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Abstract

Development of factor VIII (fVIII)-neutralizing
antibodies, called inhibitors, is a challenging
problem in the management of hemophilia A
patients. We explored the possibility of pretreat-
ment with apoptotic fVIII-expressing embryonic
stem (ES) cells to prevent the development of
fVIII inhibitors. Murine ES cells integrated with
the human F8 gene were differentiated into
embryoid bodies, dissociated to a single cell sus-
pension, subjected to hypo-osmotic shock to
induce apoptosis, and intraperitoneally injected
into hemophilia A mice. Inhibitors were induced
by periodic intraperitoneal injections of recom-
binant human fVIII (rhfVIII). In the groups in
which intraperitoneal injections of rhfVIII began
at 1-3 weeks after pretreatment, the titers of
inhibitors were significantly lower after the
third administration of rhfVIII compared with
that in the control group in which apoptotic
Ainv18 ES cells (without the human F8 gene)
were used for pretreatment, and continued to
show lower levels until the sixth administration
of rhfVIII. These results suggest that pretreat-
ment with apoptotic hfVIII-expressing ES cells
might be promising for the prevention of fVIII
inhibitor development in hemophilia A patients.

Introduction

Hemophilia A is an X-linked bleeding disorder
resulting from an abnormality in the coagulation
factor VIII (fVIII) gene. Hemophilia A patients
require life-long supplementation with intra-
venous fVIII. The risk of infectious diseases has
dramatically decreased as a result of the devel-
opment of highly pure plasma-derived and

recombinant fVIII. Nonetheless, development of
fVIII-neutralizing antibodies, called fVIII
inhibitors, remains a challenging problem for
the treatment of hemophilia A. Approximately
25-35% of severe type hemophilia A patients
develop inhibitors that reduce or completely
negate the benefits of replacement therapy.1,2

Furthermore, a major issue is that all gene ther-
apy trials for hemophilia are subject to the risk
of developing inhibitory antibodies.3 Although
immune tolerance induction therapy (ITI) using
high amounts of fVIII is effective for eradicating
inhibitors, the extremely high cost required for
this type of therapy hampers its worldwide appli-
cation. Moreover, ITI is ineffective in about 30%
of hemophilia A patients with inhibitors.4 Thus,
it is desirable to develop a novel method to pre-
vent the development of fVIII inhibitors. To this
end, several attempts have been made as fol-
lows. Madoiwa et al. successfully induced
immune tolerance for human fVIII (hfVIII) by
intrathymic injection of hfVIII into neonatal
hemophilia A mice.5 Furthermore, induction of
long-term fVIII tolerance can be achieved by
administration of lentiviral vectors carrying a
canine fVIII transgene to neonatal hemophilia A
mice.6 Although these approaches were effec-
tive, they have several disadvantages such as
difficulties in the procedures or the risk of viral
vectors causing adverse genetic modification of
patients.
The use of apoptotic cells for immune toler-

ance induction is in line with the current per-
ception that dendritic cells induce peripheral tol-
erance by capturing cells that normally die dur-
ing cell turnover. Because apoptotic cells are
immunologically silent,7 they exert a tolerogenic
influence in adaptive immune responses.4,8-10

Therefore, a method to prevent antibody produc-
tion with apoptotic cells has an immunological
rationale and is sufficiently promising based on
recent studies.11,12 However, such an approach
has several disadvantages that should be over-
come for practical use in the clinical setting of
hemophilia A treatment. One of the most con-
cerning issues is the source of fVIII-expressing
cells. While the most appropriate cells are autol-
ogous cells from an immunological viewpoint,
patient-derived cells have a genetically abnormal
F8 gene. Thus, ex vivo transfection of the F8
gene into patient-derived fibroblasts has provid-
ed a breakthrough for this approach. Su et al.
demonstrated that injection of fVIII expression
vector-modified apoptotic syngeneic fibroblasts
achieves suppression of fVIII inhibitor develop-
ment in hemophilia A mice.12 However, the sig-
nificant issues in this approach are the complex
procedures such as collection of fibroblasts from
each patient and transfection of the F8 gene into
these cells. Therefore, fVIII-expressing cells
derived from histocompatible stem cells [such
as embryonic stem (ES) cells or induced pluripo-
tent stem (iPS) cells] will be the most suitable.

Although we have observed that iPS cells can be
differentiated into liver-like populations that
show a strong expression level of fVIII mRNA,13

fVIII protein expression levels have not yet been
examined. Therefore, we attempted to use
genetically engineered (hfVIII-transgenic) ES
cells as fVIII-expressing stem cells. We explored
the possibility of fVIII inhibitor prevention by
pretreatment with apoptotic fVIII-secreting ES
cells in anticipation of the common and broad
usage of iPS cells.

Materials and Methods 
Mice
fVIII-deficient mice carrying a stop mutation

in exon 16 of the F8 gene were generously given
to us by Prof. Yoichi Sakata (Research Division
of Cell and Molecular Medicine, Jichi Medical
University, Shimotsuke, Japan) and used as a
model of hemophilia A.14 These hemophilic mice
were mated with C57BL/6 mice for at least eight
generations to create C57BL/6 fVIII knockout
mice. The genotypes of hemophilic mice were
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confirmed by polymerase chain reaction analy-
sis of genomic DNA extracted from peripheral
leukocytes.14 The mice were maintained as an
inbred colony and were between 8 and 12 weeks
of age at the beginning of the study. All mice
were housed under specific pathogen-free con-
ditions in the animal facility of Nara Medical
University Research Center. Blood samples were
obtained by orbital plexus bleeding and antico-
agulated (9:1) with 0.105 M sodium citrate.
Plasma samples were obtained by centrifugation
of the blood at 3600 g for 10 min at room temper-
ature, divided into aliquots, and frozen at –80°C
until analysis. All experiments using mice were
approved by the Nara Medical University Animal
Use Committee and performed in accordance
with the applicable guidelines and regulations.

Induction of factor VIII inhibitors
Development of fVIII inhibitors in C57BL/6

fVIII knockout mice was induced by weekly
intraperitoneal administrations of 4 IU recombi-
nant hfVIII (rhfVIII; Kogenate FS, Bayer
Yakuhin, Osaka, Japan) (approximately 100
IU/kg body weight). 

Assay for factor VIII inhibitors
The titers of fVIII inhibitors were assessed by

the Bethesda assay using the obtained plasma
samples according to a previous report with
minor modification.15,16 In brief, 50 µL of dou-
bling diluted mouse plasma with Owren’s
Veronal Buffer (more diluted if needed) was
incubated with 50 µL of normal pooled human
plasma at 37°C for 2 h. Residual human fVIII
activity was measured in a one-stage assay
using 50 µL of FVIII-deficient human plasma
(Sysmex, Kobe, Japan) and a 50 µL sample from
the previous incubation. Samples were mixed
with 100 µL of phospholipid activator (APTT-

SLA, Sysmex), incubated at 37°C for 3 min, and
then mixed with 100 µL of 20 mM/L CaCl2.
Clotting times were measured with a coagu-
lometer (KC 10, Amelung, Lemgo, Germany).
Coagtrol N (Sysmex) was diluted with Owren’s
Veronal Buffer to produce a standard curve of
fVIII activity. The measurements were made in
the linear portion of the response range.

Cell preparations
Murine Tet-WT-F8 ES cells, in which human

F8 gene expression was induced by the tetracy-
cline analog doxycycline, were prepared as
described previously.17 Briefly, Ainv18 ES cells
were transfected with the WT-F8-plox targeting
plasmid (wild-type human fVIII gene-loading,
lox-targeting plasmid) by electroporation to yield
tet-WT-F8,18 after which the transfectants were
selected with G418 as described previously.19

Tet-WT-F8 ES cells were maintained on mouse
embryonic fibroblasts as a feeder layer, passaged
twice on gelatin-coated dishes, and then
induced to form embryoid bodies (EBs) for 6
days. The EBs were stimulated with doxycycline
for the last 2 days. Then, EBs were dissociated to
a cell suspension by digestion with 0.25%
trypsin/EDTA. As a control, Ainv18 ES cells with-
out the human F8 gene were treated in the same
manner.
Apoptosis of the dissociated ES cells was

induced according to the osmotic shock method
by Liu et al.20 Briefly, 1×106 cells were washed in
RPMI 1640 twice, and resuspended in 1 mL
hypertonic medium (0.5 M sucrose, 10% wt/vol
polyethylene glycol 1000, and 10 mM Hepes in
RPMI 1640, pH 7.2) for 10 min at 37°C. Then, 10
mL prewarmed hypotonic medium (40% H2O,
and 60% RPMI 1640) was added, and the cells
were incubated for an additional 2 min at 37°C.
Immediately after the incubation, the cells were

centrifuged, washed twice with ice-cold phos-
phate-buffered saline (PBS), and used as apop-
totic cells. Induction of apoptosis of the dissoci-
ated ES cells was confirmed by flow cytometry
analysis with annexin V/7-amino-actinomycin D
staining (data not shown). 

Administration of apoptotic embry-
onic stem cells
Dissociated and apoptosis-induced Tet-WT-F8

ES cells or control Ainv18 ES cells in 200 µL PBS
(2×105 cells) were intraperitoneally injected
into hemophilia A mice. Intraperitoneal injec-
tions of rhfVIII for the induction of fVIII inhibitor
development were started at 3 days, 1, 2, and 3
weeks after administration of the apoptotic Tet-
WT-F8 ES cells (group D3, W1, W2, and W3,
respectively) and after administration of Ainv18
ES cells (control). After the first intraperitoneal
injection of rhfVIII, blood sampling was per-
formed just prior to the next intraperitoneal
injection of rhfVIII (Figure 1). 

Statistical analysis 
Data were presented as the mean ± standard

error of the mean (SEM). Differences between
groups were assessed by the Kruskal-Wallis test,
followed by Dunn’s multiple-comparison post
hoc analysis. A P value of less than 0.05 was
defined as statistically significant. All statistical
analyses were performed using GraphPad Prism
(GraphPad Software, San Diego, CA, USA).

Results
Development of factor VIII
inhibitors in hemophilia A mice
Figure 2 shows the progressive increase of

the fVIII inhibitor titer with weekly intraperi-
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Figure 1. Timeline of the experimental procedure.

Figure 2. Progressive increase of factor VIII
(fVIII) inhibitor titers in hemophilia A
mice by weekly intraperitoneal administra-
tions of recombinant human fVIII
(rhfVIII) (n=6-8). Inhibitor titers reached a
plateau after the fifth administration of
rhfVIII. 
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toneal administration of rhfVIII to non-pre-
treated hemophilia A mice (n=8). The fVIII
inhibitor titers appeared after the second
administration of rhfVIII (0.22±0.38 BU/mL).
Then, inhibitor titers increased with every fol-
lowing rhfVIII administration and reached
1687±309 BU/mL after the six administrations.  

Intraperitoneal injection 
of apoptotic factor VIII-expressing
cells attenuates the development 
of factor VIII inhibitors
The fVIII inhibitor titers were undetected in

both treated and untreated groups before
intravenous rhfVIII administration. Those of
pretreatment groups at each blood collection
point are shown in Figure 3. Pretreatment with
apoptotic Ainv18 ES cells (without the human
F8 gene), regardless of the period between pre-
treatment and the first administration of
rhfVIII, resulted in no difference in fVIII
inhibitor development compared with that in
non-pretreatment groups (data not shown).
The fVIII inhibitor titers of a group in which
intraperitoneal injections of rhfVIII were start-
ed at 1 week after administration of Ainv18 ES
cells were shown in Figure 3 as a representa-
tive control group (Cont).
The fVIII inhibitor titers observed in pre-

treatment group D3 appeared higher than that
in the control group after the second blood
sampling but without significance. However,
in W1, W2, and W3 groups, the fVIII inhibitor
titers were significantly lower than that in the
control group at the third blood sampling
(P<0.05, P<0.01, and P<0.05, respectively).
The results obtained during the rest of the
observation period also showed a similar ten-
dency of lower fVIII inhibitor titers in W1, W2,
and W3 groups than those in the control group.

Discussion

In the current study, we examined the possi-
bility of pretreatment with hfVIII-expressing
ES cells for the prevention of fVIII inhibitor
development. The efficacy for the reduction of
fVIII inhibitor titers depended on the period
between pretreatment with apoptotic hfVIII-
expressing ES cells and the first administra-
tion of rhfVIII. In the D3 group, pretreatment
with apoptotic hfVIII-expressing ES cells
resulted in rising inhibitor titers rather than a
reduction. However, in groups with a greater
than 1 week interval, significant suppressive
effects on fVIII inhibitor development were
achieved by the pretreatment. These observa-
tions suggest that a specified period is
required to suppress immune response to fVIII
by prior injection of apoptotic hfVIII-express-
ing ES cells.  
The molecular weight of the hfVIII protein is

very large, as much as 280 kDa, and multiple
epitopes in this protein are recognized by fVIII
inhibitors.21 Thus, it is a critical issue to clari-
fy whether the fVIII inhibitors that bind multi-
ple epitopes of the fVIII protein can be sup-
pressed by apoptotic hfVIII-expressing cells.
Lei et al. found that full-length antigen
expressed by B cells can induce immune toler-
ance for multiple epitopes in a target protein,22

because proteolytic cleavage of the protein,
selection of the resulting peptides, and peptide
presentation are executed by the host’s own
APCs. Our successful results in the present
study support this previous notion. We have no
need for identification of the precise peptide
epitopes of the fVIII inhibitors or the establish-
ment of ES cells that express each epitope cor-
responding to a fVIII inhibitor. 
The mechanism by which pretreatment with

apoptotic hfVIII-expressing ES cells suppresses
fVIII inhibitor development remains to be elu-
cidated. Although further investigations are
required to address this issue, it might be
attributed to the inhibitory effects of the apop-
totic ES cells on the proliferation of fVIII-
responsive effector T cells by antigen-specific
CD4+CD25+ regulatory T cells as described by
Su et al.12

In this study, rhfVIII was injected not intra-
venously but intraperitoneally. A previous
report describes that inhibitor titer elevated to
122.5 BU/mL after five biweekly intravenous
injections of 50 U/kg rhfVIII (total amount of
250 U/kg) in hemophilia mouse.5 In our study,

inhibitor titer did not exceeded 122.5 BU/mL
until total amount of administered rhfVIII
reached 500 U/kg, suggesting that our protocol
may be inefficient compared to that of the pre-
vious report. The difference of administration
route as well as applied dose and administra-
tion interval may exert influence. Large size of
molecules are absorbed slowly through the
peritoneal lymphoid system through the stom-
ata of the milky spot.23 As intraperitoneally
injected fVIII with a molecular size of more
than 280 kDa would be therefore absorbed
more slowly than intravenously injected fVIII,
immune response against rhfVIII might wane.
Furthermore, the peritoneal immune system,
which contains distinct immune cells such as
B1 cells,24 may respond to foreign rhfVIII dif-
ferently from the circulating immune system.
Apoptotic ES cells were also administered
intraperitoneally. Intraperitoneal administra-
tion of apoptotic cells could be applied as
intraperitoneal catheters have been used for
intraperitoneal chemotherapy. A comparative
controlled study of administration routes,
intravenous and intraperitoneal should be
required to clarify which route is more effec-
tive. Furthermore, modification of the protocol
for administration of apoptotic fVIII-express-
ing ES cells, including changes of the adminis-
trating cell dose or administration frequency,
would be required for complete suppression of
fVIII inhibitor development. 
Thus, our methodology is not necessarily

directly applicable to hemophilia patients with
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Figure 3. Effects of intraperitoneal injection of apoptotic factor VIII (fVIII)-expressing
embryonic stem cells on fVIII inhibitor development. Intraperitoneal administrations of
recombinant human fVIII (rhfVIII) for the induction of fVIII inhibitor development
were started at 3 days, 1, 2, and 3 weeks after administration of the apoptotic cells (D3,
W1, W2, and W3 groups, respectively) (n=4-8) and 1 week after administration of Ainv18
cells (Cont) (n=6). Data are presented as the mean ± standard error of the mean. *P<0.05,
**P<0.01, compared with the control group. 
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inhibitors. Nevertheless, our study opens up a
whole new avenue for the prevention of fVIII
inhibitor development. Although the ES cells
used in this study were genetically engineered
(hfVIII transgenic), iPS cell-derived fVIII-
secreting cells will be established in the near
future.25 In addition, establishment of an iPS
cell bank may allow the prevalence of this
approach for fVIII inhibitor prevention.26

Conclusions

Our results in this study suggest the effec-
tiveness of pretreatment of apoptotic fVIII-
expressing ES cells on repression of factor VIII
inhibitor development. In addition, a specific
period might be required to induce immune
tolerance by pretreatment with such apoptotic
cells. We believe that this approach has poten-
tial as a future preventive therapy against fVIII
inhibitor development in hemophilia A
patients. 

References 

1. Kempton CL, White GC 2nd. How we treat
a hemophilia A patient with a factor VIII
inhibitor. Blood 2009;113:11-7.

2. Hoyer LW. The incidence of factor VIII
inhibitors in patients with severe hemo-
philia A. Adv Exp Med Biol 1995;386:35-45.

3. Gabrovsky V, Calos MP. Factoring nonviral
gene therapy into a cure for hemophilia A.
Curr Opin Mol Ther 2008;10:464-70.

4. Key NS. Inhibitors in congenital coagula-
tion disorders. Br J Haematol 2004;127:
379-91.

5. Madoiwa S, Yamauchi T, Kobayashi E, et
al. Induction of factor VIII-specific unre-
sponsiveness by intrathymic factor VIII
injection in murine hemophilia A. J
Thromb Haemost 2009;7:811-24.

6. Matsui H, Shibata M, Brown B, et al. A
murine model for induction of long-term
immunologic tolerance to factor VIII does
not require persistent detectable levels of
plasma factor VIII and involves contribu-

tions from Foxp3+ T regulatory cells. Blood
2009;114:677-85.

7. Kazama H, Ricci JE, Herndon JM, et al.
Induction of immunological tolerance by
apoptotic cells requires caspase-depend-
ent oxidation of high-mobility group box-1
protein. Immunity 2008;29:21-32.

8. Ferguson TA, Herndon J, Elzey B, et al.
Uptake of apoptotic antigen-coupled cells
by lymphoid dendritic cells and cross-prim-
ing of CD8(+) T cells produce active
immune unresponsiveness. J Immunol
2002;168:5589-95.

9. Griffith TS, Kazama H, VanOosten RL, et
al. Apoptotic cells induce tolerance by gen-
erating helpless CD8+ T cells that produce
TRAIL. J Immunol 2007;178:2679-87.

10. Sauter B, Albert ML, Francisco L, et al.
Consequences of cell death: exposure to
necrotic tumor cells, but not primary tis-
sue cells or apoptotic cells, induces the
maturation of immunostimulatory dendrit-
ic cells. J Exp Med 2000;191:423-34.

11. Gregory CD, Pound JD, Devitt A, et al.
Inhibitory effects of persistent apoptotic
cells on monoclonal antibody production in
vitro: simple removal of non-viable cells
improves antibody productivity by hybrido-
ma cells in culture. MAbs 2009;1:370-6.

12. Su RJ, Epp A, Latchman Y, et al.
Suppression of FVIII inhibitor formation in
hemophilic mice by delivery of transgene
modified apoptotic fibroblasts. Mol Ther
2010;18:214-22.

13. Kasuda S, Tatsumi K, Sakurai Y, et al.
Expression of coagulation factors from
murine induced pluripotent stem cell-
derived liver cells. Blood Coagul
Fibrinolysis 2011;22:271-9.

14. Bi L, Lawler AM, Antonarakis SE, et al.
Targeted disruption of the mouse factor
VIII gene produces a model of haemophilia
A. Nat Genet 1995;10:119-21.

15. Kasper CK, Aledort L, Aronson D, et al.
Proceedings: a more uniform measure-
ment of factor VIII inhibitors. Thromb
Diath Haemorrh 1975;34:612.

16. Madoiwa S, Yamauchi T, Hakamata Y, et al.
Induction of immune tolerance by neona-
tal intravenous injection of human factor
VIII in murine hemophilia A. J Thromb

Haemost 2004;2:754-62.
17. Kasuda S, Kubo A, Sakurai Y, et al.

Establishment of embryonic stem cells
secreting human factor VIII for cell-based
treatment of hemophilia A. J Thromb
Haemost 2008;6:1352-9.

18. Kyba M, Perlingeiro RC, Daley GQ. HoxB4
confers definitive lymphoid-myeloid
engraftment potential on embryonic stem
cell and yolk sac hematopoietic progeni-
tors. Cell 2002;109:29-37.

19. Kubo A, Chen V, Kennedy M, et al. The
homeobox gene HEX regulates prolifera-
tion and differentiation of hemangioblasts
and endothelial cells during ES cell differ-
entiation. Blood 2005;105:4590-7.

20. Liu K, Iyoda T, Saternus M, et al. Immune
tolerance after delivery of dying cells to
dendritic cells in situ. J Exp Med 2002;196:
1091-7.

21. Sakurai Y, Takeda T, Shima M, et al. The
longitudinal alteration of anti-factor VIII
alloantibodies in hemophilia A patients
treated with immune tolerance induction
therapy. In: Pontell E, ed. Immune Tole -
rance Research Developments. Haup -
pauge, NY: Nova Science Publishers; 2008.
pp 9-26.

22. Lei TC, Scott DW. Induction of tolerance to
factor VIII inhibitors by gene therapy with
immunodominant A2 and C2 domains pre-
sented by B cells as Ig fusion proteins.
Blood 2005;105:4865-70.

23. Rusznyak I, Foldi M, Szabo G. Absorption
of corpuscular particles from serous cavi-
ties. In: Youlten L ed. Lymphatics and
Lymph Circulation. Oxford, England:
Pergamon Press; 1967. pp 478-97.

24. Parra D, Rieger AM, Li J, et al. Pivotal
advance: peritoneal cavity B-1 B cells have
phagocytic and microbicidal capacities
and present phagocytosed antigen to
CD4+ T cells. J Leukoc Biol;91:525-36.

25. Xu D, Alipio Z, Fink LM, et al. Phenotypic
correction of murine hemophilia A using
an iPS cell-based therapy. Proc Natl Acad
Sci USA 2009;106:808-13.

26. Belmonte JC, Ellis J, Hochedlinger K, et al.
Induced pluripotent stem cells and repro-
gramming: seeing the science through the
hype. Nat Rev Genet 2009;10:878-83.

Article

[page 33]


