD, USA).

Surface plasmon resonance (SPR)-based assay

The kinetics of FVIII and FVIIa interaction were determined
by SPR-based assays using a BIAcore X instrument (Biacore
AB, Uppsala, Sweden). The reactions were run at 22 °C. EGR-
FVIla was covalently coupled to the CM5 sensor chip at a
coupling density of 0.4 ng mm ™. Binding (association) of the
ligand was monitored in 10 mm HEPES, pH 7.4, 150 mm
NaCl, 5 mm CaCl, and 0.005% surfactant P20, at a flow rate
of 30 pL min™! for 2 min. The dissociation of bound ligand
was recorded over a 2-min period by replacing the ligand-
containing buffer with buffer alone. The level of non-specific
binding, corresponding to the ligand binding to the uncoated
chip, was subtracted from the signal. The surface on the sensor
chip was regenerated by washing in I m NaCl for 1 min. Rate
constants for association (k,s) and dissociation (kgiss) Were
determined by nonlinear regression analysis using the evalua-
tion software provided by Biacore AB. Dissociation constants
(Ky4) were calculated as kgjss/kass.

Results

FVIII activation by FVlla

To investigate the effect of FVIIa on FVIII activity, we first
examined FVIla-catalyzed FVIII activation in the presence of
TF using a one-stage clotting assay. To preclude the influence
of FVIIa, TF/PL and FVIIa-inhibitor in this assay, 1000-fold
dilution of reactant mixtures were utilized. In addition, FVIII
(10 nm) was used at ~10-fold higher than physiological
concentrations, because the minimum level for measurement
of FVII activity was 0.01 nm. The results showed that in
mixtures of FVIII (10 nM) and various concentrations of
FVIla with TF (1 nm), FVIII activity rapidly reached peak
levels of ~4-fold of initial value within 30 s after adding FVIIa
(1 nm)/TF. Procoagulant activity subsequently decreased to
initial levels at ~20 min (Fig. 1). This FVIla-catalyzed activa-
tion of FVIII was shown to be dose-dependent and saturable at
1 nm FVIIa. Even at 0.1 nm FVIIa, which was estimated to be
~1% of FVII (10 nm) physiologically present in normal
plasma, FVIII activity was enhanced by ~2.4-fold and

FVIII activity (fold of initial)
N
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Time (min)

Fig. 1. Time course of activation of FVIII following reactions with FVIIa/
TF. FVIII (10 nm) was incubated with various concentrations of FVIla
(O, 0 nm; @, 0.1 nm; [J, 0.25 nv; M, 0.5 nm: A, 1 nm) in the presence of
TF (1 nm) and PL (20 pum) at 22 °C. FVIII activity of the samples was
measured at the indicated times in a one-stage clotting assay. The initial
activity of FVIII was ~5 units mL™". Experiments were performed at least
three separate times, and average values are shown.

persisted for ~20 min. FVIII activity was not appreciably
increased by FVIIa in the absence of TF, indicating that the
FVIla association with FVIII was dependent on TF. The
presence of hirudin had little effect on the FVIla/TF-catalyzed
reaction (data not shown), demonstrating no influence of
contaminating thrombin.

We also examined whether Ca’"-dependent PL-binding
contributed significantly to the optimum catalytic function of
FVIIa/TF on FVIIL. FVIII activation by FVIIa/TF was
enhanced by the presence of Ca®“and PL in dose-dependent
manners (data not shown). Furthermore, FVIII activation was
markedly weaker with GDless-FVIIa than with intact FVIIa
(data not shown), indicating that a functional Ca* " -dependent
PL-binding reaction, mediated by the Gla domain of FVIla,
regulated FVIIa/TF-catalyzed FVIII activation.

Comparison of FVIII activation by FVIla/TF, thrombin and FXa

The most potent serine proteases responsible for FVIII
activation are thrombin and FXa. We compared, therefore,
the timed-course of FVIII activation by FVIIa/TF with that
mediated by thrombin or FXa in a one-stage clotting assay. In
the presence of 1 nm protease, the peak level of FVIIT activity
within 20 min after the addition of FVIIa/TF was ~5-fold
lower than that of thrombin, and was similar to that of FXa
(Fig. 2A, inset). In the early phases of activation, however, the
increase in FVIII activity was greater with FVIIa/TF than with
thrombin within 30 s after reaction, and was much greater than
that with FXa within 2.5 min (Fig. 2A). Of note, in the
presence of physiological levels of FVIIa (0.1 nm) with TF, the
increase in FVIII activity was significantly greater within
2.5 min than that with thrombin at similar concentrations
(Fig. 2B), although the peak level of FVIII activity was lower
than with thrombin (Fig. 2B, inset). The results strongly
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Fig. 2. Comparisons of the time course of activation of FVIII by FVIla/TF, thrombin and FXa. FVIII (10 nm) was incubated with FVIIa (O, 1 nm (A),
0.1 nm (B)) with TF (1 nm), thrombin (@, 1 nm (A), 0.1 nm (B)), or FXa (O, 1 nm (A)) in the presence of PL (20 pum). The insets illustrate the time course
for FVIII activation for incubation times of 0-20 min. FVIII activity of the samples was measured at the indicated times in a one-stage clotting assay. The
initial activity of FVIII was ~5 units mL™", Experiments were performed at least three separate times, and average values are shown.

suggested that FVIla/TF more effectively regulated the rapid
generation of small amounts of FVIIIa in the early phases of
interaction compared with thrombin or FXa.

Proteolytic cleavage of FVIII by FVila/TF

FVIIa/TF cleaves FVIII over an extended period of time at
Lys®, Arg®6, Arg®”, Arg®®, Arg™ in the HCh and at Arglt®
and Arg'®® in the LCh [17]. We focused on FVIla/TF cleavage
of both FVIII chains in early-timed reactions (within 30 min).
Temporal changes in electrophoretic mobility of FVIIa/TF-
treated FVIII were examined by SDS-PAGE and Western
blotting using FVIII (10 nm) and FVIIa (1 nm)/TF (1 nM) in
the presence of PL (Fig. 3). Products of proteolysis were
visualized using an anti-Al mAb recognizing the HCh (CS5,
panel A) and an anti-C2 mAb (NMC-VIII/5, panel B)
recognizing the LCh. Proteolytic cleavage sites of FVIII
fragments were determined using automated NH,-terminal
sequence analysis and were shown to be identical to those
already reported (Arg”’, Arg’” and Arg™; panel C) [17].
Incubation of FVIII with FVIIa/TF, demonstrated that the
HCh (Al-A2-whole B) was rapidly degraded to A1-A2
fragments by cleavage at Arg’*’, followed within 15 s by
generation of A1'~"? fragments by cleavage at Arg®” (panel
A). This appeared to be consistent with the findings obtained
by FVIla/TF-catalyzed activation of FVIII in clotting assays.
The bands above Al1-A2 reflected fragments generated by
partial cleavage of the B domain in the HCh (A1-A2-whole B).
At subsequent time points, a A1>*372.A2 fragment was
apparent within 1 min, suggesting that cleavage at Arg**®in A1
was slower than that at Arg’* and Arg*”. The generation of
this fragment appeared to coincide with the decrease in FVIII
activity. The A1-A2-whole B, A1-A2, A1' > and A1?*72.A2
bands gradually disappeared over time (data not shown).
HPLC-gel filtration was used to fractionate intact FVIIIL, but
nevertheless, A1'~" fragments remained evident in the absence
of FVIIa/TF, suggesting that mAbCS5 was highly sensitive in
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Fig. 3. Time course of FVIIa/TF-catalyzed cleavages of FVIII. FVIII
(10 nm) was incubated with FV1Ia (1 nm) in the presence of TF (1 nm) and
PL (20 pm) for the indicated times. Samples were run on 8% gels followed
by Western blotting using anti-A1 (C5, A) and anti-C2 (NMC-VIII/5, B)
mAbs. Panel C shows a schematic presentation of the domain organiza-
tion of both chains of FVIIL, location of FVIla/TF-catalyzed cleavage
sites, and epitope regions of anti-FVIII mAbs.

these circumstances. Cleavages at Lys*® in Al or at Arg®® in
A2, however, were not a feature of reactions within 30 min
identified using anti-A1 mAb58.12 recognizing the N-terminus
and anti-A2 mADbJRS, respectively (data not shown), suggest-
ing that the A1 and A2 fragments were terminal products.
In addition, the A1 subunit, generated initially by cleavage
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