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=) prediction of a subsequent decreasc in platelet count are
8 250+ shown in Table 4. The AUC for prediction of a subsequent
E‘? 200 decrease in platelet count was high for a,-PI (0.885), PC
3 (0.869), plasminogen (0.846), and TAT (0.846), compared
2 150 1 with PT-INR (0.639) and fibrinogen (0.666). Interestingly,
T 100+ the ability to predict a subsequent decrease in platelet count
= s was significantly higher for PC (AUC, 0.869; 95%
confidence interval [CI], 0.699-0.951; P = .0098) and a,-
0 PI(AUC, 0.885; 95% CI, 0.714-0.959; P = .029), in pairwise

1 2 3 4 5
Days after ICU admission

Fig. 2 Time course of platclet counts during the first 5 days of
ICU stay in patients with sepsis, showing patients with a subsequent
decrcase in platelet count (solid line) vs patients without a
subsequent decreasc in platelet count (dotted line). A subsequent
decrease in platelet count was defined as a decrease of 30% or more
within 5 days of ICU admission. Day 1, the day of ICU admission.
Data arc cxpressed as mean and 95% Cls; *P < .05.

3.2. Relationships of hemostatic biomarkers with a
subsequent decrease in platelet count in patients
with sepsis

We evaluated coagulation and fibrinolytic markers on the day
of ICU admission and examined their relationship with a
subsequent decrease in platelet count. There were significant
differences between patients with and patients without a
subsequent decrease in platelet count in PT-INR (median, 1.33
vs 1.17; P=.048), fibrinogen (322 vs 526, P=.0014), TAT (13.8
vs 7.2, P < .0001), AT (51.1 vs 62.7, P = .0099), PC (35.1 vs
64.2, P=.0002), plasminogen (50.7 vs 85.3, P=.0007), and o>~
P1(56.3 vs 83.9, P=.0001) (Table 3). There were no significant
differences between the 2 groups in APTT, FDP, or PIC.

3.3. Ability of hemostatic biomarkers to predict a
subsequent decrease in platelet count in patients
with sepsis

We conducted ROC curve analysis to evaluate the ability
of hemostatic biomarkers to predict a subsequent decrease in

comparison with PT-INR (AUC, 0.639; 95% CI, 0.432-
0.799) (Fig. 3).

4. Discussion

In this retrospective study, we evaluated the usefulness of
a single measurement of coagulation and fibrinolytic
biomarkers on the day of ICU admission, for providing
simple and prompt assessment for progression of coagulo-
pathy in patients with sepsis. Our results show that decreased
PC and a,-PI activity were strong predictors of a subsequent
decrease in platelet count, which was considered as an
indicator of overt coagulopathy in sepsis.

Currently, there are no widely accepted diagnostic criteria
for early stage of septic coagulopathy. Intervention to
coagulopathy in initial phase might be one of the key factors
in improving outcomes in patients with sepsis. Several
researchers have recently established diagnostic scoring
systems for the acute phase of septic coagulopathy [21-23],
but these systems depend partly on changes in biomarker
levels from baseline, which take at least 2 days to identify.
Our results suggest that the progression of septic coagulo-
pathy could be detected by a single measurement of PC and
a-PI, which would help to develop early diagnostic criteria
for septic coagulopathy.

Previous studies have evaluated the prognostic values of
hemostatic biomarkers in patients with sepsis, but the
reported results have been inconsistent [1,9,21,24]. These
conflicting results may be partly caused by the multiple
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interactive systemic factors that are involved in the
pathogenesis of organ failure and the risk of mortality,
although cytokine-induced coagulopathy is considered to
play a major role in the process [25]. In addition, not only the
development but also subsequent progression or persistence
of coagulopathy are associated with poor prognosis in
patients with sepsis [9,21]. We therefore focused on the
progression of coagulopathy as an outcome in patients in the
acute phase of sepsis.

Because there are no established criteria for assessing the
progression of septic coagulopathy, we used decreasing in
platelet count as a marker of disease progression. Most
diagnostic criteria for DIC, including the ISTH criteria,
primarily use global coagulation tests such as PT, platelet
count, fibrinogen, and FDP for scoring. These markers
change differently over time as coagulopathy progresses.
Production of FDP may be suppressed in severe coagulo-
pathy because of a massive increase in PAI-1 level, and the
fibrinogen level tends to increase with acute-phase behavior
in septic patients [26]. In addition, appropriate thresholds for
the diagnosis of septic coagulopathy have not been
determined. Although coagulopathy is universal in severe
sepsis, only about 30% of patients in a large multicenter trial
met the ISTH criteria for overt DIC [4]. The current
diagnostic criteria are not useful for the evaluation of disease
progression in septic patients with coagulopathy.

Thrombocytopenia is common in critically ill patients
with an incidence of 40% to 50% [27], and a 30% dccrease in
platelet count during ICU admission has been shown to be
associated with increased mortality [28]. Thrombocytopenia
can be a result of many causes such as blood loss,
hemodilution, thrombotic microangiopathy, and immune
and drug-induced thrombocytopenia. However, septic coa-
gulopathy is the most common underlying cause [26].
Although a diagnosis of DIC must be supported by multiple
laboratory tests and other causes of thrombocytopenia should
be ruled out, thrombocytopenia is a relevant marker of DIC
[5]. In addition, it has been clinically recognized that
thrombocytopenia may be a warming sign of severe sepsis
and that the decrease in platelet count is related to the

severity of sepsis [29]. In our study, a significant decrease in
platelet count after ICU admission was associated with
disease severity, the incidence of organ dysfunction, and the
28-day mortality rate (Tables 1 and 2).

In our study, AT, PC, plasminogen, 0,-PI activity, and
TAT on the day of ICU admission had high predictive values
for a subsequent decrease in platelet count in patients with
sepsis. In sepsis, physiological anticoagulation mechanisms
such as the AT and PC systems are impaired because of
increased consumption, impaired synthesis, extravasation
from vessels, and degradation by several proteolytic
enzymes such as neutrophil elastase [30,31]. We found that
AT and PC activity were significantly decreased in patients
with a subsequent decrease in platelet count compared with
patients without a subsequent decrease in platelet count,
which may have been caused by increased consumption.
However, mild to moderately decreased AT and PC activity
were also observed in patients without a subsequent decrease
in platelet count (Table 1). Asakura et al [32] reported that
AT and PC activity were related to the plasma albumin level
and that decreased AT and PC activity were observed in
septic patients without DIC. The mechanisms of decreased
AT and PC activity in patients without a subsequent decrease
in platelet count may include impaired synthesis, or
degradation associated with inflammation, rather than
consumption coagulopathy.

We found that PC was a stronger predictor of a
subscquent decrease in platelet count than AT, which is
somewhat inconsistent with the results of previous studies,
Several investigators have reported that AT had a higher [33]
or comparable [21] association with poor prognosis,
compared with PC. However, Nilsson et al [34] showed
that PC had a higher correlation with the results of global
clotting tests than AT. Protein C has anticoagulant and
fibrinolytic properties with neutralization of PAI-1 [35],
whereas AT is an anticoagulant that mainly inhibits thrombin
and other procoagulant factors.

Measurement of fibrinolytic markers showed that plas-
minogen and o,-PI activity were decreased in patients with a
subsequent decrease in platelet count and were near the lower

—299—



562

K. Koyama et al.

— PC P =.0098
—— TAT P =.096
> -=== AT _J P=28
2
G e PT-INR
o=
1
0
0.0 ¥ T T T ¥ T T T
00 02 04 06 08 1.0
1-Specificity
— a2-Pl P =.0029
-+~ Plasminogen P =053
> --~- Fibrinogen ] P=282
2
= - PT-INR
[
U
w

0.0 T | |
0.0 0.2 04 06 0.8

1-Specificity

1.0

Fig.3  Pairwisc comparisons of ROC curves of biomarkers that significantly predicted a subsequent decrease in platelet count (comparison

with the ROC curve of PT-INR).

limit of the reference range in paticnts without a subsequent
decrease in platelet count. These results are consistent with
those of previous study, in which only half of the 1690
patients with severe sepsis were shown to have decreased
plasminogen and o,-PI activity, although more than 80%
had abnormal AT and PC activity [1]. It is known that the
plasminogen activator—plasmin system is markedly de-
pressed by PAI-1 in patients with sepsis [24]. In addition,
interleukin-6 induces up-regulation of plasminogen promoter
activity [36], and production of plasminogen is increased as
an acute-phase protein during sepsis [37]. However, the
tissue plasminogen activator level is increased in sepsis [9],
and the tissue plasminogen activator/PAI-1 ratio increases
with increasing severity of sepsis [33], which may explain
why the levels of fibrinolytic markers were decreased under
the countered increase of PAI-1.

The present study has some limitations. This was a
retrospective observational study that did not promote
deviation from routine clinical practices at our institution.
Interventions such as treatment of DIC and blood transfusion
may have influenced the levels of coagulation and
fibrinolytic biomarkers and their relationships with changes
in platelet count. Because our study was conducted in a
single center, the relatively small size of the study population
is also a limitation. A large, prospective study would be
useful to validate our results.

In conclusion, decreased PC and o,-PI activity on the day
of ICU admission were strongly associated with a subsequent
decrease in platelet count in patients with sepsis. A single
measurement of these biomarkers may help to predict
progression of septic coagulopathy and guide the decision-
making process for early intervention.
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Lymph node metastasis is the most important prognostic factor
of endometrial cancer. However, effective therapy has not been
established against lymph node metastasis. In this study, we
explored the efficacy of gene therapy targeting lymph node
metastasis of endometrial cancer by suppressing the action of
vascular endothelial growth factor (VEGF)-C through soluble
VEGF receptor-3 (sVEGFR-3) expression. For this purpose, we
first conducted a model experiment by introducing sVEGFR-3
¢DNA into an endometrial cancer cell line HEC1A and estab-
lished HEC1A/sVEGFR-3 cell line with high sVEGFR-3 expression.
The conditioned medium of HEC1A/SVEGFR-3 cells inhibited
lymphatic endothelial cell growth in vitro, and sVEGFR-3
expression in HEC1A cells suppressed in vivo lymph node and
lung metastases without inhibiting the growth of a subcutane-
ously inoculated tumor. To validate the therapeutic efficacy,
adeno-associated virus vectors encoding sVEGFR-3 were injected
into the skeletal muscle of mice with lymph node metastasis.
Lymph node and lung metastases of HEC1A cells were com-
pletely suppressed by the muscle-mediated expression of sVEG-
FR-3 using adeno-associated virus vectors. These results suggest
the possibility of gene therapy against lymph node and lung
metastases of endometrial cancer by using muscle-mediated
expression of SVEGFR-3. (Cancer Sci, doi: 10.1111/cas.12184,
2013)

E ndometrial cancer is the most commonly encountered
gynecologic malignancy and the fourth most common
malignant tumor in the USA.(" Because this cancer is often
detected at an early stage while it is still confined to the
. uterus, the overall survival rate exceeds 80%. However, the
prognosis of advanced endometrial cancer remains poor.®
Although various attempts have been made to treat advanced
endometrial cancer, including surgery, radiotherapy and multi-
drug chemotherapy, satisfactory progress has not been
achieved. In fact, overall treatment results in endometrial
cancer have not improved over the past 30 years.) The most
important prognostic factor in endometrial cancer is extra-
uterine spread, especially lymph node and lung metastases.®
Therefore, to improve the prognosis of endometrial cancer, it
is necessary to develop effective therapy against such
advanced conditions.

Factors related to lymphangiogenesis and lymph node metas-
tasis have been clarified recently. Among these factors, vascu-
lar endothelial growth factor (VEGF)-C, which is the natural
ligand for VEGF receptor-3 (VEGFR-3), is one of the most
important. VEGF-C binds to VEGFR-3 and induces its
tyrosine autophosphorylation. VEGF-C is specific to the

doi: 10.1111/cas.12184
© 2013 Japanese Cancer Association

lymphatic vascular system and mediates lymphangiogenesis.®
In malignant tissues, the tumor cells and stromal cells promote
VEGF-C secretion, thereby inducing lymphangiogenesis and
lymph node metastasis.®” The soluble form of VEGFR-3
(sVEGFR-3) is a potent inhibitor of VEGF-C signaling, which
inhibits fetal lymphangiogenesis and induces regression of
already formed lymphatic vessels.”” Therefore, lymph node
metastasis of a malignant tumor may be controlled by the
action of sVEGFR-3.

Recently, we developed a murine model for lymph node
metastasis using orthotopic injection of an endometrial cancer
cell line.® Based on the study, we sought to investigate the
efficacy ‘of sSVEGFR3 by its constitutive expression. For this
purpose, the adeno-associated virus (AAV) vector is appropri-
ate. The AAV is a widely—used vector derived from a non-
pathogenic virus, and long-term transgene expression can be
obtained following intramuscular injection.® We have
reported the efficacy of muscle-mediated soluble Flt-1 expres-
sion using AAV vectors in both subcutaneous and intraperito-
neally disseminated ovarian cancer.?® In this study, we
explored the efficacy of gene therapy against metastases of
endometrial cancer by muscle-mediated expression of
sVEGFR-3 using AAV vectors.

Materials and Methods

Cells and plasmids. The human endometrial cancer cell line
HECIAYD was obtained from the Japanese Collection of
Research Bioresources, where the cell line is authenticated by
the Multiplex-PCR method using short tandem repeats.!? The
HECI1A was cultured in DMEM/F12 (GIBCO, Grand Island,
NY, USA) supplemented with 10% inactivated FCS, 100 U/mL
of penicillin and 100 pg/mL of streptomycin (GIBCO) at
37°C in a 5% CO, atmosphere. Human neonatal dermal
lymphatic endothelial cells (LEC) were purchased from Angio-
Bio (Del Mar, CA, USA) and maintained in EGM-MV2
BulletKit (Cambrex, East Rutherford, NJ, USA) supplemented
with 10% inactivated FCS at 37°C in a 5% CO, atmosphere.
All cell lines were maintained for less than 3 months after
resuscitation. The cDNA of sVEGFR-3 was cloned by PCR
using a human lung cDNA library (Stratagene, La Jolla, CA,
USA) as a template, with the primers previously described.”
Cloned sVEGFR-3 ¢cDNA was inserted into the multi-cloning
site (MCS) of pSecTagHygroB vector (Stratagene) to generate
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a VEGFR-3-expression plasmid. A luciferase (LUC)-encoding
plasmid was also constructed and used as a control vector.
p2ITR-sVEGFR-3 is an sVEGFR-3 expression plasmid pre-
pared by incorporating human sVEGFR-3 cDNA into the
EcoRI site of pAAV-MCS (Stratagene).

Development of stably transduced cells. Either an sVEGFR3-
expression or a LUC-expression plasmid was introduced into
the HECLA cells using the standard calcium phosphate precipi-
tation method.!® After transfection, the cells were cultured
and selected in the presence of 200 pg/mL of hygromycin B
(Invitrogen, Carlsbad, CA, USA). After 4 weeks, the hygromy-
cin B-resistant HEC1A/sVEGFR-3 and HECIA/LUC cell
lines were established and maintained thereafter in the
presence of 200 pg/mL of hygromycin B.

Adeno-associated virus vector production. Adeno-associated
virus vectors were produced by triple-plasmid transfection to
293 cells (Stratagene) using {JZITR-SVEGFR—B the helper plas-
mid for adenovuus genes, and the helper plasmid for
AAV1.051O A plasmid encoding human coagulation factor X
(hfIX) gene was used to prepare the control AAV vector.'” The
vector stocks were purified using cesium chloride density-gradi-
ent ultracentrifugation, and the titer was determmed by dot blot
and real-time PCR, as described previously.""® The primers
were designed to amplify the cytomegalovirus promoter
sequence, and the forward and reverse primers were 5'-GTA
TTT ACG GTA AAC TGC CCA CTT-3' and 5-AGT CCC
ATA AGG TCA TGT ACT GG-3', respectively.

Vascular endothelial growth factor-C and soluble vascular
endothelial growth factor receptor-3 quantitation. HEC1A,
HEC1A/LUC and HEC1A/sVEGFR-3 cells were inoculated in
10-cm dishes and cultured in a 10% FCS-supplemented
DMEM/F12 medium. When the cells grew to approximately
80% confluence, the culture supernatant was replaced with
serum-free culture medium. After 48 h, the culture supernatant
was recovered. The concentration of VEGF-C in the superna-
tant of HECIA was determined using a Quantikine Human
VEGF-C enzyme-linked immunosorbent assay kit (R&D Sys-
tems, Minneapolis, MN, USA). The concentrations of
SVEGFR-3 in the supematant of HEC1A, HECIA/LUC and
HEC1A/sVEGFR3 were determined by DuoSet Human
VEGFR-3 (R&D Systems).

Lymphatic endothelial cells prohferat:on assay. Conditioned
media were generated by culturing 1 x 10° HEC1A/LUC cells
or HECIA/SVEGFR-B cellsin 2 mL of serum-free DMEM/F12
for 48 h. LEC (5 x 10*/well) were plated in 96-well plates in
EGM-MV?2 plus 5% FCS containing 50% of either conditioned
medium with 100 ng/mL VEGF-C (R&D Systems). LEC prolif-
eration was assessed by a colorimetric assay using Cell Prolifer-
ation Kit TI (XTT; Boehringer Mannheim Biochemica,
Mannheim, Germany) 48 h after plating.

Tumor cell transduction model: subcutaneously inoculated
tumor growth. Four to six-week-old female BALB/c nude mice
(Japan Clea Laboratories, Tokyo, Japan) were used in the expen-
ment. HECIA/LUC or HECIA/sVEGFR-3 cells (5 % 10)
were subcutaneously transplanted into the backs of the mice,
and tumor sizes were measured once a week using a micrometer
caliper. Tumor volume was calculated using the formula vol-
ume = (short diameter)® x (long diameter) x 0.5.

Evaluation of metastasis. HEC1A/LUC or HEClA/ sVEGFR-
3 cells (5 x 10 were injected into the uterine cavities of
pentobarbital sodium-anesthetized, laparotomized mice, as
described prevmusly( D After 8 weeks, metastatic lesions were
thoroughly investigated and counted.

Therapeutic model using adeno-associated virus vector: evalua-
tion of metastasis in orthotopically inoculated model. HECLA
cells (5 x 10% were injected into the uterine cavities of pento-
barbital sodlum anesthetized, laparotomized mice, as described
previously.® At the same time AAV1-hfTX or AAV1-sVEGFR-

3 vector (2.5 x 10'* genome copy) was injected into the hind-
limb skeletal muscles of the mice. Eight weeks after injection,
the metastatic changes were extensively investigated and num-
bers of enlarged lymph nodes and lung metastases were counted.

Statistical analysis. Intergroup differences were tested for
significance using Student’s #-test. A P-value <0.05 was
considered significant.

Results

Detection of vascular endothelial growth factor-C and soluble
vascular endothelial growth factor receptor-3 in culture superna-
tants. The concentration of VEGF-C in the culture supernatant
of HECIA cells was 235 == 12 pg/mL. In the culture superna-
tant of HECIA/sVEGFR-3 cells, 45.0 £ 3.2 pg/mL of
sVEGFR-3 was detected, but no sVEGFR-3 was detected in the
culture supernatant of either HEC1A or HEC1A/LUC cells.

Inhibitory effects of soluble vascular endothelial growth factor
receptor-3 on in vitro lymphatic endothelial cells growth. The
effect of the sVEGFR-3 expression of HEC1A/sVEGFR-3
cells on the action of VEGF-C was estimated using in vitro
cultures of LEC. The number of LEC in EGM-MV2 culture
medium, including 100 ng/mL recombinant VEGF-C plus
50% conditioned medium from HEC1A/sVEGFR-3 cells, was
significantly smaller than that in the control (Fig. la—c,
P < 0.01). We concluded that the mitogenic effect of VEGF-C
on LEC was abrogated by the presence of sVEGFR-3 in the
HECI1A/sVEGFR-3 conditioned medium.

Tumor cell transduction model: subcutaneously inoculated
tumor growth. The tumor growth curves of HEC1A/LUC and
HECI1A/sVEGFR-3 show no significant differences between the
two groups (Fig. 2). This indicates that expression of sVEGFR-3
did not affect the growth of subcutaneously inoculated tumors.

Lymph node metastasis. The effects of sVEGFR-3 gene
expression on lymph node metastasis in vivo are shown
(Fig. 3a—). The mean number of lymph node metastases
8 weeks after injection was 1.0 &= 0.7 in the control group, but
no lymph node metastases were observed in the HEC1A/s
VEGFR-3-injected group (Fig. 3c), indicating that sSVEGFR-3
inhibited lymph node metastasis of the HEC1A cells.

Lung metastasis. After thorough investigation for metastasis,
we noticed lung metastasis in these animals. Therefore, we
focused on the number of lung metastases along with the num-
ber of lymph node metastases. The effects of sSVEGFR-3 gene
expression on lung metastasis in vivo are summarized in
Figure 4. The mean number of lung metastases 8 weeks after
injection was 3.8 * 0.8 in the control group, but no lung
metastases were observed in the HEC1A/sVEGFR-3-injected
group, indicating that sVEGFR-3 completely inhibited lung
metastasis of the HEC1A cells.

Therapeutic model using adeno-associated virus vector. The
efficacy of muscle-mediated sSVEGFR-3 expression was evalu-
ated in lymph node and lung metastases models using HEC1A
cells. As shown in Figure 5, the mean number of lymph node
metastases 8 weeks after injection of HECIA cells was
2.4 £ 0.5 in the control group, while no lymph node metastases
were observed in the AAV1-sVEGFR-3-injected group. More-
over, the mean number of lung metastases 8 weeks after injec-
tion of HECIA cells was 5.7 & 2.1 in the control group, while
no lung metastases were observed in the AAV1-sVEGFR-3-
injected group (Fig. 6a—c). Thus, we observed a significant ther-
apeutic effect in both lymph node and lung metastases.

Discussion

In this study, we explored the possibility of gene therapy tar-
geted at lymph node and lung metastasis using muscle-
mediated expression of sSVEGFR-3 as a new treatment modality
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for advanced endometrial cancer. Our results show that

sVEGFR-3 in the conditioned medium of sSVEGFR-3-transduced
endometrial cancer cells inhibited LEC growth ir vitro, and
sVEGFR-3 expression in endometrial cancer cells suppressed

(c) 1.5 1
I

3 14
&
2 E 3
]
[72]
< 057

Control sVEGFR3

Fig. 1. Suppression of vascular endothelial growth factor (VEGF)-
C-driven lymphatic endothelial cell (LEC) proliferation by conditioned
medium of soluble vascular endothelial growth factor receptor-3
(SVEGFR-3)-expressing cells. Cells were plated at 5 x 10% cells/well in
96-well plates, and 50% sVEGFR-3-conditioned medium or luciferase-
conditioned medium was added with 100 ng/mL recombinant human
VEGF-C. The number of LEC with 50% sVEGFR-3-conditioned medium
(b) was clearly smaller than that with control (a). The cells were
counted by colorimetric assay 48 h after plating. Each bar represents
the mean + SD. (*P < 0.01) (c).
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Fig. 2. The tumor growth curves of HEC1A/luciferase and HEC1A
svascular endothelial growth factor receptor-3. Tumor cells. were
subcutaneously injected into the backs of mice, and the sizes of
tumors were measured every week. There were no significant differ-
ences between the two groups. Each bar represents the mean =+ SD.
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Fig. 3. (a) The number of lymph node metastases 8 weeks after
injection of HEC1A/luciferase and HEC1A/vascular endothelial growth
factor receptor-3 (SVEGFR-3) cells. Lymph node metastases were
observed in the control group (b), while no lymph node metastases
were observed in the HEC1A/sVEGFR-3-injected group (c). The mean
number of lymph node metastases was 1.0 + 0.7 in the control group,
while no lymph node metastases were observed in the HEC1A/sVEG-
FR-3-injected group. Bars represent 100 pm.
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Fig. 4. The number of lung metastases 8 weeks after injection of
HEC1A/luciferase and HEC1A/vascular endothelial growth factor
receptor-3 (SVEGFR-3) cells. The mean number of lung metastases
8 weeks after injection was 3.8 & 0.8 in the control group, while no
lung metastases were observed in the HEC1A/sVEGFR-3-injected
group.
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Fig. 5. The number of lymph node metastases 8 weeks after
injection of HEC1A cells in the mice that had received intramuscular
injections of AAV1-sVEGFR-3 or control vector. The mean number of
lymph node metastases was 2.4 £ 0.5 in the control group, while no
lymph node metastases were observed in the AAV1-sVEGFR-3-injected
group. sVEGFR-3, vascular endothelial growth factor receptor-3.
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Fig. 6. Lung metastases 8 weeks after injection of HEC1A cells in the
mice that had received intramuscular injections of AAV1-sVEGFR-3 or
control vector. The mean number of lung metastases was 5.7 + 2.1 in
the control group, while no lung metastases were observed in the
AAV1-sVEGFR-3-injected group (a). Lung metastases were observed in
the control group (b), while no lung metastases were observed in the
AAV1-sVEGFR-3-injected group (c). Bars represent 100 um. sVEGFR-3,
vascular endothelial growth factor receptor-3.

Control

in vivo lymph node and lung metastases, although it did not
inhibit the growth of subcutaneously inoculated tumors. In
addition, lymph node and lung metastases of endometrial

cancer cells were suppressed by muscle-mediated expression
of sSVEGFR-3 using AAV vectors.

Lymph node metastasis is_the most important prognostic
factor in endometrial cancer.®*® In this study, we tested the
efficacy of a gene therapy strategy using sSVEGFR-3 to sup-
press lymph node metastasis through VEGF-C inhibition. We
first introduced sVEGFR-3 ¢DNA into an endometrial cancer
cell line HECIA and established a cell line (HEClA/s
VEGFR-3) with high expression of sVEGFR-3 to investigate
its function. The growth of HEC1A/sVEGFR-3 did not show
any difference in either in vitro cell proliferation (data not
shown) or in vivo tumor expansion (Fig. 2), showing that
overexpression of sVEGFR-3 did not influence the spread
of endometrial cancer per se. In contrast, in the lymph node
metastasis model using HECIA/sVEGFR-3, lymph node
metastasis was completely suppressed. Moreover, in this
model, lung metastasis was also completely eliminated. Thus,
we demonstrated that expression of sVEGFR-3 could control
lymph node and lung metastases of endometrial cancer.
Because the expression of sVEGFR-3 did not influence the
growth of HEC1A cells, its action was confined to the suppres-
sion of lymph node metastasis. The VEGF-C in culture super-
natant is thought to be derived from HECIA cells, and
accumulated during cell culture. In fact, we demonstrated
various but similar concentrations of VEGF-C in tumor cell
culture supernatant.® In contrast, soluble VEGFR3 was dem-
onstrated specifically to the cells transduced by sVEGFR3
gene, as shown in the Results section.

Based on these findings, we aimed to establish a gene
therapy using sVEGFR-3. For this purpose, we compared the
utility of candidate vectors to attain this goal. Non-viral vec-
tors are easier to prepare, and may be safer, but the efficacy is
much weaker than viral vectors. Successful in vivo delivery
has been limited.®. As for the viral vectors, many successful
outcomes in clinical trials have been reported.“*? For the cur-
rent study, we chose an AAVl1-based vector, as it appears to
be the most efficient in muscle transduction.®'>?3 The result
was that both lymph node and lung metastases of endometrial
cancer cells were completely suppressed by muscle-mediated
expression of sSVEGFR-3. These results suggest the possibility
of gene therapy targeting lymph node and lung metastases of
endometrial cancer by muscle-mediated expression of
sVEGFR-3. In the case of AAV vectors, a couple of weeks
may be necessary for maximal transgene expression.?224-26)
Nonetheless, as sufficient levels of expression can last over the
observation period of 8 weeks, a significant outcome was
obtained even when the vector was administered simulta-
neously to the tumor inoculation. In this study, we selected
muscle tissue for gene expression. For the clinical translation,
other tissues may be more appropriate: for example, liver can
be efficiently targeted by AAVS vector®® and adipose tissue
can be targeted by AAV1 vectors.®¥

This study aimed to suppress actions of VEGF-C through
the expression of a soluble form of its receptor, sVEGFR3.
Therefore, lymph node metastasis was suppressed as a result
of lymphangiogenesis inhibition. However, because this treat-
ment did not suppress primary tumor growth, it may be neces-
sary to combine it with other treatment modalities such as
surgery and chemotherapy in clinical practice. One recent
study utilized chemotherapeutic reagents in addition to gene
therapy using soluble VEGF receptors for prolonged survival
in mice.

Recently, we developed a lymph node metastasis model
using orthotopic injection of endometrial cancer.® In that
report, only lymph node metastasis was noted. During the
current series of experiments, metastatic foci of the lungs
could barely be recognized from the surface, and we noticed
lung metastasis after extensive microscopic examination.
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Therefore, the number of metastasis was counted based on the
microscopic examination of the tissue sections. As for lung
metastasis, both lymphatic and hematogenous routes are
known. It is not easy to determine the route of metastasis
solely by histopathological examination. Nonetheless, we
assume that in human endometrial cancer, the main route of
lung metastasis is lymphatic as lymph node metastasis is
detected in more than half of the patients with lung metasta-
sis.®® Also, in the present study, lung metastasis of endome-
trial cancer was completely suppressed as a result of
controlling lymph node metastasis with sVEGFR-3.

In this study, we demonstrated the efficacy of sVEGFR-3 at
one vector dose. As both lymph node and lung metastasis were
completely eliminated, there is a possibility that the therapeutic
efficacy can be demonstrated at lower vector doses. In addi-
tion, in our observation, no side effects were noted in the
mice, including in behavior, body weight and muscle tissue.
However, for application to human therapy, these points need
to be clarified in more detail.
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Few studies concerning molecular-targeted therapy or gene
therapy for endometrial cancer have been reported. Gene
therapy against lymph node and lung metastases, which we
propose here, could be beneficial for patients with advanced
endometrial cancer. New therapeutic modalities, including this
one, are expected to result in improved outcomes for endome-
trial cancer.

Acknowledgments

This study was supported by Grants-in-Aid for Scientific
Research (17016067 and 21591248) and the Support Program
for Strategic Research Infrastructure from the Japanese Minis-
try of Education, Culture, Sports, Science and Technology and
the Ministry of Health, Labor and Welfare, Japan.

Disclosure Statement

The authors have no conflict of interest to declare.

15 Mochizuki S, Mizukami H, Kume A et al. Adeno-associated virus (AAV)
vector-mediated liver- and muscle-directed transgene expression using
various kinds of promoters and serotypes. Gene Ther Mol Biol 2004; 8:
9-18.

16 Xiao W, Chirmule N, Berta SC, McCullough B, Gao G, Wilson JM. Gene
therapy vectors based on adeno-associated virus type 1. J Virol 1999; 73:
3994-4003.

17 Ogura T, Mizukami H, Mimuro J et al. Utility of intraperitoneal administra~
tion as a route of AAV serotype 5 vector-mediated neonatal gene transfer.
J Gene Med 2006; 8: 990-7.

18 Ishiwata A, Mimuro J, Mizukami H et al. Liver-restricted expression of the
canine factor VIII gene facilitates prevention of inhibitor formation in factor
VIII-deficient mice. J Gene Med 2009; 11: 1020-9.

19 Kung AL, Wang S, Kico JM, Kacelin WG, Livingston DM. Suppression of
tumor growth through disruption of hypoxia-inducible transcription. Nat Med
2000; 6: 1335-40.

20 Lurain JR, Rice BL, Rademaker AW, Poggensee LE, Schink JC, Miller DS.
Prognostic factors associated with recurrence in clinical stage I adenocarci~
noma of the endometrium. Obster Gynecol 1991; 78: 63-9.

21 Zhang Y, Satterlee A, Huang L. In vivo gene delivery by nonviral vectors:
overcoming hurdles? Mol Ther 2012; 20: 1298-304.

22 Giacca M, Zacchigna S. Virus-mediated gene delivery for human gene ther~
apy. J Control Release 2012; 161: 377-88.

23 Chao H, Liu Y, Rabinowitz J, Li C, Samulski RJ, Walsh CE. Several log
increase in therapeutic transgene delivery by distinct adeno-associated viral
serotype vectors. Mol Ther 2000; 2: 619-23.

24 Mizukami H, Mimuro J, Ogura T et al. Adipose tissue as a novel target for
in vivo gene transfer by adeno-associated viral vectors. Hum Gene Ther
2006; 17: 921-8.

25 Flotte TR, Trapnell BC, Humphries M et al. Phase 2 clinical trial of a
recombinant adeno-associated viral vector expressing alphal-antitrypsin:
interim results. Hum Gene Ther 2011; 22: 1239-47.

26 Nathwani AC, Tuddenham EG, Rangarajan S et al. Adenovirus-associated
virus vector-mediated gene transfer in hemophilia B. N Engl J Med 2011;
365: 2357-65.

27 Sopo M, Anttila M, Sallinen H er al. Antiangiogenic gene therapy with
soluble VEGF-receptors -1, -2 and -3 together with paclitaxel prolongs
survival of mice with human ovarian carcinoma. Int J Cancer 2012; 131:
2394-401.

28 Otsuka I, Ono I, Akamatsu H, Sunamori M, Aso T. Pulmonary metastasis
from endometrial carcinoma. Int J Gynecol Cancer 2002; 12: 208-13.

CancerSci | 2013 | §
© 2013 Japanese Cancer Association

—306—



@PLOS l ONE

OPEN @) ACCESS Freely available online

Prophylaxis and Treatment of Alzheimer’s Disease by
Delivery of an Adeno-Associated Virus Encoding

a Monoclonal Antibody Targeting the Amyloid Beta
Protein

Masaru Shimada', Shinya Abe', Toru Takahashi', Kazumasa Shiozaki?, Mitsue Okuda®,
Hiroaki Mizukami®, Dennis M. Klinman®, Keiya Ozawa®, Kenji Okuda’*

1 Department of Molecular Biodefense Research, Yokohama City University, Yokohama, Kanagawa, Japan, 2 Department of Psychiatry, Yokohama City University,
Yokohama, Kanagawa, Japan, 3 Okuda Dental Clinic, Yokohama, Kanagawa, Japan, 4 Division of Genetic Therapeutics, Center for Molecular Medicine, Jichi Medical School,
Tochigi-ken, Japan, 5 Laboratory of Experimental Immunology, Cancer and Inflammation Program, National Cancer Institute, National Institutes of Health, Frederick,

Maryland, United States of America

* E-mail: kokuda@chojuken.net

Citation: Shimada M, Abe S, Takahashi T, Shiozaki K, Okuda M, et al. (2013) Prophylaxis and Treatment of Alzheimer's Disease by Delivery of an Adeno-Associated
Virus Encoding a Monoclonal Antibody Targeting the Amylold Beta Protein. PLoS ONE 8(3): e57606. doi:10.1371/journal.pone.0057606

Editor: Weidong Le, Baylor College of Medicine, Jiao Tong University School of Medicine, United States of America
Received November 10, 2012; Accepted January 23, 2013; Published March 28, 2013

Copyright: © 2013 Shimada et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported in part by a grant-in-aid for the Ministry of Education, Science, Sports, Culture of Japan, and the Ministry of Health and
Welfare of Japan. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Alzheimer’s disease (AD) is a disorder characterized by a diffuse
loss of neurons and the accumulation of amyloid beta (AB) protein,
followed by the production of tau protein or senile plaques in the
brain [1-2]. Active immunization with AB peptide was found to
reduce the amyloid burden and improve cognitive behavior in
murine AD models [3—4].

Clinical trials involving peptide immunization were suspended
owing to the development of meningioencephalitis in some
volunteers vaccinated with AB peptide [5-6]. Clinical studies
and autopsy results indicated aseptic meningoencephalitis, pre-
sumably induced by the T-cell responses [6-8]. Of note, several of
the samples obtained from vaccinated patients demonstrated
a remarkable reduction in A8 protein levels and senile plaque
formation [9-10]. These results suggest that if the adverse side
effects of such therapy could be avoided, immune mediated
elimination of AB protein could represent a promising therapy for
AD.

Based on these observations, the efficacy of intravenous delivery
of humanized monoclonal antibodies (mAbs) against A8 was
examined [11-13]. Despite the widespread reduction in AB
plaques, the passive transfer of mAb reduced AD-like symptoms in
only a subset of patients [10]. This observation suggests that

PLOS ONE | www.plosone.org

neuronal degeneration may occur during the early stages of AD,
before the appearance of large AB aggregates. Thus, it is important
to eliminate A oligomers at the earliest stages of AD. Previously,
we developed a mAb targeting the AB1-13 peptide. Prophylactic
delivery of this mAb or its F(ab’)2 fragments to human AB8
transgenic mice (Tg2576) effectively prevented the accumulation
of AB protein and plagues [14]. However, Pfeifer et al. [15]
reported that anti-AB mAb treatment could also lead to
microhemorrhages in APP23 mice. Moreover, repeated high-dose
mADb injections are likely to be very expensive [5,8].

A potentially safer and more efficacious strategy would be to
inject an adeno-associated virus (AAV) that leads to the
continuous production of anti-AB mAb over an extended period.
AAV is a nonpathogenic and poorly immunogenic virus. When
used as a vector, it can transfer a gene of interest to non-dividing
mammalian cells resulting in persistent transgene expression [16].

This work examines the feasibility of using an AAV vector type
1 (AAV vector) modified to encode the anti-AB Ab to prevent or
treat AD in mice. This approach avoids the need to repeatedly
administer high doses of mAb. Results suggest that therapy with an
AB mAb-expressing AAV vector greatly reduce AB accumulation
in AD model mice.
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Results

Production of Ab by cells transfected with the AR mAb -
expressing AAV vector

We first determined whether the transduction of the new AB
mAb — expressing AAV vector resulted in the production of mAb
by HEK293 cells. As shown in Figure 1, we detected Abs in the
cell lysates and culture supernatant of the transduced cells. Heavy
(H) and Light (L) chains of the appropriate molecular weight were
detected. In addition, we detected intact Ab under non ~ reducing
condition. These results indicate that AB mAb — expressing AAV
vector-transduced cells produce proteins with the molecular
weight of Abs.

Binding activity of the Ab produced by AAV vector -
transduced cells

We next assessed whether the HEK293 — derived Abs could
bind to monomeric AB protein and oligomerized AB protein
similar to those found in the brain of patients with AD [17].
Results show that culture supernatant derived from AB mAb-
expressing AAV  vector-transduced HEK293 cells bound to
monomers, dimers, trimers, and tetramers of AB protein
(Figure 2A).

We then analyzed whether AB mAb — expressing vector-
produced Abs bound to AB aggregates by observing sliced brain
sections from Tg2576 mice. AB aggregates were clearly detected in
the brain sections using a polyclonal antibody against AB1 — 42,
anti — AB1-13 mAb (IIA2), and the culture supernatant from AB
mAD — expressing vector — transduced HEK293 cells (Figure 2B).
These results suggest that functional anti-AB mAb is produced by
cells transduced with this AB mAb — expressing vector.

Inhibition of hippocampal cell death by AR aggregates
using culture supernatant from AAV-transduced cells

It is hypothesized that early AD is characterized by the
aggregation of AB protein, and is followed by abnormal tau
phosphorylation lcading to massive neuronal cell death in the
brain. We therefore examined whether the culture supernatant
from AB mAb - expressing AAV vector-transduced cells could
inhibit the death of primary hippocampal cells. As shown in
Figure 3, synthetic soluble AB aggregates killed hippocampal cells.

AR mAb Expressing AAV for Alzheimer’'s Disease

This cell death was significantly reduced by the addition of culture
supernatant from AB mAb - expressing vector-transduced cells at
6 h and 24 h after incubation. These results suggest that the
culture supernatant of AAV-transduced cells can inhibit the death
of primary hippocampal cells.

Antibody titers of mice infected with the AR mAb-
expressing AAV vector

Ten weeks old C37BL/6 mice were intramuscularly (im.)
injected with 8.0x10°, 3.0x10' or 3.0x10"" viral genome (vg) of
the AB mAb - expressing vector or 3.0x10'! vg of LacZ-expressing
vector. After administration, serum from these mice was collected
monthly and antibody titers were assayed for 64 weeks (Figure 4).
Anti-AB Ab titers peaked approximately 4 weeks after adminis-
tration and then slowly declined, remaining detectable through
64 weeks of follow up. Ab titers were dose-dependent, with the
greatest amount of Ab being present in mice treated with 10'! vg
of the AB mAb-expressing AAV vector. In contrast, no AB-specific
Abs were detected in mice injected with the LacZ-expressing AAV
vector (data not shown). By 64-week post administration, 0.1 mg/
ml of AB-specific Ab can be detected in the mice administrated
with 3.0x10' vg of the AB mAb-cxpressing AAV vector.
Considering the safe dosage range of 2.1x10'"-6.9x10'® vg/
individual (18] and 2x10''-1.8x10'? vg/kg [19] in phase 1
clinical trials of intramuscular injection of the recombinant AAV
vector, we use the dose of 3.0x10'° vg/mouse for further in vivo
study, based on the body weight ratio of human beings (60 kg) vs
mouse (20 g) and the Ab titer after administration of Af mAb-
expressing AAV vector (Figure 4).

Effect of AB mAb-expressing AAV vector prophylaxis on
Tg2576 mice

To determine whether the AB mAb-expressing AAV vector was
able to prevent Tg2576 mice from developing AD, 5-month old
animals were injected once with 3.0x10'" vg of this vector.
Whereas no AB protein accumulated in normal mice, there was
a statistically significant increase in the amount of AB1-40 and
AB1-42 present in the brain of Tg2576 animals treated with the
control LacZ-expressing vector by 10 months of age. The
accumulation of this protein continued to rise over time
(Figure 5B). By comparison, the amount of AB protein present
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Figure 1. In vitro expression of anti - AB Abs following the transduction of HEK293 cells with the AR mAb - expressing AAV vector.
Western blots of culture supernatant and cell lysates identify the Ig light and heavy chain (under reducing conditions) and whole Ab (under non-
reducing conditions). Cells transfected with a LacZ encoding AAV vector served as negative controls.

doi:10.1371/journal.pone.0057606.g001
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Figure 2. Binding activity of the Ab produced by AR mAb ~ expressing AAV vector-transduced cells. A) Binding of Ab from AB mAb -
expressing AAV vector transduced HEK293 cells to synthetic AB peptides, monomers and oligomers by Western blot. The Ab1-42 peptide was
aggregated at 4°C, room temperature (R.T.), or 37°C as described in Materials and Methods and detected by culture supernatant derived from AR
mAb ~ expressing AAV vector transduced HEK293 cells. B) Anti — AB Ab derived from transduced HEK293 bound to AR plaques in 16-month old
Tg2576 mice. The specificity of this binding was confirmed by use of polyclonal and monoclonal Abs (see details in Materials and Methods).
doi:10.1371/journal.pone.0057606.g002

in Tg2576 mice treated with the Ap mAb-expressing AAV vector Effect of AR mAb-expressing AAV vector treatment on

was significantly and persistently reduced (Figure 5B). Tg2576 mice

Serial sagital sections were prepared from the brains of tl.lcse We finally sought to determine whether the AB mAb-expressing
animals. AB protein deposits were then \flsuallzcd immunobisto-  AAV vector could be used therapeutically. Ten-month old animals
chemically in these sections. Both the size and number of AB were injected with 3.0x10'° vg of vector. AB protein continued to
protein containing deposits increased over time in Tg mice treated accumulate at 13 months in mice treated with either the LacZ or

with the LacZ-expressing vector. The number of such plaques was AB mAb-expressing AAV vector. However by 15 months (and
signiﬁce‘mdy reducefl among micc treated with the AB mAb- continuing through 17 months) the size and number of AB protein
expressing vector (Figure 5C). containing deposits in the brains of animals treated with the AB
mAb-expressing vector was significantly reduced when compared
to LacZ controls (Figure 6B). This divergence was confirmed
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Figure 3. In vitro cytotoxicity inhibition test using primary culture hippocampal cells. The viability of primary hippocampal cells after 6~
24 h of culture with 10 uM aggregated AR protein was examined. The effect of adding culture supernatant from AR mAb - expressing AAV vector
transduced cells was also examined by MTT assay. Data represent the results of 5-8 independently analyzed samples and are presented as mean =

SE.
doi:10.1371/journal.pone.0057606.9003
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Figure 4. Kinetics of anti-AR Ab production by mice injected with AB mAb-expressing AAV. Normal C578L/6 mice (n = 10/group) received
a single intramuscular injection with 3.0x10°% 3.0x10'%, 3.0x10"" vg of AR mAb-expressing AAV or 3.0x10'" vg of LacZ-expressing AAV vector. The
titer of IgG1 Ab binding to AB1-42 was detected at indicated time points. Significant difference among groups received 3x10°% 3x10'? and 3x10"’
vg of AB mAb-expressing AAV was observed from 2-week to 64-week after administration (P<0.05). Data are presented as mean * SE.

doi:10.1371/journal.pone.0057606.g004

during the immunohistologic analysis of brain tissue from these
animals. AB protein containing deposits accumulated over time in
the LacZ but not the AB mAb - expressing AAV vector (Figure 6C).

Discussion

Efforts to treatment AD patients with anti-A Abs or through
AB peptide vaccination provided novel insights concerning the
pathogenesis of AD and opened new approaches to disease
therapy. In an effort to overcome limitations of earlier strategies,
the current work examined the effect of delivering an AB mAb -
expressing AAV vector to Tg2576 mice (a murine model of AD).
Prophylactic treatment of young (5 months) and therapeutic
treatment of older (10 months) animals resulted in a significant
and prolonged decrease in the amount of AB protein accumulating
in the brain (Figure 5 and 6).

The AAV vector encoded an anti-A8 mAb that bound to
synthetic AB peptides and to senile plaques present in the brains of
Tg2576 mice (Figure 1 and 2). Of interest, a single 3.0x10'° vg
dose of the AB mAb-expressing AAV vector resulted in the
production of Ab that persisted through the 64-week experimental
period (Figure 4). As repeated injection of free anti-A3 mAb can
have negative consequences [15], the continuous production of Ab
by cells transfected in vivo may provide an ideal method for AD
prophylaxis and treatment.

Previous studies investigated the utility of AAV vector for the
molecular therapy of Alzheimer’s disease. Those vectors encoding
antigen, Ab or other factors of potential therapeutic value were
examined in various animal models [20-31]. These included
studies of AAV vector expressing a single-chain variable fragment
(scFv) antibody against AP protein for AD therapy [22-26]. Those
studies showed that the scFv fragment had a much shorter serum
half-life than whole Ab (7-14 hrs »s 20 days) [32], such that the
scFv fragment was more suited for intracranial delivery rather
than systemic delivery [22-26]. Delivery of scFv - expressing AAV
vector intracranially reduced/prevented the formation of AP brain
plaques and improved cognitive function in AD mice [22-26],
while the delivery method is likely to raise safety issues.

This study examined the effect of treating 5- or 10-month old
Tg2576 mice with the AB mAb - expressing AAV vector. Of
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importance, a significant decline in the concentration of AB was
found in the brains of both groups of recipient mice (monitored by
ELISA and immunohistochemistry). The level of decline was
similar in both groups despite the difference in when treatment
was initiated (Figure 5 and 6). This may reflect the level of AB
protein being so low in young mice that the effect of therapy
cannot be detected until the animals reach 15 months of age. By
that time the vector had been active in both treatment groups for
a sufficient period to significantly reduce the accumulation of AB
protein

Clinical trials showed that vaccination of AD patients with an
AB peptide reduced the deposition of AB in some individuals [10].
Unfortunately, this treatment also led to the development of
cerebroencephalitis in some patients, a side effect so severe that
further development of this type of therapy was abandoned
[11,14,33]. An alternative approach involved the intravenous
administration of Abs against A8 peptide [5,8]. While effective at
reducing the accumulation of AB aggregates, the injection of anti-
AR Ab resulted in a high incidence of cerebral microhemorrhages
[15]. Approximately 30% of AD patients have cerebral amyloid
angiopathy (CAA)-associated microhemorrhages [34]. Shroeter
et al. [35] reported that anti-AB Ab treatment of 12-month old AD
model mice resulted in a dose-dependent reduction of the
occurrence of CAA after treatment. In older model mice, CAA
is known to be relatively abundant [36-37]; however, the injection
of a small amount of anti-AB mAb did not increase the incidence
of microhemorrhages [36-37], indicating that long-lasting expres-
sion of anti-AB mAb by AAV vector may have some advantages in
reducing the incidence of microhemorrhages. Many reports have
explored the T-cell response after virus or non-virus-based vaccine
against Alzheimer’s. The T-cell response is very low or undetect-
able [38-40]. In this study, we have not explored the T-cell
response, because our AAV vector expresses anti-Af-antibody, but
not an antigen. Furthermore, we histologically cvaluated the
appearance of microhemorrhages and inflammation of brain in
the mice treated with the AB mAb-expressing AAV vector. No
evidence of this adverse side effect was observed even in 17-month
old Tg2576 mice (data not shown).

March 2013 | Volume 8 | Issue 3 | e57606

—310—



{5A)

-
i Prophylachic expenment §
AAV vegtor (3% 10y

# 5 10 33 15 17 Aze (nwath)
4 L2 .
H Sampling

Tl eaproavng ANV e
SAE BARLYITIARE AAV ity
5 Novema) s

[£3:3]

T EA
fravtion

pmolig brain

3¢y {Age)

13-amonmh

Lacdmnpraniag
ANV spetor

Al
ARV vivew

Kmaal THRLA
e

Figure 5. Prophylaxis of AD using AB mAb-expressing AAV
vector. Five-month old Tg2576 mice were injected i.m. with 3x10'® AR
mAb-expressing AAV. (A} Scheme of experiment. (B) The amount of AR
protein in brain extracts was determined using anti-AB Ab-coated ELISA
plates at age 10~ 13-, 15- and 17-month old (4-5 mice per time point).
C57BL/6 mice were used as controls. Data are presented as mean * SE.
(C) Brain sections from Tg2576 or C57BL/6 mice were examined for AR
deposits by immunohistostaining using rabbit anti-human beta amyloid
1-42 polyclonal antibody.

doi:10.1371/journal pone.0057606.g005

Recent reports suggest that mAb therapy is effective only in AD
patients possessing e4/c¢4 proteins [12,41]. In this context, ApoE4
(+) individuals develop AD more often than ApoE4 (—) individuals
[42-43). Such observations help inform the design of trials with
AAV vectors intended for human use, as it facilitates the
" identification of individuals at high risk for developing AD. In
addition, previous studies documented that A oligomers are toxic
to neuronal cells [44-45]. That finding is consistent with current
results showing that aggregated AB proteins are toxic to primary
culture neuronal cells and that anti-AB mAbs prevent this toxicity
(Figure 3).

We hypothesize that the ongoing accumulation of A8
aggregates is responsible for widespread neuronal cell degenera-
tion and the subsequent dementia characteristic of AD. We believe
that the failure of clinical trials involving anti-A8 mAb may reflect
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Figure 6. Therapy of AD using AR mAb-expressing AAV vector.
Tem-month old Tg2576 mice were injected i.m. with 3.0x10' vg of the
AR mAb - expressing AAV vector. (A) Scheme of experiment. (B) The
amount of AR protein in brain extracts was determined using anti-AB
Ab-coated ELISA plates at age 10-, 13~ 15- and 17-month old (4-5 mice
per time point). C57BL/6 mice were used as controls. Data are
presented as mean * SE. (C) Brain sections from Tg2576 or C57BL/6
mice were examined for AR deposits by immunohistostaining using
rabbit anti-human beta amyloid 1-42 polyclonal antibody.
doi:10.1371/journal.pone.0057606.9006

the late initiation of such treatment as it is important to eliminate
AB oligomers during the early stages of AD. Evidence that ApoE4
and other factors can predict individuals at high risk [34] lead us to
recommend clinical trials of AB mAb - expressing AAV vector
commence at an early age for prophylaxis of AD. Current results
show that the production of anti-AB mAbs persists for an extended
period (Figure 4). Thus, a single early treatment may yield long
term clinical benefit. Further study that includes behavioral and
memory testing combined with even longer follow should help
clarify the value of AAV vector mediated in the prophylaxis and/
or therapy of AD treatment.

Taken together, we constructed an anti-Af} Ab-expressing AAV
vector. A single intramuscular injection of the vector generated
high serum anti-A88 Ab level for up to 64 weeks, and significantly
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decreased AB levels in the brain of AD model mice treated at
5 months (prophylactic) or 10 months (therapeutic) of age. Our
present results clearly demonstrated that the AB mAb-expressing
AAV vector may be of prophylactic and/or therapeutic value for
AD treatment.

Materials and Methods

Ethics Statement

All animal work has been conducted according to relevant
Japan and international guidelines. All experimental procedures
were carried out in accordance with the Administrative Panel on
Laboratory Animal Care (APLAC) protocol and the institutional
guidelines set by Yokohama City University and Chyoju Medical
Institute. The protocols used in this study were proved by
Institutional Animal Care and Use Committee (IACUC)/Ethics
committee of Yokohama City University (No. 0741, 0875 and
0974) and Chyoju Medical Institute (No. B-22).

All animal work has been conducted according to relevant U.S.
and international guidelines. Specifically, all experimental proce-
dures were carried out in accordance with the Administrative
Panel on Laboratory Animal Care (APLAC) protocol and the
institutional guidelines set by the Veterinary Service Center at
Stanford University (Animal Welfare Assurance A3213-01 and
USDA License 93-4R-00). Stanford APLAC and institutional
guidelines are in compliance with the U.S. Public Health Service
Policy on Humane Care and Use of Laboratory Animals. The
Stanford APLAC approved the animal protocol associated with
the work described in this publication.

Genes of mAbs against AR

A hybridoma producing anti-AB1-13 mAb (IIA2) [14] was
cultured in KBM 450 medium (Kohjin Bio Co., Ltd., Saitama,
Japan) in the absence of fetal bovine serum (FBS). The antibody
was concentrated and partially purified from culture supernatant
by ammonium sulfate precipitation and was used for the
experiments as a positive control.

AR peptide synthesis and aggregated AR or oligomer
formation

The AB1-42 peptide used in these studies was produced by
chemical synthesis (American Peptide, Sunnyvale, CA, USA).
Reverse - phase high performance liquid chromatography showed
that the synthesized peptide has >95% purity, and mass
spectrometry analysis verified the molecular mass. Oligomer
formation was done using the method described previously (Stine
et al., 2003). Briefly, AB oligomers were prepared by diluting
5mM AB1—42 in Me2SO to 100 pM in ice-cold cell culture
supernatant (phenol red - free Ham’s F-12; BioSource, CA, USA),
immediately vortexing for 30 s, and incubating at 4°C, room
temperature or 37°C for 24 h. The aggregated AB or oligomer
solution was used for the Western blotting analysis, as well as
cytotoxic tests of neural cells.

Construction of an expression vector for the anti-AR mAb
gene

Total RNA was extracted from a hybridoma producing anti-
AB1-13 mAb (IIA2) [14] using TRIzol Reagent (Gibco BRL,
Grand Island, NY, USA). Full-length heavy (H) chain and light (L)
chain ¢cDNA was transcribed with 5'-RACE primer and 3'-RACE
primer using BD SMART RACE cDNA Amplification Kit
(Clontech, Mountain View, CA, USA) according to the manu-
facturer’s instructions. H chain cDNA was amplified with sense
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primer (3’ CGG GGT ACC ATG GGC AGG CTT ACT TCT
TC 3') and antisense primer (3’ CGCC AAG CTT TTT ACC
AGG AGA GTG GGA GA 3'). L chain cDNA was amplified with
sense primer (5' CCG GAA TTC ATG GAG ACA GAC ACA
CTC CT 3') and antisense primer (5' ATA AGA ATG CGG
GGG CA G TCG ACG CTA ACA CTC ATT CCT GTT GA
3"). The Furin 2A fragment [46—47] from the foot and mouth
disease virus was synthesized with complementary oligo (5' CCC
AAG CTT CGC GCC AAG CGC GCC CCC GT 3’ and 5
CCG GAA TTC GGG GCC GGG GTT GGA CTC CA 3%.
The H chain—TFurin 2A~L chain fusion fragment was subcloned
into proviral plasmid pW1 controlled by the CMV promoter. The
AAV vectors were prepared by the previously described three -
plasmid transfection adenovirus-free protocol [16,48]. Briefly,
60% confluent human embryonic kidney 293 (HEK293) cells were
maintained in Dulbecco’s modified Eagle’s medium — nutrient
mixture F-12 (1:1) ODMEM/F-12; GIBCOBRL, New York, NY)
supplemented with 10% fetal bovine scrum (FBS). Cells were
cultured at 37°C in an atmosphere of 5% CO2 in air.
Subconfluent HEK293 cells were co-transfected by the calcium
phosphate co-precipitation method with the AAV shuttle plasmid
pWI1 (containing LacZ or antibody heavy chain-F2A-light chain),
the AAV-1 chimeric helper plasmid plRepCap (provided by Dr.
James M. Wilson, University of Pennsylvania, Philadelphia, PA,
USA), and the adenoviral helper plasmid pAdeno (provided by
Avigen, Inc., Alamada, CA, USA). After 48 h, the cells were
harvested and lysed in Tris buffer (10 mM Tris-HCI, 150 mM
NaCl, pH 8.0) by three cycles of freezing and thawing. One round
of sucrose precipitation and two rounds of CsCl density-gradient
ultracentrifugation were sufficient to isolate the AAV vector from
the lysates. The vector titer was determined by quantitative PCR
and presented as vg.

Western blot analysis :

To confirm the expression of the Ab proteins, HEK293 cells
were transduced with the AAV vector encoding the mAb genes
(AB mAb-expressing vector) in a 6-well plate. After transduction of
AAV vector for 2 h, the cells were washed twice with PBS and
cultured with Ex-CELL CD CHO serum-free medium (Life
Technologies Japan Ltd, Tokyo, Japan) for another 2 days. Then,
antibody protein was detected in culture supernatant and cell
lysates with Western blot. The cells were washed with PBS and
lysed with 0.1 M Tris-HCI (pH 7.8) and 0.125% Nonidet P-40
2 days after transduction. The cell lysates were mixed with an
equal volume of 2X SDS buffer (125 mM Tris-HCI [pH 6.8], 4%
SDS) with 100 mM of DTT (reducing condition) or without DTT
(non-reducing condition) and boiled for 10 min. The cell lysates
were loaded on an 8% polyacrylamide gel and transferred to
a Hybond ECL nitrocellulose membrane. After rinsing with PBS,
the membrane was probed with HRP-labeled goat anti-mouse
1gG1 or IgkAbs (Ig; ICN Pharmaceuticals Inc., Solon, OH, USA).
The protein was detected using the ECL Plus Western Blotting
Detection System (Amersham Pharmacia Biotech, Uppsala,
Sweden).

Animals and administration

Heterozygous Tg2376 mice were obtained from Taconic Farms
Inc. (Germantown, NY, USA) [14]. Normal C57BL/6 female
mice were purchased from Japan SLC Inc. (Hamamatsu, Japan).
The mice were housed in the animal centers located at Yokohama
City University and Chyoju Medical Institute, and maintained on
a 12-h day-night cycle. Five-month and 10-month old mice were
used for prophylactic and therapeutic experiments, respectively.
The mice were received a single injection in quadriceps muscles
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with a dose of 3.0%10" vg of the AB mAb-expressing vector, We
used 20-25 mice in each group. The mice for prophylactic
experiments were sacrificed 5, 8, 10 and 12 months after AB mAb
- expressing vector administration and the mice for therapeutic
experiments were sacrificed 0, 3, 5 and 7 months after AB mAb-
expressing vector administration. To explore the ma%nitudc and
duration of antibody expression, we injected 3.0x107, 3.0x10"
and 3.0x10'" vg of AB mAb-expressing vector or 3.0% 10" vg of
AAV vector cxpressing LacZ gene (LacZ-expressing vector) to
mouse ‘quadriceps muscles, and blood was collected at indicated
time points for Af-specific antibody detection. The animal
experiments were approved by the Animal Ethical Committees
of Yokohama City University School of Medicine and and Chyoju
Medical Institute.

Enzyme-linked immunosorbent assay (ELISA) for Ab titers

ELISA was performed as described previously [14]. Briefly, 96-
well microtiter plates were coated with 40 pg/ml of AB1-42
peptide in 0.15 M phosphate-buffered saline (PBS). The wells were
rinsed with 0.15 M PBS and then blocked with 3% FBS in 0.15 M
PBS for 1 h. Appropriately diluted mAb as well as the serum from
AAV vector-administered mouse were incubated on antigen-
coated plates for 6 h at 4°C. Then, wells were rinsed with 0.15 M
PBS and the bound Abs were detected using HRP-coupled goat
anti-mouse IgG1 (Pierce Chemical Co., Rockford, IL, USA). We
detected IgG! titer rather than total IgG titer, because transgene
of the AAV vector was isolated from the mouse IgGl-secreting
hybridoma (IIA2). The anti-AB1-13 mAb (IIA2) purified from the
hybridoma was used as a standard control.

Brain sample preparation for histochemical studies
Brains were removed and divided sagittally along the in-
terhemispheric fissure. The right hemisphere was dissected from
the cerebella. Brain samples were snap frozen in large test tubes
containing n-hexane, immersed in a dry ice/acetone mixture, and
stored at —80°C until processing. The left hemisphere was fixed
with formalin and then embedded in paraffin for histochemical
studies. To test whether AB mAb-expressing vector-produced
antibody can be used for immunostaining against human AB,
Culture supernatant of AB mAb - expressing vector-transduced
HEK?293 cells was used as a first antibody and HRP-Goat ant-
mouse IgG1 antibody used as a second antibody. Rabbit anti-
human beta amyloid (1-42) antibody (Genetex, Inc., Irvine, CA)
and mAb purified from hybridoma ITA2 were used as controls.
Paraffin samples from AAV vector administrated mice were
stained with the rabbit anti-human beta amyloid (1-42) antibody.

ELISA to measure AR protein levels in the brain

The frozen left cerebra were obtained from each mouse and
homogenized with a homogenizer in Tris-buffered saline buffer
(TBS, 50 mM Tris, 150 mM NaCl, pH 7.6) containing protease
inhibitor cocktail (Nacalai, San Diego, CA, USA) with 20 pg/ml
pepstatin A, then centrifuged at 100,000 g for 1 h at 4°C using an
Optima TLX ultracentrifuge (Beckman Coulter Inc., Fullerton,
CA, USA). The pellets were homogenized in TBS buffer
containing 2% SDS and protease inhibitor cocktail (Nacalai, San
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Diego, CA, USA) following incubation at 37°C for 15 min. Then
the solution was centrifuged again at 100,000 ¢ for 1 h at 25°C.
The supernatant and pellet correspond to the soluble (2% SDS
soluble fraction) and insoluble fraction, respectively.

The insoluble fraction was washed, then extracted again with
70% formic acid and centrifuged at 100,000 g for 1 h. The
supernatants of 70% formic acid extracts were neutralized with
1 M Tris-HCI, pH 8.0 at a dilution of 1:20 (70% FA fraction). The
dissolved samples of AB1—42 or AB1—40 protein were quantified
using Human Amyloid B (N3pE-42) Kit and Human Amyloid 8
(N3pL-40) assay kit, respectively (IBL Co., Ltd., Gunma, Japan).
The values obtained were corrected with the wet weight of each
brain hemisphere sample and expressed as pmol/g brain.

Cytotoxicity inhibition test by Abs from AAV-transduced
cells using primary culture hippocampal cell

Hippocampal cells were collected from 15-day-old fetal mouse
brains and gently minced. The samples were incubated at 37°C for
5 min in 9 ml of 0.15 M PBS and 1 ml of 2.5% trypsin, followed
by addition of 1 ml 0.5% trypsin inhibitor on ice. The cells were
washed twice with 0.15 M PBS and resuspended in mcdia stock
(MS) supplemented with 20% FBS, 10 ng/ml e¢pidermal growth
factor, 50 IU/ml penicillin, and 50 pg/mL streptomycin. MS is
composed of modified Eagle’s medium supplemented with 2 mM
glutamine and 20 mM glucose [49].

We reacted 5.0x10% primary culture hippocampal cells in
100 pl MS per well with cach concentration of aggregated AB
solution with or without AB mAb - expressing vector-transduced
culture supernatant in a humidified atmosphere (37°C, 5% CO2).
After 6 and 24 h incubation, 10 pL 3-[4,5-dimethylthiazol-2-yI]-
2,5-diphenyl tetrazolium bromide (MTT) reagent (final concen-
tration 0.5 mg/ml) was added to each well. The microplate was
incubated for 4 h in 2 humidified atmosphere [50]. Then, 100 pl
of the solubilization solution was added into each well to solubilize
the purple formazan crystals, and the absorbance of the samples
was measured using an ELISA microplate reader [51].

Data analysis 4

All values were expressed as the mean £ standard error (SE).
Statistical analysis (Student’s t-test) of the experimental data and
controls was conducted using two-way factorial analysis of
variance. Significance was defined as P<0.05 for statistical
analysis using all time points in each group.
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Summary. Background: We previously reported that a
humanized anti-factor IXa/X bispecific antibody, hBS23,
mimics the function of FVIII even in the presence of
FVIII inhibitors, and has preventive hemostatic activity
against bleeding in an animal model of acquired hemo-
philia A. After further molecular engineering of hBS23,
we recently identified an improved humanized bispecific
antibody, ACE910, for clinical investigation. Objectives:
To elucidate the in vivo hemostatic potency of ACE910
by examining its effect against ongoing bleeds, and to
determine its pharmacokinetic parameters for discussion
of its potency for prophylactic use. Methods: A non-
human primate model of acquired hemophilia A was
established by injecting anti-primate FVIII neutralizing
antibody. When bleeds emerged following an artificial
bleed-inducing procedure, either ACE910 or recombinant
porcine FVIII (rpoFVIII) was intravenously administered.
rpoFVIII was additionally administered twice daily on
the following 2 days. Bleeding symptoms were monitored
for 3 days. A pharmacokinetic study and multiple-dosing
simulations of ACE910 were also performed. Results: A
single bolus of 1 or 3 mg kg™' ACE910 showed hemo-
static activity comparable to that of 10 U kg™! (twice
daily) rpoFVIIIL against ongoing bleeds. The determined
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ACE910 pharmacokinetic parameters included a long
half-life (3 weeks) and high subcutaneous bioavailability
(nearly 100%). The simulation results based on pharma-
cokinetic parameters indicated that the above hemostatic
level could be maintained with once-weekly subcutaneous
administration of ACE910, suggesting the possibility of
more effective prophylaxis. Conclusions: ACE910 may
offer an alternative on-demand treatment option for
patients with hemophilia A, as well as user-friendly and
aggressive routine supplementation.
Keywords: antibodies, catalytic; hemo-
philia A; hemostasis; therapeutics.

factor VIIIL;

Introduction

Hemophilia A is a bleeding disorder caused by an inher-
ited deficiency of factor VIII. The severity is known to
correlate with the plasma FVIII level: severe, moderate
and mild phenotypes are defined by plasma FVIII levels
of <1, 1-5 and > 5 to <40 U dL}, respectively. Severe
cases have a high propensity to suffer bleeds, including
joint bleeds, whereas moderate cases typically experience
far fewer bleeding episodes, and mild cases rarely bleed
spontaneously [1,2].

Patients are primarily treated with FVIII agents. How-
ever, as FVIII agents are exogenous for severely affected
patients, ~ 30% of them develop alloantibodies against
FVIII (FVIII inhibitors) [2]. FVIII inhibitors largely
restrict treatment with FVIII agents, and consequently
make it difficult to control bleeding, because alternative
bypassing agents have shorter in vivo half-lives and are
not always effective [3]. The eradication of FVIII inhibi-
tors with high doses of FVIII is very expensive, and does
not always work [4]. In patients with severe hemophilia A
without FVIII inhibitors, routine prophylaxis with exoge-
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nous FVIIT to maintain FVTII levels above 1 U dL™! is
beneficial to prevent bleeding [5,6]; however, the need for
frequent intravenous injections negatively affects patients’
quality of life [7].

In order to overcome these shortcomings, we previously
created a humanized anti-FIXa/FX bispecific IgG anti-
body, termed hBS23, which replicated FVIII cofactor
function by binding and placing FIXa and FX into spa-
tially appropriate positions [8]. hBS23 had cofactor activ-
ity in vitro, even in the presence of FVIII inhibitors, and,
in a non-human primate model of acquired hemophilia A,
hBS23 at an intravenous dose of 0.3 mg kg™! exerted he-
mostatic activity to prevent the progression of bleeding
symptoms to the same extent as recombinant porcine
FVIII (rpoFVIII) maintained at a plasma level of
> 1 U dL~!. However, it remained unproven whether this
bispecific antibody approach possessed the potency to
ameliorate ongoing bleeds, which would require higher
levels of FVIII, or how much hemostatic potency it had
in comparison with FVIII. We recently modified hBS23
with a multidimensional optimization approach to
improve the FVIII-mimetic cofactor activity, pharmacoki-
netic properties, immunogenicity, physicochemical stabil-
ity, and ease of industrial manufacture for clinical
application; we consequently identified an improved
humanized anti-FIXa/FX bispecific IgG antibody, termed
ACE910 [9]. In this study, we elucidate the in vivo hemo-
static potency of ACE910, including that against ongoing
bleeds as compared with rpoFVIII, by using a non-
human primate model of acquired hemophilia A.

Furthermore, in order to elucidate the potency of
ACE910 in routine supplementation, we performed a
pharmacokinetic study of ACE910 in non-human pri-
mates to determine its pharmacokinetic parameters, and
conducted multiple dosing simulations with those parame-
ters. Routine supplementation with exogenous FVIII is
aimed at keeping the FVIII level at 1 U dL™" or above to
convert a severe disease to a moderate one [2,5]. This
strategy successfully reduces bleeding episodes and the
risk of developing hemophilic arthropathy [5]. However,
the effect is not necessarily perfect: a recent report sug-
gested that the risk of joint damage remains until the
baseline factor level is 10-15 U dL™' or higher [10]. In
this study, we also discuss the possibility of once-weekly
subcutaneous administration of ACE910 for routine sup-
plementation that is more aggressive than the current one
with exogenous FVIII; in other words, a regimen that can
convert a severe disease to a mild disease.

Materials and methods

Materials

‘ACE910 was expressed in human embryonic kidney 293
or Chinese hamster ovary (CHO) cells, which were co-
transfected with the mixture of plasmids encoding the
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humanized anti-FIXa heavy chain, anti-FX heavy chain,
and common light chain. ACE910 was purified by pro-
tein A and ion exchange chromatography from the cul-
ture supernatant [9]. B domain-deleted rpoFVIII [8] was
prepared as described in the supporting information (Pre-
paration and analysis of rpoFVIII). Briefly, we expressed
it in CHO cells by stable transfection. Then, rpoFVIII
was purified from the supernatant-by using ion exchange
and gel permeation chromatography. We confirmed its
purity with SDS-PAGE under reduced conditions, and
determined its activity (U dL™') with an activated partial
thromboplastin time (APTT)-based one-stage coagulation
assay. Recombinant human FVIII (rhFVIII) was pur-
chased from Bayer HealthCare (Leverkusen, Germany).
Anti-primate FVIII neutralizing antibody (VIII-2236) [8]
and the other purchased reagents are described in the
supporting information (Confirmation of non-reactivity
of VIII-2236 to rpoFVIII and ACE910, and the other
supporting methods).

Animals and ethics

We used 26 and 12 male cynomolgus monkeys for the
in vivo hemostatic study (2.6-4.0 kg, aged 3 years; Hamri,
Ibaraki, Japan) and for the pharmacokinetic study (2.9—
5.0 kg, aged 4-5 years; Japan Laboratory Animals,
Tokyo, Japan), respectively. We used 24 female mice
(aged S weeks; Charles River, Yokohama, Japan, and
SLC, Hamamatsu, Japan) and 24 female rats (aged 4
weeks; Charles River) for the immunization to generate
anti-idiotype antibodies against the variable region of
ACE910. The details of anti-idiotype antibodies are
described in the supporting information (Generation and
preparation of anti-idiotype antibodies to each variable
region of ACE910).

All animal studies were approved by the Institutional
Animal Care and Use Committee of Chugai Pharmaceuti-
cal, and were conducted in accordance with the approved
protocols and the Guidelines for the Care and Use of
Laboratory Animals at the company. Chugai Pharmaceu-
tical is fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care Interna-

" tional.

APTT and thrombin generation (TG) assays

APTT and TG assays were performed with standard
equipment. In the TG assay, we employed two kinds of
triggering solutions that contained, respectively, FXIa
and tissue factor (TF). The solution containing human
FXIa (Enzyme Research Laboratories, Swansea, UK)
was prepared in-house, and the solution containing TF,
PPP-Reagent LOW (Thrombinoscope BV, Maastricht,
the Netherlands) was purchased. The details are
described in the supporting information (APTT and TG
assays).
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In vivo hemostatic study in an acquired hemophilia A model

As ACES10 is highly species-specific in its FVIII-mimetic
cofactor activity, non-human primates were used. On
day 0, the animals received an intravenous injection of
VIII-2236 (10 mg kg™"). Two hours later, the animals
were anesthetized with isoflurane inhalation, and bruises
on the body surface that might possibly have emerged
because of FVIII neutralization were measured. Then, the
following two surgical procedures were performed: a
18G-needle was inserted 1 cm deep into the muscle at 22
sites (two sites in each upper arm, three sites in each fore-
arm, four sites on the inside of each thigh, and two sites
on the outside of each thigh); and subcutaneous exfolia-
tion was performed by inserting the tip of forceps beneath
the abdominal skin to 3 cm at two sites. After adminis-
tration of buprenorphine, an analgesic drug, the animals
were allowed to recover from the anesthesia. (They
received this analgesic treatment twice daily [morning and
evening] from day 0 to day 2; six doses were given, and
the condition of the animals was observed daily.) After
recognition of bleeding, approximately 6-8 h after injury,
the animals received intravenous ACE910 (0.3, 1 or
3mg kg™!; n=4 for each group), rpoFVIIl (3.4 or
10 U kg™'; n =4 for each group), or no test item (con-
trol; n = 6). In the rpoFVIII group, rpoFVIII was also
intravenously administered in the morning and evening
on days | and 2 (a total of five administrations). In the
morning on days 1, 2, and 3, the animals were anesthe-
tized for measurement of the bruised areas. After the
evaluation on day 3, the animals were killed humanely.
Citrated blood was collected before and 2 h after the
VIII-2236 injection, ~ 10 min after the test item adminis-
tration on day 0, and before measurement of the bruised
area on days 1, 2, and 3. The change in blood hemoglo-
bin level was expressed as a percentage of that on day 0
(2 b after the VIII-2236 injection). The plasma ACE910
concentration was determined with the method described
in the supporting information (Measurement of plasma
ACE910 concentration).

Pharmacokinetic study

Animals received intravenous ACE910 (6 mg kg™!; n = 3)
or subcutaneous ACE910 (0.06, 0.6 or 6 mg kg™'; n=3
for each group) in a single dose. For animals dosed intra-
venously, blood was sampled with a heparinized syringe
at 0.25, 2, 8, 24, 48, 72 and 96 h postdose, as well as at 7,
14, 28, 42, 56, 70 and 84 days postdose. For animals
dosed subcutaneously, blood was collected in the same
way without sampling at 0.25 h. The plasma concentra-
tions of ACE910 and anti-ACE910 alloantibodies were
measured with the methods described in the supporting
information (Measurement of plasma ACE910 concentra-
tion and detection of anti-ACE910 alloantibodies).

Statistical analysis, pharmacokinetic analysis,
and multiple-dosing simulation

For the in vivo hemostatic study, data are presented as
mean - standard error. Other data are presented as
mean =+ standard deviation. The parametric Dunnett
multiple comparison test (two-tailed) (sas preclinical
package version 5.00; SAS Institute Japan, Tokyo, Japan)
was used to determine P-values. P < 0.05 was considered
to be statistically significant.

In the pharmacokinetic study, the plasma ACE910 con-
centration data were analyzed by non-compartmental
analysis with PHOENIX WINNONLIN version 6.2 (Pharsight,
St Louis, MO, USA). Multiple-dosing simulations were
performed with saam u version 1.2 (SAAM Institute,
Seattle, WA, USA).

Results

In vitro cross-reactivity of ACES10 with cynomolgus
monkeys

First, we examined the cross-reactivity of ACE910 with
cynomolgus monkeys by use of an APTT assay. ACE910
shortened APTT in FVIII-neutralized cynomolgus mon-
key plasma with a concentration dependency similar to
that in human FVIII-deficient plasma (Fig. 1A,B).

We next examined the cross-reactivity of ACE910 with
cynomolgus monkeys by use of one of the global assays,
the TG assay [11]. Because we had not clearly detected
rpoFVIII activity in the standard low-TF triggering con-
dition in FVII-neutralized cynomolgus monkey plasma,
we instead employed FXIa as a trigger. Beforehand, we
had confirmed, in human FVIII-deficient plasma, that the
two triggering conditions produced similar peak heights
for the purpose of comparing ACE910 with rhFVIII (Figs
IC and S1). ACE910 improved the peak height of the
FXla-triggered TG assay in FVIII-neutralized cynomol-
gus monkey plasma in a similar concentration-dependent
manner to that in human FVIII-deficient plasma
(Fig. 1C,D). ACE910 had a similar cofactor activity as
rhFVIIT or rpoFVII in improving the peak height in
each species. Beforehand, the rpoFVIII that we prepared
had been analyzed for qualification (Fig. S2).

In vivo hemostatic study in an acquired hemophilia A model

To examine the in vivo hemostatic potency of ACE910,
including that against ongoing bleeds, we modified the
non-human primate model of acquired hemophilia A that
we previously reported [8]. Briefly, more intense injury
procedures were employed, and the dose timing of the
test item was set to after the emergence of bleeding symp-
toms, so that the hemostatic action of 10 U kg™ rpoF-
VIII could be properly evaluated.
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