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Fig. 1. FVIII-mimetic cofactor activity of ACE910 in human FVIII-deficient plasma without and with FVIII inhibitors and in FVIII-neutral-
ized cynomolgus monkey plasma. Effects of ACE910, recombinant human FVIII (thFVIII) or recombinant porcine FVIII (rpoFVIII) on acti-
vated partial thromboplastin time (APTT) (A, B) and on peak height of thrombin generation triggering the intrinsic pathway (C, D), in human
FVIII-deficient plasma without and with FVIII inhibitors (A, C) and in FVIII-neutralized cynomolgus monkey plasma (B, D). Data are

expressed as mean = standard deviation (n = 3).

The experimental protocol is illustrated in Fig. 2A. An
acquired hemophilia A status was first established by
injecting an anti-primate FVIII antibody, VIII-2236,
which neutralizes endogenous FVIII, but neither exoge-
nous rpoFVIII nor ACE910 (Fig. S3). Then, bleeding
was artificially induced by inserting a needle in the limb
muscles and by subcutaneous exfoliation on the abdomen.
The animals in the control group showed a progressive
decrease in hemoglobin level (anemia associated with
hemorrhage) and expansion of bruised areas (Fig. 2B,C).
A single intravenous administration of ACE910 at 6-8 h
after bleeding induction, when visible bleeding symptoms
had emerged, tended to ameliorate the decrease in hemo-
globin level (P = 0.0643 at 3 mg kg™! vs. control). The
expansion of bruised areas was significantly reduced at
doses of 1 and 3 mg kg™! ACE910 (P < 0.05 vs. control).
These hemostatic effects of ACE910 at 1 and 3 mg kg™*
" were comparable to the hemostatic effect of dosing twice
daily with 10 U kg™ rpoFVIIL In such a regimen, the
plasma concentration of rpoFVIII would reach
25 U dL™! just after the first injection, and would range
between 7.4 and 46 U dL™}, according to a simulation of
multiple dosing of rpoFVIII based on the pharmacoki-
netic parameters obtained from the single-dose injection

© 2013 International Society on Thrombosis and Haemostasis

study of rpoFVIII in cynomolgus monkeys (Fig. S4). The
mean plasma concentration of ACE910 (0.3, 1 or
3 mg kg~!) was, respectively, 6.6, 26 or 61 pug mL™! (45,
180 or 420 nm) just after administration, and 3.0, 8.4 or
34 pg mL™' (21, 58 or 230 nm) on day 3 (Fig. 2D). In
the clinical setting, 20 U dL~! is often employed as the
target initial FVIII level for treatment of ongoing
bleeds [12]. Therefore, intravenous administration of
1-3 mg kg~' ACE910, or a plasma concentration of 26—
61 pg mL™! (180420 nm), is also expected to exert he-
mostatic activity against ongoing bleeds in the clinical set-
ting.

Pharmacokinetic study and multiple-dosing simulation

In order to investigate the potency of ACE910 for routine
supplementation, we performed a single-dose pharmacoki-
netic study of ACE910, to determine the pharmacokinetic
parameters for simulating the plasma ACE910 concentra-
tion after multiple dosing.

The plasma half-life of ACES10 was 19.4 days after a
single intravenous administration at 6 mg kg™!, and in
the range of 23.6-26.5 days after a single subcutaneous
administration at 0.06, 0.6 or 6 mg kg™' (Table S1). With
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Fig. 2. In vivo hemostatic activity of ACE910 against ongoing bleeds in an acquired hemophilia A model. (A) The experimental protocol used.
(B, C) Time course changes of (B) hemoglobin level and (C) bruised areas in the control group (no test item; # = 6), the ACE910 group (0.3, 1
or 3 mg kg™!; 1 = 4 for each group), and the recombinant porcine FVIII (rpoFVIII) group (3.4 or 10 U kg™!; n = 4 for each group). Asterisks
show statistical significance of the data on day 3 (*P < 0.05 and **P < 0.01 vs. control). (D) Time course of plasma ACE910 concentration in

the ACE910 groups. Data are expressed as mean =+ standard error. i.v., intravenous.

subcutaneous administration, the maximum plasma con-
centration of ACE910 increased in approximate propor-
tion to the dose increment. The subcutaneous
bioavailability was 102.3% at the 6 mg kg™* dose. These
results were consistent with those of our previous study
[9]. For these analyses, we excluded two animals in which
anti-ACE910 alloantibodies were detected, respectively,
from 28 days after the intravenous administration of
6 mg kg™! and from 56 days after the subcutaneous
administration of 0.06 mg kg™'. Their plasma ACE910
concentrations decreased in association with the detection
of anti-ACE910 alloantibodies.

In the in vivo hemostatic study, the mean initial plasma
concentrations of ACE910 were 26 and 61 pg mL™' (180
and 420 nwm) in the 1 and 3 mg kg™ groups, respectively.
The hemostatic effect in these groups was comparable to
that in the rpoFVII 10 U kg™' group, in which the
FVIII level was within the range of a mild phenotype
(Fig. S4B). We considered that if, by routine supplemen-
tation, a plasma ACE910 level of 26 g mL~! or above
were maintained at all times in patients, a severe pheno-

type would possibly be converted to a mild phenotype
beyond a moderate phenotype. To examine this possibil-
ity, multiple-dosing simulations of ACE910 were per-
formed with the parameters obtained from the
pharmacokinetic study. The results of the simulations
indicated that, if the target trough plasma level of
ACE910 were set to 26 or 61 pg mL™, it could be main-
tained by once-weekly subcutaneous administrations of
0.64 or 1.5mgkg™' at a steady state, respectively
(Fig. 3).

Discussion

We previously reported the creation of an anti-FIXa/FX
bispecific antibody, named hBS23, which restored FVIII
cofactor function [8]. Although hBS23 had meaningful
hemostatic activity, its molecular structure would have
required further optimization in terms of manufacturing
efficiency, immunogenicity, pharmacokinetic profile, phys-
icochemical properties, and FVIII-mimetic cofactor activ-
ity. To address these remaining issues, we continued to

© 2013 International Society on Thrombosis and Haemostasis
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Fig. 3. Examples of simulations; plasma ACE910 concentration after
multiple dosing in cynomolgus monkeys. The time course of plasma
ACE910 concentration was simulated by use of the pharmacokinetic
study data in cynomolgus monkeys for the case of once-weekly sub-
cutaneous (s.c.) administration at 0.64 or 1.5 mg kg™', starting

7 days after the initial bolus intravenous administration of 3.63 or
8.53 mg kg™!, respectively. i.v., intravenous.

optimize the bispecific antibody multidimensionally, and
finally identified an improved one, ACE910, for clinical
investigation [9]. ACE910 had twice the effect on increas-
ing catalytic efficiency, 1.5 times the in vivo half-life and
higher subcutaneous bioavailability than hBS23. Further-
more, ACE910 was able to be purified on a large manu-
facturing scale and formulated into a subcutaneously
injectable liquid formulation. However, the degree of
in vivo hemostatic potency of ACES10 remained unpro-
ven. We hypothesized that approximately 300 nm
(44 ng mL ™Y of plasma ACE910 would exert an in vivo
hemostatic activity equivalent to 10 U dL~! FVIII, as
300 nm ACE910 showed in vitro cofactor activity similar
to that of 10 U dL~! FVIII, in terms of the peak height
in the TG assay in human FVIII-deficient plasma
(Fig. 1C) [9]. When making this hypothesis, we did not
use the APTT data. ACE910 strongly shortened APTT,
even beyond the level achieved with 100 U dL~! FVIII at
more than 300 nM (Fig. 1A), but we considered that this
phenomenon could be attributed to the fact that FVIIL
requires additional time to be activated by thrombin or
FXa, whereas ACE910 does not.

In order to prove the hypothesis, we had to detect
appropriately the in vivo hemostatic activity of a plasma
level of approximately 10 U dL~! rpoFVIIL For this pur-
pose, we employed more intensive injury procedures, and
changed the timing of administration of the test items to
after bleeding symptoms had emerged. In the clinical set-
ting, the treatment of ongoing bleeds minimally requires a

© 2013 International Society on Thrombosis and Haemostasis
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plasma FVIII level of 10-20 U dL™!, which is much
higher than the level required for prophylactic bleeding
prevention (1 U dL™") [12]. As a result, intravenous
administration of 10 U kg™! (twice daily) of rpoFVIII
showed a significant hemostatic effect, whereas a hemo-
static effect of 3.4 U kg™! (twice daily) of rpoFVIII was
not clearly detected in this model. The multiple-dosing
simulations of rpoFVIII in cynomolgus monkeys
indicated that, with twice-daily doses of 3.4 or 10 U kg~!,
the plasma rpoFVIII level would be, respectively, 8.5 or
25 U dL™! at the outset, would remain at more than 2.5
or 7.4 U dL™Y, and would reach a maximum of 16 or
46 UdL™' by the end of the observation period
(Fig. S4B). Therefore, we judged that this re-established
model was well validated in terms of the reactivity to
FVIIL. Using this validated model, we elucidated the

" in vivo hemostatic potency of ACE910. A single intrave-

nous administration of ACE910 at 1 or 3 mg kg™! ame-
liorated bleeding symptoms to an extent equivalent to
that achieved with twice-daily doses of 10 U kg™' rpoF-
VIII. Among the results, it seems contradictory that the
mean bruised area of the ACE910 1 mg kg™! group was
smaller than that of the 3 mg kg™' group. From the view-
point of ethics for primates, we employed the minimum
number of animals possible to detect a hemostatic effect.
Therefore, we think that this variation in dose depen-
dency occurred incidentally, because the deviation in the
bruised area was rather large.

The pharmacokinetic profiles of ACE910 and rpoFVIII
were different, and therefore it is quite difficult to com-
pare their in vivo hemostatic activities in terms of plasma
level. However, to say the least, the hemostatic activity at
the maximum plasma level of ACE910, 26 or
61 ng mL™', would have reached that at the minimum
plasma level of rpoFVIII, 7.4 U dL™!. If the two agents
were compared according to their initial plasma levels, 26
or 61 pg mL~! plasma ACE910 would have shown hemo-
static activity equivalent to that of 25 U dL™' rpoFVIIL
Given that ACE910 should work equivalently in humans
and cynomolgus monkeys (Fig. 1C,D), and that ACE910
fully exerted its activity even in the presence of FVIII
inhibitors (Fig. 1A,C), ACE910 could be possibly an
effective and long-acting treatment option to ameliorate
ongoing bleeds in patients with FVIII inhibitors.

We also consider that ACE910 will be highly valuable
for routine prophylaxis against bleeding. Current routine
prophylaxis with exogenous FVIII is aimed at converting
a severe disease (< 1 U dL™' FVIII) to a moderate one
(1-5 U dL7Y), but it requires frequent venous access, typ-
ically three times weekly. This negatively affects both the
implementation of and adherence to the supplementation
routine, particularly for pediatric patients treated at home
[7]. In addition, the development of FVIII inhibitors
deprives them of this treatment option. As ACE910 is
expected to be a long-acting, subcutaneously injectable
agent that is unaffected by the presence of FVIII inhibi-
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tors, it will be able to resolve the drawbacks inherent to
exogenous FVIII and its prophylactic use [13,14]. Fur-
thermore, although routine prophylaxis with exogenous
FVIII effectively reduces joint bleeds and prevents joint
damage, its prophylactic effect is not necessarily perfect
[5,10]. In line with this, the clinical outcomes of patients
with moderate hemophilia A vary, and the proportion of
them who suffer from joint impairment is not negligible
[1]. Therefore, keeping FVIII levels within the range of a
mild phenotype (> 5 U dL™") may provide patients with
substantial benefits in terms of preserving joint status and
enabling patients to participate in physical activities [15].
As mentioned above, even by a conservative estimate,
61 pg mL™" plasma ACE910 would be expected to show
hemostatic activity within the range of a mild phenotype.

Generally, pharmacokinetic data of therapeutic anti-
bodies from cynomolgus monkeys can be scaled to pro-
ject human pharmacokinetic profiles [16], and the
simulated plasma concentration—time profiles from the
pharmacokinetic parameters are known to be comparable
to the actual observed profiles for therapeutic antibodies
[17]. Therefore, we conducted multiple-dosing simulations
with the pharmacokinetic study data in cynomolgus mon-
keys, and found that 61 pg mL™' plasma ACE910 would
be maintained at a steady state by once-weekly subcuta-
neous administration of 1.5 mg kg™" (Fig. 3). The simula-
tion is, of course, not the same as actual data, but we
have since confirmed that the simulation of the time pro-
file of plasma ACE910 concentration with the above
pharmacokinetic parameters gave a good prediction of
the actual data in another cynomolgus monkey study
employing multiple dosing with ACE910 (Y. Sakamoto,
unpublished data). Therefore, we think that the simula-
tion would work well.

In the pharmacokinetic study, two of 12 animals devel-
oped anti-ACE910 alloantibodies. In cynomolgus mon-
keys, the development of anti-humanized antibody
alloantibodies is theoretically inevitable, and their
reported incidence rates vary (0-100%) [18]. Unfortu-
nately, it has been found that the immunogenicity in
cynomolgus monkeys cannot predict that in humans [18].

In terms of subcutaneous injection, the upper limit of
the dosing amount is generally considered to be 1 mL or
less than 2 mg kg™ of therapeutic antibodies [19], and
ACE910 has a sufficiently high solubility for such a sub-
cutaneous dosage to be obtained with a small injection
volume [9]. Thus, we expect that once-weekly subcutane-
ous administration of ACE910 will provide more aggres-
sive routine prophylaxis aimed at achieving a mild
phenotype in hemophilia A patients both without and
with FVIII inhibitors.

In conclusion, this study suggests that ACE910 has the
potential not only to ameliorate ongoing bleeds, even in
patients with FVIII inhibitors, but also to offer a user-
friendly and aggressive routine prophylaxis for patients
both without and with FVIII inhibitors. ACE910 may

provide great benefits to all patients with severe hemo-
philia A, including pediatric patients and patients with
FVIII inhibitors.

Addendum

A.Muto, K. Yoshihashi, M. Takeda, T. Kitazawa, T. Soeda
and Y. Kawabe designed and performed the pharmacologic
studies. T. Igawa, Y. Sakamoto and K. Haraya designed and
performed the pharmacokinetic studies. M. Shima and A.
Yoshioka provided advice from the viewpoints of their medi-
cal expertise in hemophilia. K. Hattori provided direction
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Fig. S3. Influence of VIII-2236 on the APTT-shortening
activity of rpoFVIII, ACE910 or rhFVIII in human
FVIII-deficient plasma. In the absence of VIII-2236,
rpoFVIII, ACE9S10 and rhFVIII concentration-depen-
dently shortened the APTT of human FVIII-deficient
plasma.

Fig. S4. Pharmacodynamic study and multiple dosing
simulations of rpoFVIII in cynomolgus monkeys.
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that system we observed gradual loss of plasma FVII, probably
due to breakdown of the scaffold material or cell death.

To overcome these issues, we employed cell-sheet technology,
an innovative tissue-engineering approach that allows individual
dispersed cells to form a thin and contiguous monolayer; this

Introduction

Hemophilia A is an inherited bleeding disorder caused by a
deficiency of coagulation factor VIII (FVIII). Currently, patients
with hemophilia A are treated with plasma-derived or recombi-

nant FVIII concentrates [1]. This form of protein-replacement
therapy has improved management of bleeding in hemophilia A
patients. However, this method is also problematic because of the
requirement for frequent venous access as well as the limited
availability and high costs of FVIII concentrates. To address such
problems, gene- or cell-based therapies are attractive alternative
strategies, and such methods are now expansively being in the
progress for the disease. Indeed, continuous expression of FVIII
levels as low as 1-5% of normal substantially ameliorates the
bleeding phenotype and improves quality of life in preclinical [2~
5] and clinical settings [6-8].

We previously reported that therapeutic levels of plasma FVIIL
can be successfully achieved in hemophilia A mice by subcutane-
ous implantation of lentivirally engineered blood outgrowth
endothelial cells (BOECSs) mixed with Matrigel [9]. However, in

PLOS ONE | www.plosone.org

method has recently shown great promise in regenerative medicine
[10-11]. In fact, our previous studies [12—13] indicated that cell
sheets engineered from a number of sources have considerable
benefits, and can strengthen the viability and functionality of cells
implanted in the subcutancous space for therapeutic purposes.
Here, we report a unique and effective tissuc-engineering
approach using BOEC sheets as a new class of potential cell-
based treatment for hemophilia-A.

Materials and Methods

Animals

Immunocompetent C57Bl/6 hemophilia A mice with targeted
destruction of exon 16 of the FVIII gene [14] were a kind gift from
Prof. Yoichi Sakata (Jichi Medical University, Shimotsuke, Japan).
Wild-type C57B1/6 mice syngenic to the hemophilia A mice were

December 2013 | Volume 8 | Issue 12 | e83280
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used as donors of normal mouse plasma. All animal -procedures
were reviewed and approved by the Animal Care Committee at
Nara Medical University.

Isolation and lentiviral vector transduction of BOECs in
vitro

Isolation of BOECs from hemophilia A mice and i vitro FVIII
transduction of hemophilia A mouse BOECs, using a lentiviral
vector that encodes the canine B-domain deleted FVIII (BDD-
FVIII) under the control of the EFl-alpha (EFla) promoter, were
described previously [9,15]. In brief, cultured murine BOECs
(1x10% were transduced following single exposure of the Lenti-
EF1a-cFVIIT viral vectors at increasing multiplicities of infection
(MOI). After transduction, cells were expanded, and assessment of
FVIII expression from BOECs was carried out using a functional
chromogenic assay described below.

Fabrication of genetically modified BOEC sheets

The lentivirally modified hemophilia A mouse BOECs express-
ing canine FVIII were seeded on temperature-responsive culture
dishes (UpCell, CellSeed, Tokyo, Japan) [10~11]. The dishes were
crcated by covalently grafting Poly (N-isopropylacrylamide)
(PIPAAm) by electron-beam irradiation. Normal- and large-sized
cell sheets were generated using 35-mm and 100-mm dishes,
respectively. When cultured BOECs reached confluency, they
were detached from PIPPAm dishes as uniformly connected tissue
sheets by lowering the culture temperature to 20°C for 30 min.

Transplantation of BOEC sheets to hemophilia A mice

Cell counting revealed that normal-sized and large-sized BOEC
sheets consisted of 2.870.4x10° and 2.0£0.2x10° cells, respec-
tively. BOEC sheets were recovered with support membranes for
transplantation into subcutaneous sites in hemophilia A mice. To
avoid excessive surgical procedure-related bleeding, all recipient
hemophilia A mice received an intraperitoneal injection of 0.5 mL
pooled normal mouse plasma 30 min prior to surgical procedures.
All surgeries were conducted under gencral anesthesia using
isoflurane. Because canine FVIII is inherently immunogenic in
hemophilia A mice, some recipient mice also received intraper-
itoneal injection of cyclophosphamide (20 mg/kg per injection)
administered on the day of transplantation and then biweekly for 4
weeks. All recipient hemophilia A mice that did not receive this
treatment developed an anti-canine FVIII humoral immune
response.

FVIII activity, FVIII antigen and FVIIl antibody assays

Functional FVIII was quantified by a chromogenic assay as
previously described [9]. FVIII antigen was calculated by canine
FVII ELISA kit (Affinity Biologicals, Ancaster, ON, Canada).
Development of anti—canine FVIIT humoral response was detected
and quantitated by the Bethesda assay [16]. The standard curve
was generated with pooled normal canine plasma. Same mouse
plasma samples were used in these assays.

Tail-clip bleeding tests

Successful long-term phenotypic correction was tested in both
untreated wild-type mice and hemophilia A mice that received
transplants of BOEC sheets. At the termination of the experi-
ments, phenotypes were analyzed by anesthetizing the mice with
isoflurane and clipping the tails at the position where the tail
diameter was 0.5 mm. The mice were then observed for 1 hour to
determine the bleeding time.

PLOS ONE | www.plosone.org
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Subcutaneous implant removal and
immunohistochemical analysis

Eight weeks after transplantation, some mice were sacrificed.
The implants of sacrificed mice were recovered, fixed with 4%
formalin, embedded in paraffin, and sectioned for hematoxylin
and eosin (H&E) staining. To assess FVIII expression in BOECs,
specimens were characterized with double immunostaining for
FVIII and vWF as previously described [9]. Specimens were
viewed with a confocal laser scanning microscope (CLSM, FV300;
Olympus Co., Tokyo, Japan). H&E and immunostaining were
performed on sequential sections.

Results and Discussion

Recent preclinical and clinical studies using adeno-associated
viral {AAV) vectors for hemophilia B demonstrated that the safety
profile is partly determined by vector dose, and that immune
responses to AAV-capsid proteins with subsequent hepatocyte
toxicity require transient immunosuppression in order to achieve
sustained transgene expression [17-20]. However, some concerns
still remain regarding the safety of systemic injection of viral
vectors. Potential side effects include adverse immunological
reactions, vector-mediated cytotoxicity, germ-line transmission,
and insertional oncogenesis [21-23]. Moreover, especially in
hemophilia A, an alternative transgene delivery approach may be
necessary due to the large size of the FVIII ¢DNA. Therefore,
considering the aforementioned issues, we elected to investigate an
ex vivo gene-transfer strategy that avoids systemic administration of
a viral vector.

In the Transkaryotic Therapy study, the first ex zizo gene-
transfer strategy for hemophilia A patients in the clinic, the limited
viability of the implanted autologous fibroblasts failed to provide
sustained therapeutic levels of FVIII [8]. In this regard, tssue-
engineering approaches using cell-sheet technology have already
been applied in different clinical settings as therapeutic modalities
for several diseases, including corneal disease [24], wounds of the
esophageal mucosa [25], heart failure [26], and periodontitis [27].
In addition, we recently demonstrated that cell-sheet transplanta-
tion using pancreatic islet cells can successfully improve disease in
a mouse model of diabetes mellitus [13]. Thus, cell-sheet
technology represents a new class of drug-delivery system, allowing
engineering of tissues that can secrete therapeutical proteins such
as insulin.

In this context, we employed endothelial cells formed into a
contiguous monolayer sheet, which can be readily transplanted
into the subcutaneous space for the production of FVIII
(Figure 1A~1E). Under transient immunosuppression with cyclo-
phosphamide, plasma FVIII levels up to 11% of normal were
detected 3 weeks after transplantation in immunocompetent
hemophilia A mice receiving transplantation of BOEC sheets.
These levels were sustained for at least 300 days of observation
without the development of anti-FVIII antibodies (Figure 1F-G).
In addition, the levels of canine FVIII antigen by canine FVIII-
specific ELISA are corresponded with canine FVIII activity by
chromogenic assay in same plasma samples (data not shown). The
levels and duration of FVIII expression achieved using this method
were much higher than those observed in our previous BOEC
studies [9], in which cell-sheet technology was not used. In the
earlier study, elevated FVIII in plasma (maximum activity: 2% of
normal) fell to zero 180 days after transplantation of BOECs.
Consistent with increased FVIII activity, tail-clipping tests
revealed that bleeding was significantly shortened in hemophilia
A mice that received BOEC sheet transplants (Figure 1H).
Together, these results clearly demonstrate that long-term
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Figure 1. Subcutaneous transplantation of canine FVHI (cFVIll)-transduced blood outgrowth endothelial cell (BOEC) sheets in
hemophilia A mice. (A-E) Schematic procedure for BOEC sheet transplantation. BOECs from hemophilia A mice were transduced using a lentiviral
vector expressing the canine FVIIl gene. The cells were cultured on temperature-responsive culture dishes. (A) Cell sheets were detached from the
culture dishes by lowering the culture temperature, and (B) harvested as monolayer sheets using a support membrane. The scale bar represents
10 mm. (C) L-shaped skin incisions were made on the left dorsal regions of hemophilia A mice. (D) BOEC sheets were transplanted into the sites. After
5 min of attachment, the support membrane was carefully removed. (E) Thereafter, the skin flap was returned to its original position, and the skin
wound was closed. {F) Plasma FVIil activity (FVIIl: C) levels after cFVlli-transduced BOEC sheet transplantation in hemophilia A mice. Original-size
sheets (open circles, n=7) and large-size sheets (filled circles, n =5) were fabricated on 35-mm and 100-mm-sized culture dishes, respectively. BOEC
sheets not subjected to gene transduction were also transplanted (filled triangles, n=2). (G) Anti-cFVIll inhibitor titers after transplantation of cFVIil-
transduced (filled triangles, n=4) or non-transduced (open circles, n=3) BOEC sheets in hemophilia A mice that did not receive cyclophosphamide.
(H) Bleeding time after tail clipping in wild-type mice (n=4), hemophilia A mice (n=5), and hemophilia A mice that were treated with large-sized

cFVill-expressing BOEC sheets and cyclophosphamide administration (n=>5).

doi:10.1371/journal.pone.0083280.g001

phenotypic correction of hemophilia A in this mouse model was
successfully achieved using endothelial cells in conjunction with a
novel cell-sheet technology.

Histological observations confirmed the superior outcome of
our novel cell-sheet approach. In particular, histological studies
revealed clear tube formation by FVIII-positive BOEGCs in the
sub-adipose tissue layer, suggesting that the transplanted BOECs
could integrate efficiently into the subcutaneous space and
differentiate into mature endothelial cells, leading to formation
of new blood vessels without any cellular response (Figure 2A—2F).
Furthermore, these histological observations verified that cell
viability was much improved in the novel cell-sheet approach,
resulting in longer-term and 3-5-fold higher expression of plasma
FVII per numbers of transplanted BOEGs, relative to our
previous Matrigel transplantation approach [9].

The use of a temperature-responsive poly (N-isopropylacryla-
mide) (PIPAAm)-grafted dish may also explain the superior
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outcome of our novel BOEC sheet approach. Such dishes allow
simple detachment of cultured cells without the use of proteolytic
enzymes such as trypsin and the efficient harvest of a cell sheet as a
contiguous monolayer that retains its native intercellular commu-
nications and intracellular microstructure. These properties of
PIPAAm-grafted dishes could contribute to the preservation of
normal cellular functions. In addition, BOECs in monolayer sheet
configuration may facilitate oxygen delivery within the tissue
microenvironment. In our previous study, in which BOECs were
transplanted with Matrigel [9], the generation of BOEC clusters
might not have provided adequate perfusion of the cells with
nutrients, because the subcutaneous space was not as actively
vascularized. By contrast, our novel cell-sheet approach allows
unlimited diffusion of gases required for cell survival, thereby
contributing to improved cell viability. Several previous studies
have been designed around the development of vascular platforms
within the subcutaneous space in hopes of enhancing cell survival
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Figure 2. Histological analyses of subcutaneously transplanted genetically modified blood outgrowth endothelial cell (BOEC)
sheets in hemophilia A mice. Eight weeks after transplantation of canine FViIll-transduced BOEC sheets, several recipient hemophilia A mice were
sacrificed, and the implant tissue sections were subjected to (A~C) hematoxylin and eosin staining and immunostaining for (D) von Willebrand Factor
(VWF) or (E) FVIIL (F) Merged image of vVWF and FVIIl staining. Magnification: (A) x10, (B) x20, (C) x40, (D-F) x60. S, skin; A, adipose tissue; N, newly
generated tissues including BOEC sheet transplants and connective tissues; M, muscle. Each scale bar represents 30 pm. Engrafted BOEC implants
were structured as flat sheets without any cell infiltration. Moreover, FVIIl and vWF double-positive vessels were observed in newly generated tissues

derived from the implanted BOECs. Abbreviations: H&E, hematoxylin and eosin; vWF, von Willebrand factor; FVIHHI, factor VIll.

doi:10.1371/journal.pone.0083280.g002

[28]. In this regard, it is noteworthy that our novel approach does
not require the preparation of a vascular platform before cell
transplantation.

Compared to recently developed gene therapies that employ
systemic administration of viral vectors, our novel BOEC sheet
approach has considerable benefits. Indeed, this cell-shect
transplantation approach can be repeated several times in a single
recipient, if necessary, in order to increase the therapeutic efficacy.

In order to advance our mouse study into the clinic, there
remain several issues to be addressed. Perhaps most importantly,
the size of cell sheets used for transplantation must be significantly
enlarged for use in human hemophiliacs. Development of
multilayer cell-sheet transplantation within a confined space may
provide a solution to this problem, and research on this topic is
now underway in our laboratory.

Conclusion
We have succeeded in long-term phenotypic correction of

hemophilia A in a mouse model by ex zivo engineering of
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Year Reference Title
ideli fHCV i . . .
2011 Haemophilia, 17, 877-883 UKH?ZDO' guidelines on the management of HCV in patlents with hereditary
bleeding disorders 2011.
2011 Br ] Haematol, 154, 208-215 Guideline on the management of haemophilia in the fetus and neonate
2010 CMGS Website Practice Guidelines for the Molecular Diagnosis of Haemophilia A
2010 CMGS Website Practice Guidelines for the Molecular Diagnosis of Haemophilia B
A United Kingdom Haemophilia Centre Doctors’ Organization guideline approved
2010 Br ] Haematol, 149, 498-507 by the British Committee for Standards in Haematology: guideline on the use of
prophylactic factor VIII concentrate in children and adults with severe haemophilia A
2009 UKHCDO Website Emergency and out of hours care for patients with bleeding disorders-Standards of
care for assessment and treatment
The molecular analysis of von Willebrand disease: a guideline from the UK
2008 Haemophilia, 14, 1099-1111 Haemophilia Centre Doctors’ Organisation Haemophilia Genetics Laboratory
Network
Guideline on the selection and use of therapeutic products to treat haemophilia
. and other hereditary bleeding disorders. A United Kingdom Haemophilia Center
lia, 14, 671-684
2008 Haemophilia, 14,6 Doctors’ Organisation (UKHCDO) guideline approved by the British Committee
for Standards in Haematology
The obstetric and gynaecological management of women with inherited bleeding
2006 Haemophilia, 12, 301-336 disorders-review with guidelines produced by a taskforce of UK Haemophilia
Centre Doctors’ Organization
The diagnosis and management of factor VIII and IX inhibitors: a guideline from
1 1-605
2006 Br J Haematol, 133, 59 the United Kingdom Haemophilia Centre Doctors Organisation
A review of inherited platelet disorders with guidelines for their management on
1, 135, 603-633
2006 | Br]J Haematol, 13 behalf of the UKHCDO
2005 Haemophilia, 11, 145-163 A frar.new?rk for genetic service provision for haemophilia and other inherited
bleeding disorders
Wil . : ideline fr .
2004 Haemaophilia, 10, 218231 Management o’f von -1 «?brand s disease: a guideline from the UK Haemophilia
Centre Doctors’ Organisation
2004 Haemophilia, 10, 199-217 The diagnosis f)f von Will.ebrand's disease: a guideline from the UK Haemophilia
Centre Doctors’ Organisation
2004 Haemaophilia, 10, 593-628 The rare coagulation disorders-review with guidelines for management from the

United Kingdom Haemophilia Centre Doctors’ Organisation
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Factor (F)VIII, a plasma protein deficient in individuals with
the severe congenital bleeding disorder, haemophilia A (HA),
functions as a cofactor in the tenase complex, responsible for
phospholipid (PL)-dependent FIXa-mediated activation of
FX (Mann et al, 1990). The FVIII molecule is arranged into
three domains (A1-A2-B-A3-C1-C2) based on amino acid
homology, and is processed into a series of heterodimers,
generating a heavy chain (HCh) consisting of Al and A2
domains together with heterogeneous fragments of proteoly-
sed B domain linked to a light chain (LCh) consisting of A3,
Cl, and C2 domains. The catalytic efficiency of FVIII in the
tenase complex is markedly enhanced by conversion into
FVIlla, through limited proteolysis by thrombin and FXa
(Eaton et al, 1986). Both enzymes proteolyse at Arg
Arg’* in the HCh, resulting in the generation of 50-kDa Al
and 40-kDa A2 subunits. The 80-kDa LCh is proteolysed at
producing a 70-kDa subunit. Proteolysis at Arg’’> (Prescott et al, 1997). Anti-C2 antibodies sub-classified as

Arg1689

First published online 24 July 2013
doi: 10.1111/bjh.12473

Summary

Inhibitor neutralization therapy based on factor (F)VIII replacement is used
for haemostatic treatment in haemophilia A patients with inhibitors on low
responder, but effects appear to depend on various properties of inhibitors.
We investigated this nature by evaluating the global coagulation function
in timed-reactions after mixing FVIII (1 U/ml) with anti-FVIII alloantibod-
ies containing distinct epitopes (2-5 Bethesda units/ml). Thrombin genera-
tion assays showed that peak thrombin and mean velocity to peak thrombin
were depressed by anti-C2 type 1 inhibitors to significantly greater extents
than by anti-A2 type 1 and anti-C2 type 2 (2- to 6-fold and 10- to 20-fold,
respectively). In the presence of FVIII-von Willebrand Factor (VWF) com-
plex, the anti-C2 type l-mediated decreased thrombin generation was
reduced by 20-40%, reflecting the protective function of VWE. However,
the activities of anti-A2 type 1 were little affected, and that of anti-C2 type 2
was rather enhanced by c. 2-5-fold, relative to FVIIL Clot waveform analysis
also showed similar patterns. Anti-FVIII monoclonal antibodies with well-
defined characteristics demonstrated similar reactions to those with poly-
clonal inhibitors. In conclusion, the neutralizing effects of FVIII(-VWF)
depending on epitopes could have significant therapeutic implications, and
it could be important to determine inhibitor properties in order to predict
the effects of infused FVIII in neutralization therapy.

Keywords: factorVIII, inhibitor, neutralization therapy, haemophilia A,
epitopes.

and Arg'®® is essential for generating FVIIIa cofactor activity
(Fay, 2004). Cleavage at the latter site liberates FVIII from its
carrier protein, von Willebrand factor (VWF; Lollar et al,
1988). FVIIIa activity is down-regulated by activated protein
C, following cleavage at Arg335 (Eaton et al, 1986).

FVIII inhibitors develop as alloantibodies (alloAbs) in
20-30% of multi-transfused HA patients (Oldenburg et al,
2000). The reduction or disappearance of FVIII coagulant
activity (FVIII:C) in the presence of anti-FVIII antibodies is
associated with impairment of FVIII(a) cofactor function
mediated by binding to functionally essential regions on
FVII. Anti-FVIII inhibitor antibodies either inhibit FVIIL:C
completely or incompletely at saturating concentrations, cor-
responding to a classification of type 1 or type 2, respectively
(Gawryl & Hoyer, 1982). Major inhibitory epitopes have
been localized to one or both of the A2 and C2 domains

372 and
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type 1 prevent the binding of FVIII to PL and VWF (Shima
et al, 1993), whilst those classified as type 2 prevent the asso-
ciation of FVIII with thrombin and FXa (Meeks et al, 2007;
Matsumoto et al, 2012). Anti-A2 antibodies prevent the
association of FVIIIa with FIXa (Fay & Scandella, 1999).

Clinical treatment protocols for HA patients with inhibitor
are based on replacement therapy using FVIII concentrates
(‘neutralization therapy’) and so called ‘bypassing therapy’
utilizing recombinant FVIIa (rFVIIa) and plasma-derived
activated prothrombin complex concentrates (APCC). The
former type of therapy is usually regarded as first choice for
inhibitor patients classed as low responders, whilst the latter
protocols are used for those classed as high responders.
Klintman et al (2010) reported that mixtures of FVIII and
bypassing agents (rFVIla and APCC) significantly potentiated
coagulation effects in vitro compared to bypassing agents
alone in plasmas from HA patients with inhibitor. In addi-
tion, we have recently demonstrated that FVIII was activated
by limit proteolysis by rFVIIa or APCC (Soeda et al, 2010;
Yada et al, 2013), and that this activation was not impaired
by the presence of anti-FVIII inhibitors. Furthermore, anti-
C2 type 1 inhibitors depressed the inactivation phases in
both rFVIla-mediated and APCC-mediated reactions, result-
ing in relatively persistent, elevated levels of FVIIL:C (Yada
et al, 2011, 2013). These findings suggested further studies
were warranted to determine if the coagulation effects of
neutralization therapy in HA patients with inhibitor might
be governed by various characteristics of the antibodies
(epitope specificity, kinetics, mechanisms of inhibition of
FVIII function, etc.). In the present study, we have examined
different FVIII inhibitors in in vitro models of neutralization
therapy using mixtures of FVIII and well-defined anti-FVIII
antibodies.

Materials and methods

Reagents

Recombinant FVIII preparations (Kogenate FS®) and
plasma-derived FVIII-VWF concentrates (Confact F®) were
provided by Bayer Corp. Japan (Osaka, Japan) and Chemo-
Sero-Therapeutic Research Inc. (Kumamoto, Japan), respec-
tively. VWF was purified from FVIII-VWF concentrates by
gel filtration using Sepharose CL-4B (Amersham Biosciences,
Uppsala, Sweden) and immune-beads coated with immobi-
lized anti-FVIII mAb (Shima et al, 1992). Enzyme-linked
immunosorbent assays of FVIII demonstrated VWF purity of
>95%. Recombinant lipidated tissue factor (TF; Innovin®;
Dade Behring, Marburg, Germany), ellagic acid (Sysmex,
Kobe, Japan), thrombin-specific fluorogenic substrate
(Bachem, Bubendorf, Switzerland), thrombin calibrator
(Thrombinoscope, Maastricht, Netherlands), and FVIII-defi-
cient plasma (George King Biomedical, Overland Park, KS,
USA) were purchased from the indicated vendors. Anti-C2
mAbs ESH4 (epitope 2303-2332) and ESHS8 (epitope
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2248-2285) were purchased from American Diagnostica
Inc. (Greenwich, CT, USA). An anti-A2 mAb, JR8, was
obtained from JR Scientific Inc. (Woodland, CA, USA). PL
vesicles  (phosphatidylserine/phosphatidylcholine/phosphati-
dylethanolamine; 10/60/30%; Sigma, St Louis, MO, USA)
were prepared using N-octylglucoside (Mimms et al, 1981).

Anti-FVIII inhibitor alloAbs

Six anti-FVIII inhibitor alloAbs were obtained from Japanese
patients with congenital severe HA. IgG fractions were
prepared using protein A-Sepharose (Amersham Biosciences).
The inhibitor titres of antibody IgGs were determined using
Bethesda assays. The two kinetic patterns of FVIII inactiva-
tion by anti-FVIII antibodies (type 1 and type 2 behaviors)
were determined in one-stage clotting assays. Epitopes of
these -antibodies were determined by sodium dodecyl sulfate
polyacrylamide gel elctrophoresis and Western blotting using
isolated FVIII fragments. The properties of these anti-FVIII
antibodies used in the present study are summarized in
Table I. All experiments were performed using blood samples
obtained from patients enrolled in the Nara Medical Univer-
sity Haemophilia Programme after informed consent follow-
ing local ethical guidelines.

In vitro model of neutralization therapy

Purified inhibitor IgG at a final concentration (f.c.) of 2-5
Bethesda units (BU)/ml was added to FVIII-deficient plasma.
The reconstituted HA inhibitor plasma samples were then
incubated with FVIII or FVIII-VWF (f.c. 1 U/ml) at 37°C.
FVIII-VWF was prepared by a 1 h-incubation of equivalent
amount of FVIII and VWF at 37°C. Aliquots were obtained
at the indicated times and coagulation function assessed
using global coagulation assays.

Thrombin generation assays

Calibrated automated thrombin generation assays were per-
formed as previously described (Matsumoto ef al, 2009).

Table 1. Properties of anti-FVIII inhibitor antibodies.

‘Type of Inhibitor titre
Case Type of Ab Epitope kinetics (BU/ml)
1 alloAb A2 1 114
2 alloAb A2 1 56
3 alloAb Cc2 1 128
4 alloAb Cc2 1 580
5 alloAb C2 1 23
6 alloAb C2 2 4
JR8 mAb A2 1 620
ESH4 mAb C2 1 33
ESH8 mAb C2 2 840
105
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