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Abstract

Miscarriage is the most common complication of pregnancy, and about 1% of pregnant women suffer a recurrence. Using a
widely used mouse miscarriage model, we previously showed that intravenous injection of bone marrow (BM)-derived
endothelial progenitor cells (EPCs) may prevent miscarriage. However, preparing enough BM-derived EPCs to treat a patient
might be problematic. Here, we demonstrated the generation of mouse pluripotent stem cells (PSCs), propagation of sufficient
PSC-derived cells with endothelial potential (PSC-EPs), and intravenous injection of the PSC-EPs into the mouse miscarriage
model. We found that the injection prevented miscarriage. Three-dimensional reconstruction images of the decidua after
tissue cleaning revealed robust fetomaternal neovascularization induced by the PSC-EP injection. Additionally, the injected
PSC-EPs directly formed spiral arteries. These findings suggest that intravenous injection of PSC-EPs could become a pro-

mising remedy for recurrent miscarriage.
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Introduction

Miscarriage is the most common complication of pregnancy,
and about 15% of pregnant women experience a miscar-
riage'. Women who experience three or more consecutive
miscarriages before the 20th week of pregnancy are rare, but
about 1% of pregnant women suffer a recurrence. Recurrent
miscarriage can arise from uterine malformation, hormonal
imbalance, thrombophilia, aberrant immune responses, or
chromosomal abnormalities in embryos, but the cause is
unknown in 40% to 50% of cases®. Although aspirin and
heparin improve pregnancy outcomes in women with the
antiphospholipid syndrome with recurrent fetal losses®, no
effective treatment exists for the many other patients with
recurrent miscarriage. Because it is so emotionally trau-
matic, there is an urgent need to identify the causes and
develop effective treatments.

DBA/2-mated CBA/J female mouse is a well-studied
model of immunologically mediated or modulated preg-
nancy loss*’ and has features similar to recurrent miscar-
riage in humans®. These mice exhibit a higher fetal

resorption rate than control BALB/c-mated CBA/J female
mice’. Additionally, DBA/2-mated CBA/J pregnant mice
resemble patients with preeclampsia in terms of significant
fetal growth restriction of surviving fetuses, proteinuria, and
elevated levels of soluble VEGF receptor 1 (sFlt1)'*!'.
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The DBA/2-mated CBA/J model and other animal mod-
els have provided insights into detailed mechanisms for
pregnancy loss. Immunoreactions triggered by DBA/2 semi-
nal plasma antigens, conjunctions with innate immune
responses, in CBA/J female mice recruit and activate neu-
trophils in the decidua, which ultimately cause fetal death'?.
Additionally, the immunoreactions abnormally activate nat-
ural killer (NK) cells in the decidua'®. NK cells in the
decidua induce the apoptosis of trophoblast giant cells
(TGCs)'* migrating from an embryo into decidua during the
early post-implantation period'®. In a healthy pregnancy, the
TGCs affect spiral arteries to remodel, ensuring enough
blood supply to fetuses to develop'®. Thus, the elimination
of the TGCs by the NK cells may lead to insufficient blood
supply, resulting in a fetal loss in DBA/2-mated CBA/J
female mice, as well as neutrophils do®®. In contrast,
increased sFlt]l may be a leading cause of the preeclampsia
phenotypes, but not a fetal loss in mouse models'®'”.

The DBA/2-mated CBA/J model has also been useful for
exploring effective treatments for recurrent miscarriage.
With the model, several groups invented treatments, such
as statins®, thrombomodulin'®, or the complement compo-
nent 3 (C3) inhibitor'', to protect the pregnancy. Our group
has shown that intravenous (IV) injection of bone marrow
(BM)-derived endothelial progenitor cells (EPCs) reduced
the fetal resorption rate in the same mouse model'®. Thus,
IV injection of BM- or peripheral blood (PB)-derived EPCs
may be an effective treatment for recurrent miscarriage
patients. However, the numbers of EPCs obtained from
BM or PB may not be practical for treating patients. For
instance, in our previous study, BM-derived EPCs collected
from two to three mice were required to treat one female
mouse. This problem may make it challenging to translate
the findings into clinical practice.

We hypothesized that pluripotent stem cells (PSCs)
(e.g., embryonic stem cells [ESCs] and induced pluripotent
stem cells [iPSCs]) would be an attractive source for enough
EPCs to treat patients with recurrent miscarriage. Here, we
first established mouse ESC lines from preimplantation blas-
tocysts of CBA/J-mated female CBA/J mice. By differentiat-
ing the established ESCs, we prepared cells with endothelial
potential and treated DBA/2-mated female CBA/J mice with
the differentiated cells. We call these cells PSC-derived cells
with endothelial potential (PSC-EPs). This treatment
reduced the fetal resorption rate in the model mice. Surpris-
ingly, the injected PSC-EPs robustly promoted fetomaternal
neovascularization by directly forming spiral arteries, not by
substantially affecting humoral factors.

Materials and Methods

All animal procedures were performed in compliance with
the guidelines of the Osaka Medical College Animal Care
and Use Committee (No. 2019-084).

Derivation of ESCs from CBA/| Strain

ESCs were derived from preimplantation blastocysts of
CBA/J-mated CBA/J female mice by applying the reported
ESC propagation method?° with slight modifications.
Briefly, the embryos were flushed out from the decidua of
a pregnant CBA/J mouse at 3.5 days post-coitum. The col-
lected embryos were cultured overnight in a 35-mm dish
with KSOM medium at 37°C in 5% CO, to obtain the
blastocyst-stage embryos. The next day, embryos that nor-
mally developed to the blastocyst stage were selected. Each
of the selected embryos was put on an MEF feeder
cell-coated well of a 96-well plate in serum-free ESC culture
medium (NDiff227, Takara Biochemicals, Japan) supple-
mented with leukemia inhibitory factor (10° w/ml: Wako,
Japan) and two kinase chemical inhibitors (PD0325901, 1
puM: ReproCELL, Japan; CHIR99021, 3 uM: Wako, Japan).
After a few days, the blastocysts were attached on the well,
and cells grew from them. The expanded cells were passaged
by dissociation with Accutase (Funakoshi, Japan). We define
this passage event as the passage (p)l. Until p3, the
expanded cells were maintained on MEF feeders with the
same ESC culture medium. At p4, the cells were passaged on
a laminin (iMatrix-511 silk, 1.25 pg/ml; Takara Biochem-
icals, Japan)-coated well and, after this, maintained under
the feeder-free condition with the same ESC culture
medium.

Generation of Green Fluorescent Protein—Labeled ESCs

To label ESCs with green fluorescent protein (GFP), a vector
containing a GFP-expressing cassette was transfected into
the cells using Lipofectamine 2000 (Thermo Fisher, MA),
according to the manufacturer’s instruction. Briefly, the day
before transfection, ESCs were seeded in six-well plates
(70% to 90% confluent per well) using an ESC culture
medium. Lipofectamine/DNA was prepared in Opti-Mem
Medium (Thermo Fisher, MA) by mixing 2.5 pg of the vec-
tor with 10 pl of Lipofectamine 2000 transfection reagent for
a well of a six-well plate. Before mixing, the vector was
diluted with 150 pl of Opti-Mem Medium and Lipofecta-
mine 2000 with 150 pl of Opti-Mem Medium. The Lipofec-
tamine/DNA mixture was left for 5 min at room temperature
to form a complex before adding it to the cells. The DNA—
lipid complex was added with ESC culture medium, and the
ESCs were cultured for 1 to 3 days at 37°C. The vector
contains a puromycin-resistant gene expression cassette.
Therefore, transfectants were selected with 1 pg/ml puromy-
cin for 2 days. GFP expression was confirmed by fluorescent
microscopic inspection.

Isolation of Total RNA

Total RNA was purified from the ESCs, differentiated ESCs,
or placental tissues using the RNAzol RT (Cosmo Bio,
Japan), according to the manufacturer’s instructions.
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Absorbances of RNA at 260 and 280 nm were measured with
NanoDrop ND-1000 spectrophotometer (Thermo Fisher,
MA). RNA samples that exhibited optical density (OD)
260/0D 280 ratios greater than 1.80 were used for further
processing, and all RNA samples used met this purity
requirement.

Real-Time Polymerase Chain Reaction

Total RNA (400 ng/sample) was reverse-transcribed to gen-
erate a cDNA template with PrimeScript RT reagent Kit
(Takara Biochemicals, Japan), according to the manufactur-
er’s protocol. The RT mixture was made in a 20-ul reaction
volume, and the RT was performed with Takara PCR Ther-
mal Cycler (Takara Biochemicals, Japan) with settings as
follows: 37°C for 15 min, 85°C for 5 s, and 4°C until fin-
ished. Polymerase chain reaction (PCR) was performed with
Ex Taq (Takara Biochemicals, Japan) as follows: denatura-
tion at 98°C for 1 min; 30 to 40 cycles of annealing at 58 to
60°C for 30 s; and extension at 72°C for 1 min. PCR primers
and annealing cycles and temperature are summarized (Sup-
plemental Table 1).

Nanog, Pou’fl, Zfp42, Tall, Egrd, Fit-1, Vegfa, Plgf, and
Gapdh, Cd34 gene expressions were evaluated by quantitative
PCR using predesigned mouse Nanog (Mm02019550_s1),
Pou5f1 (MmO03053917_g1), Zfp42 (Mm03053975_g1),
Tall (MmO01187033_m1), Egr4 (Mm00842279_gl), Fit-1
(Mm00438980_m1), Vegfo (Mm00437306_m1), Plgf
(Mm00435613_ml), and Gapdh (Mm99999915_g1), Cd34
(Mm00519283_m1), and TagMan Gene Expression Master
Mix with Step One Plus Real-Time PCR system (Thermo
Fisher, MA). Samples were assayed in triplicates in a 10-pl
reaction volume with the following thermal cycler settings: 1
cycle of 50°C for 2 min and 95°C for 20 s, followed by 40
cycles of 95°C for 1 s and 60°C for 20 s. Gapdh was used to
normalize Ct values from each of the other probes. PCR reac-
tions without cDNA templates served as negative controls in
each experiment.

Differentiation of ESCs by the Embryoid
Body Formation

ESC colonies were entirely dissociated into single cells. The
dissociated cells were seeded on a 10-cm dish for suspension
culture (1.0 x 10° cells per dish) in Dulbecco’s modified
Eagle medium basic (DMEM basic, Thermo Fisher, MA)
supplemented with 20% fetal bovine serum (Thermo Fisher,
MA). The seeded cells were cultured for 7 days to allow for
embryoid body (EB) formation. The EBs were then trans-
ferred to gelatin-coated six-well plates and cultured in the
same medium for 10 days. After 10 days, total RNA was
extracted from the cells growing from the EBs, using the
RNAzol RT (Cosmo Bio Co, Japan) according to the man-
ufacturer’s instructions.

Differentiation of ESCs into the Endothelial
Cell Lineage

ESCs were differentiated into the endothelial cell lineages
using the endothelial differentiation protocol developed for
human PSCs?' with some modification. Our differentiation
protocol consists of two phases. First, ESCs were differen-
tiated into epistem cell (EpiSC)-like cells*? (phase I). Sec-
ond, the EpiSC-like cells were differentiated into the
endothelial cell lineages?' (phase II). At phase I, ESC colo-
nies were entirely dissociated into single cells and seeded
on a well of a six-well plate coated with Fibronectin
(0.1%, Sigma) in ESC-cultured medium. One day after the
culture, the medium was changed to NDiff227 medium sup-
plemented with Activin A (20 ng/ml; Wako, Japan), basic
FGF (12 ng/ml; Wako, Japan), and Rho kinase inhibitor
(Y-27632, 10 uM). The cells were continuously cultured for
2 days (phase I). Then, the cells were cultured in DMEM
with B27 without insulin (50%; Thermo Fisher, MA) sup-
plemented with GSK 3o~ inhibitor (CHIR-99021, 10 pM)
for 2 days. Finally, they were cultured in endothelial cell
growth medium (EBM2; Lonza, Basel, Swiss) for 3 days
(phase II).

Immunofluorescence Staining

Cells were stained with phycoerythrin-conjugated monoclo-
nal antibodies against cell-surface markers, CD34 (1:100;
eBioscience, CA), CD31 (PECAM-1) (1:100; eBioscience,
CA), CD45 (1:100; eBioscience, CA), and VE-cadherin
(1:100; Santa Cruz Biotechnologies, TX), to characterize the
differentiated cell phenotypes. The differentiated cells were
fixed with 4% paraformaldehyde (PFA) (Nacalai Tesque,
Japan) for 10 min, permeabilized with Triton X-100
(0.1%) in phosphate-buffered saline (PBS) for 10 min, and
then incubated with bovine serum albumin (BSA) (5%) for
10 min, followed by overnight incubation with the primary
antibodies in 5% BSA in PBS at 4°C. The next day, the cells
were washed with PBS twice, and the nuclei were stained
with 4’,6-diamidino-2-phenylindole. Then, the staining sam-
ples were inspected with a fluorescent microscope.

In Vitro Tube Formation Assay

In day 4 of endothelial differentiation culture, 2.5 x 10°
differentiated ESCs were seeded on a well of a 24-well plate
precoated with growth factor-reduced Matrigel (Corning,
NY) and cultured in the endothelial medium for 24 h at
37°C. Images were taken with a light microscope.

Incorporation of Acetylated Low-Density Lipoprotein

ESCs (negative control) and differentiated ESCs in day 4 of
endothelial differentiation culture were incubated with
1,10-dioctadecy1-3,3,30,30-tetramethlyindocarbocyanine-
perchlorate-acetylated—low density lipoprotein (10 pg/ml;
Alfa Aesar, MA) for 4 h at 37°C. After the incubation, the
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cells were washed with PBS and imaged by fluorescent
microscopy.

Animal Experiments

Inbred CBA/J and DBA/2 mice from The Charles River
Laboratory were used. Virgin female CBA/J mice (10 to
14 weeks old) were mated male DBA/2 mice (8 to 14 weeks
old). Female mice were inspected daily for vaginal plugs,
and the presence of a vaginal plug was defined as day 0.5 of
pregnancy. Differentiated ESCs on day 4 of endothelial dif-
ferentiation culture (5 x 10° in 150 pl of PBS/mouse) or PBS
alone (control group) were injected into pregnant female
mice via a tail vein on day 7.5 of pregnancy.

On day 10.5 of pregnancy, 1 ml of fluorescein isothio-
cyanate (FITC)-conjugated dextran (2 mg/ml in PBS, aver-
aged molecular weight 150,000, Merk, MO) was
intravenously injected into pregnant mice. The injected mice
were sacrificed 15 min after the injection. Livers and pla-
centae were collected from the mice. And then, fluorescent
signals from the FITC-dextran were examined by a fluores-
cent microscope, as described below.

On day 14.5 of pregnancy, pregnant females were eutha-
nized, and the decidua, including placenta and embryo, and
blood were collected. The fetal resorption rate was calcu-
lated as described in the figure legends with Excel or JMP
software, and the collected samples were used for the down-
stream analyses.

CUBIC Protocol for Whole-Organ Clearing

The tissue cleaning method was used in this study?®.
Collected whole deciduae were postfixed in 4% PFA (Nacalai
Tesque, Japan) in PBS at 4°C for 24 h. The deciduae were
washed with PBS for more than 2 h three times with gentle
shaking to remove PFA just before clearing. The fixed whole
deciduae were immersed in 50% CUBIC-L+ (1:1 mixture of
water and CUBIC-L+) for 24 h and further soaked in
CUBIC-L with gentle shaking at 37°C for 5 days. The decid-
uae were washed with PBS at room temperature for more than
2 h three times with gentle shaking. They were then subjected
to immunostaining with the 1:100 diluted antibodies (Alexa
Fluor 647 Rat Anti-Mouse CD31; BioLegend, CA) in a stain-
ing buffer containing 5% BSA and 0.5% Triton X-100 for 3
days at 4°C with shaking. The stained samples were washed
with PBS three times at room temperature with shaking. Then
they were immersed in 50% CUBIC-R (1:1 mixture of water
and CUBIC-R) for 24 h and further immersed in CUBIC-R
with gentle shaking at 37°C for 3 days.

Fluorescent Microscope and Confocal Microscope

The stained in vitro differentiated cell images were taken
using a fluorescence microscope (BZ-X710, Keyence,
Japan). The images for tiling Z-stacks of the deciduae,
including fetuses and placentae, were acquired with a

confocal microscope (TSC-SP8, Leica), according to the
manufacturer’s instructions. After the acquisition, the
decidua was reconstructed with the images using microscope
software and Photoshop. We observed very faint signals
from blood vessel-like structures in nonstained and
non-cell-injected control deciduae, suggesting autofluores-
cence signals. However, they were too weak to affect the
conclusion.

Quantifications of CD3 |+ Blood Numbers,
Diameters, and Densities

After obtaining images, the numbers of CD31+ blood ves-
sels in the images were manually counted. The diameter of
the CD31+ stained blood vessels in the images was quanti-
fied by the WinROOF digital image analyzer (Mitani, Japan)
by manually drawing a perpendicular line to the blood vessel
analyzed. The areas of the CD31+ stained blood vessels
were also measured using the image analyzer, and the per-
centages of the CD31+ blood vessel densities were calcu-
lated by dividing the total of the CD31+ areas by the entire
cross-sectional area of the placenta specimen.

Enzyme-linked Immunosorbent Assays

Blood samples were collected from the pregnant females on
day 14.5 of pregnancy and allowed to clot for 2 h at room
temperature before centrifuging for 20 min at 2,000 x g.
After centrifugation, serum was collected and assayed
immediately or aliquoted and stored at —30°C until use.
Seventy-five microliters of serum was used to measure con-
centrations of secreted sFltl with commercially available
enzyme-linked immunosorbent assay (ELISA) kits, accord-
ing to the manufacturer’s instructions (R&D Systems, MN).
After the ELISA reaction, optical densities were measured at
450 nm with a microplate ELISA reader (SPECTRA MAX
190; Molecular Devices, CA). The average of the duplicate
readings for each standard, control, and individual samples
was used for the analysis.

Results

Establishing and Characterizing
CBA/J-Derived ESC Lines

We hypothesized that PSC-derived EPCs could be substi-
tuted for the BM-derived cells to prevent miscarriage in
model mice. Since autologous transplantation of the
PSC-derived differentiated cells does not cause severe
immunoreactions in hosts**, CBA/J-derived PSCs, either
ESCs or iPSCs, are the best source for EPCs to test the
hypothesis. However, CBA/J-derived PSCs have never been
reported. Further, it may be easier to generate high-quality
mouse ESCs than high-quality mouse iPSCs, although their
functionality is not distinguished. These situations prompted
us to establish ESC lines from embryos of CBA/J-mated
CBA/J females. By applying the reported mouse ESC
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propagation method?® with slight modifications, five cell
lines were established from preimplantation blastocysts in
a culture medium containing LIF and two chemical kinase
inhibitors®>> on laminin-coated plates (LIF+2i condition)
(Fig. 1A). They exhibited dome-shaped colony morpholo-
gies that resembled colonies of authentic ESCs derived from
129 mouse strains in these culture conditions. G banding of
all cell lines identified two with a normal karyotype (Fig. 1B
and Supplemental Fig. 1A). Thus, we focused on these two
cell lines with normal karyotypes.

PSCs have two distinct features: the ability to self-renew
infinitely in vitro, and the ability to differentiate into any
type of cells in the three germ layers. We next examined if
the established cell lines exhibit the features of PSCs. They
proliferated well with a doubling time of about 24 h in
LIF+42i (Supplemental Fig. 1B). During a 5-month culture,
their proliferation rate and colony morphology did not
change.

To examine the expression of pluripotency marker genes,
RNA was collected from the cell lines and subjected to
reverse transcription and quantitative polymerase chain reac-
tion (RT-qPCR) of the extracted RNA. This analysis
revealed that the pluripotent marker genes tested were highly
expressed in the established cell lines, comparable to those in
the 129 derived ESCs (Fig. 1C).

Next, the ability of the cell lines to differentiate in vitro
was tested by EB formation. ESCs were detached from a
plate and cultured in suspension in the differentiation
medium. After 8 days in culture, the cells formed EBs
(Fig. 1D). When the EBs were put on a gelatin-coated plate,
they were attached to the plate. The attached EBs were fur-
ther cultured on the plate for 10 days in the differentiation
medium. After the culture, RNA was collected from the
attached cells. Real-time polymerase chain reaction analysis
with the extracted RNA revealed that ectoderm (Nestin),
mesoderm (7), and endoderm (Gata6) marker genes were
more highly expressed in the attached cells than in undiffer-
entiated ESCs (Fig. 1E). These results suggest that the cell
line can be differentiated into the three germ layers. Addi-
tionally, the ESCs could highly contribute to mouse devel-
opment in vivo by blastocyst injection (Fig. 1F).
Collectively, the cell lines exhibited the features of PSCs,
and thus, we concluded that they were bona fide CBA/
J-derived ESCs.

Differentiation of the ESCs Into the Endothelial Lineage

To propagate enough PSC-derived EPCs for transplantation,
we used a differentiation protocol developed for human
PSCs?!. This simple protocol produces high-quality human
PSC-derived endothelial cells?'. With some modifications to
the protocol (Fig. 2A), we differentiated the ESCs to cells
that exhibited features of endothelial cells.

To monitor the differentiation, we obtained RNA from
undifferentiated ESCs and the differentiating cells each day
beginning at day 1 of the differentiation and examined

pluripotent markers (Nanog, Zfp42, and PouS5fI1) by
RT-qPCR (Fig. 2B). These experiments revealed that Nanog
and Zfp42 were immediately downregulated (about 10-fold)
at day 1, relative to the undifferentiated ESCs, and the low
levels were maintained till day 6. The other pluripotent mar-
ker, Pou5f1, was gradually downregulated and was at its
lowest level (52-fold less than undifferentiated ESCs) on day
6 (Fig. 2B). These results suggest that the ESCs begin to exit
from the pluripotent state on day 1.

Next, we determined when the differentiated cells entered
into the endothelial linage by examining the mRNA expres-
sion of vascular endothelial markers (7all and Egr4). Tall
was upregulated from day 2, and the high level was main-
tained until day 4 (Fig. 2C), and Egr4 was maintained at a
low level but was sharply induced on day 3 (Fig. 2C). Since
these genes were induced at an endothelial precursor stage®®,
we concluded that the differentiated cells were in an
endothelial lineage on day 4. Therefore, we further charac-
terized cells on day 4 of the differentiation.

We looked for the expression of additional markers by
staining differentiated cells with antibodies against CD31
(PECAM-1), VE-cadherin or CD34, cell-surface antigens
for endothelial cells. We found that these markers were
positive in differentiated cells (Fig. 2D and Supplemental
Fig. 1C). Flow cytometric analyses revealed 12.75% =+
1.2% of the cells analyzed were CD31+ in the differen-
tiated culture but could not detect CD34+ cells (Supple-
mental Fig. 1D). To confirm the CD34 expression, we
examined CD34 mRNA and found that it was indeed upre-
gulated in the differentiated cells, compared with ESCs
(Supplemental Fig. 1E). Thus, our enzyme treatment to
prepare the flow samples may affect the cell-surface marker
expressions (e.g., Ref ?7). In contrast, the culture was com-
pletely negative for CD45, a marker for the blood lineages,
both with microscopic and flow cytometric analyses
(Fig. 2D and Supplemental Fig. 1D).

Endothelial cells can incorporate acetylated low-density
lipoproteins (Ac-LDLs)?'. When ESCs were treated with
fluorescence-conjugated Ac-LDLs, ESCs did not take them
up and were entirely negative for the fluorescence (Fig. 2E,
top). In contrast, almost all the differentiated cells became
weakly positive, and some showed strong fluorescence sig-
nals (Fig. 2E, bottom). These data suggest that most differ-
entiated cells incorporated Ac-LDLs with a substantial
difference in the amount of uptake.

Finally, the functionality of the differentiated cells as
endothelial cells was evaluated in vitro by the tube formation
assay”'. Differentiated cells on day 4 were detached from a
plate and seeded on a Matrigel-coated plate. Within 24 h, the
seeded cells formed vascular network-like structures, and
few cells were attached on the plate without forming the
structures (Fig. 2F). These results indicated that most day
4 differentiated cells robustly exhibit the endothelial poten-
tial despite the low percentage of CD31+ cells. We call
these cells PSC-EPs.
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those with Gapdh (ACt) to calculate the relative expression values, and the values are plotted. Mean + SEM. n = 3. # indicates the time at
which one sample was undetectable. (D) Immunofluorescence staining (red) of differentiated cells using a specific antibody against CD31
(PECAMI), CD45, or VE-cadherin. DNA (blue) was stained with 4’,6-diamidino-2-phenylindole. The size bar = 50 pm. (E) Fluorescent
microscopic images for Dil-Ac-LDL uptake (red). ESCs (top images) or day 4 differentiated cells (bottom) were treated with Dil-Ac-LDL for
4 h. After washing, the bright-field (left) or fluorescent (right) images were taken. Size bar = 50 um. The fluorescence images were taken
with the same condition. (F) Bright-field microscopic images of the differentiated cells forming a tube-like structure on a Matrigel-coated
plate. Size bar = 20 pm (left) and 300 um (right). Two images were taken 24 h after the day 4 differentiated cells were seeded on the plate.
Two different microscopes were used for taking the images to clarify the tube-like structures formed by the differentiated cells.
Dil-Ac-LDL: I,10-dioctadecyl-3,3,30,30-tetramethlyindocarbocyanineperchlorate-acetylated—low-density lipoprotein; ESC: embryonic
stem cell.
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A Decrease in Number of Placentae That Exhibit
Hypoperfusion by IV Injection of PSC-EPs

In several mouse models of pregnancy loss, including the
DBA/2-mated CBA/J female mouse, abnormal placentation,
including placental hypoperfusion, frequently occurs’ and
seems to be a leading cause of the ultimate fetal death'®'”.
Thus, we first determined if placental hypoperfusion occurs
in our DBA/2-mated CBA/J females as reported”. Since feto-
maternal vasculature formed by day 10.5 of pregnancy>®, we
dissected and analyzed the pregnant females at day 10.5.
Right before the dissection, fluorescent-conjugated dextran
was intravenously injected into the mice to monitor blood
perfusion (Fig. 3A). Intensities of fluorescence signals from
the injected dextran in the placenta reflect an amount of
blood reaching the placenta®?’ (Fig. 3B, C). We found that,
in control mice, 31% of placentae analyzed (Fig. 3D), or
9 out of 29 placentae (Fig. 3E), exhibited reduced fluores-
cence intensity by less than 0.8 of the mean intensity.

Since PSC-EPs exhibited considerable endothelial poten-
tial (Fig. 2F), we next tested if IV injection of PSC-EPs into
DBA/2-mated CBA/J females would increase blood supply
and reduce the placental hypoperfusion. To this end, injection
experiments were designed, based on our previous study'®.
Nonlabeled PSC-EPs were prepared and IV injected into
DBA/2-mated CBA/J females at day 7.5 of pregnancy, and
the pregnant females were euthanized at day 10.5 to evaluate
the blood supply (Fig. 3A). We found that only <10% of the
placentae analyzed, or 3 out of 32 placentae, exhibited lower
fluorescence signals (Fig. 3D, E). As a control, we examined
fluorescence signals in the livers of the mice and found that
fluorescence signals in the PSC-EP-injected mice were sim-
ilar to those in the PBS-injected mice. Thus, the amount of
dextran injected did not differ in the two groups (Supplemen-
tal Fig. 2A). Collectively, these results suggest that some
placentae of DBA/2-mated CBA/J females indeed exhibited
severe hypoperfusion and that IV injection of PSC-EPs
reduced the placental hypoperfusion at the early
post-implantation stage significantly.

Reduction of Fetal Resorption by
IV Injection of PSC-EPs

We next tested if IV injection of PSC-EPs would reduce fetal
resorption rates of the DBA/2-mated CBA/J females (Fig. 3).
The experiments were designed similarly to those in Fig. 3,
but the injected pregnant mice were analyzed at day 14.5 to
evaluate fetal resorption (Fig. 4A). At the same time, con-
trols, PBS, or BM-derived EPCs were injected separately
into pregnant females (Fig. 4A).

By day 14.5 of pregnancy, about 25% of the DBA/2-mated
CBA/J miscarry*®%!° (Fig. 4B). Indeed, PBS-injected
females showed almost the same loss (27.3% + 4.17%) or
had 33 resorbed out of 124 embryos (Fig. 4C, D). However,
the PSC-EP-injected females had a significantly lower
resorption rate (7.8% + 2.86%) than the PBS controls or

11 resorbed out of 149 (Fig. 4C, D, and Supplemental
Fig. 2B). The reduction in the resorption rate by PSC-EP
injection was comparable to or slightly more significant than
that of the BM-derived EPC injection (Fig. 4C). Thus,
PSC-EPs possess the ability to ameliorate miscarriage till day
14.5 of pregnancy in the mouse model.

Robust Establishment of Fetomaternal
Vasculature by PSC-EPs

During early pregnancy, substantial growth and remodeling
of spiral arteries, which are triggered by TGCs migrating
from embryos, occur to supply enough fetomaternal blood
flow that is required for normal placentation and embryonic
development. Failure of the remodeling is thought to cause
pregnancy complications, such as preeclampsia in mice and
humans'*'>*°. Our previous study showed that IV injection
of BM-derived EPCs enhances placental vascularization, but
detailed degree and mechanisms of the vascularization
remain obscure'’.

Here, we investigated the establishment of fetomaternal
vasculature in PBS- and PSC-EP-injected females. Pregnant
females at day 14.5 were euthanized, and deciduae, including
placentae and embryos, were collected and analyzed. To
obtain information on the three-dimensional architecture of
the vasculature in the decidua, we utilized the tissue-cleaning
technique®® and extensive tiling of Z-stack images of the
decidua captured by confocal microscopy. We found that the
deciduae in the PSC-EP-injected females contained more
spiral arteries, judged by morphology and CD31 staining,
than those in the PBS controls (Fig. SA and Supplemental
movies 1 and 2). Additionally, the diameter and density of
the spiral arteries in the PSC-EP-injected females were more
significant than those in the PBS controls (Fig. 5B). There-
fore, IV injection of the PSC-EPs induces the development of
spiral arteries.

PSC-EPs efficiently formed vascular-like structures in
vitro (Fig. 2F). Thus, we determined if the injected
PSC-EPs directly formed the spiral arteries in vivo using
cells labeled with a GFP (Supplemental Fig. 2C). This anal-
ysis revealed that the spiral arteries in GFP-labeled
PSC-EP-injected females, but not PBS controls, were
strongly GFP positive (Fig. 5C). Collectively, these results
indicate that the injected PSC-EPs migrated to the implanta-
tion site, colonized there, and were subsequently incorpo-
rated into the spiral arteries. This incorporation may make it
possible to establish the fetomaternal vasculature that sup-
plies blood sufficient to maintain placentation and embryo-
nic development in DBA/2-mated CBA/J females.

No Substantial Effects of PSC-EP Injection
on the Angiogenic Factor Balance in
DBA/2-Mated CBA/| Females

DBA/2-mated CBA/J females have the abnormal expression
of angiogenic (Vegfo and Plgf)'® and anti-angiogenic (sFlt1)
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Figure 3. A decrease in number of placentae that exhibit hypoperfusion by intravenous injection of PSC-EPs. (A) The experimental design.
(B, C) Images of placentae without (B) or with (C) the injection of fluorescence-conjugated dextran. The fluorescent image in (B) serves as a
negative control for (C). (C) shows the examples of the fluorescent signals in placentae; the left shows the fluorescence signals whose
intensity is close to the mean intensity among the placentae analyzed, and the right shows a decrease in the fluorescence intensity by <0.6 of
the mean. (D, E) Classification of the placentae by fluorescence signals from the injected dextran. The fluorescence intensities used for the
classification and numbers of the placentae analyzed are shown in (E). n = 29 (PBS) and 32 (PSC-EPs) placentae. Chi-squared test for the
placentae that exhibited reduced fluorescence intensities by <0.8 of the mean in each group. *P < 0.05.

PBS: phosphate-buffered saline; PSC-EPs: PSC-derived cells with endothelial potential.

factors'®, and exhibit angiogenic factor imbalance. Further,
transplanted BM- or PB-derived EPCs, or mesenchymal
stem cells (MSCs) frequently release humoral factors that
may modulate angiogenesis.

We determined if IV injection of PSC-EPs affects angio-
genic or anti-angiogenic humoral factors in DBA/2-mated
CBA/J females. RNA was collected from individual healthy

and aborted deciduae, including placentae, from DBA/2-mated
CBA/J females at day 14.5 of pregnancy. The quality of RNA
extracted from the healthy or aborted deciduae did not substan-
tially differ, and RT-qPCR examined the genes in each sample.
Their expressions did not significantly differ between the
PSC-EP- and PBS-injected samples, except for Plgf (placental
growth factor) (Fig. 6A-D). Plgf'encodes the angiogenic factor
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BM: bone marrow; EPC: endothelial progenitor cell; PBS: phosphate-buffered saline; PSC-EPs: PSC-derived cells with endothelial potential.

but was lower in the PSC-EP-injected samples than the controls
(Fig. 6C). We also examined the systemic sFlt1 protein levels
at day 14.5 by ELISA and found no differences (Fig. 6E).
Therefore, the PSC-EPs prevent a fetal loss without affecting
the angiogenic factor balance at day 14.5 in the model mice.
Also, the treatment effect of PSC-EPs may be independent of
their ability to secrete the humoral factors. This latter finding

may differ from what was observed with BM- or PB-derived
EPCs, or MSCs.

Discussion

Using newly established ESC lines, we showed here that
IV injection of PSC-EPs increased blood supply to the
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placenta images. Mean (short blue bar) + SD (long blue bars). n = 3 for each group (number and density). For diameter, n =57 (PBS) vs. n =

96 (PSC-EPs). t-test. *P < 0.05; **P < 0.01.

GFP: green fluorescent protein; PBS: phosphate-buffered saline; PSC-EPs: PSC-derived cells with endothelial potential.

placenta and decreased fetal resorption in the DBA/
2-mated CBA/J female mice. The three-dimensional recon-
struction of tiling Z-stack images of decidua uncovered
massive fetomaternal neovascularization induced by the
injection. Remarkably, the injected PSC-EPs seemed to

directly form the spiral arteries, suggesting their ability
to migrate, colonize, and establish the functional neovas-
culature in the decidua, which, in turn, increased blood
supply to the placenta. However, our decidua reconstruc-
tion analyses have only provided a rough insight into the
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PBS: phosphate-buffered saline; PSC-EPs: PSC-derived cells with endothelial potential.

injected cell contribution to spiral artery formation. There-
fore, further investigations, with microscopic and flow
cytometric analyses of deciduae as recently reported*’, are
required to answer how and what degree PSC-EPs contrib-
ute to the blood vessel formation.

Our results here suggest that IV injection of cells with
endothelial potential may effectively treat certain types of
human miscarriage. Although we generated and used the ESCs,
instead of iPSCs, as PSCs in this study, many studies confirmed

that high-quality ESCs and high-quality iPSCs do not differ in
their functionality (e.g., Ref. *?). Furthermore, unlike other
sources (e.g., BM), PSCs could readily provide sufficient num-
bers of cells to treat pregnant women suffering from recurrent
miscarriage. Therefore, we believe our protocol with human
iPSCs could become the foundation of a promising treatment
for recurrent miscarriage in clinical practice.

Cells on day 4 of the endothelial cell differentiation cul-
ture were intravenously injected into pregnant mice. Almost
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all the day 4 differentiated cells weakly incorporated
Ac-LDLs. Additionally, they efficiently formed
vascular-like structures within 24 h under a particular con-
dition in vitro despite the low abundance of CD31+ cells.
These results suggest that majority of the cells in the differ-
entiation culture may be at a very early endothelial stage but
have substantial endothelial potential.

However, the day 4 cultures also contained undifferen-
tiated ESCs, as judged by expression of pluripotent markers,
and may have other cell types, but not hematopoietic cells, in
mesoderm lineages. Therefore, identification and purifica-
tion of the cell population that reduces the fetal resorption
rate upon IV injection are the next steps toward the clinical
use of this treatment. Alternatively, removing undifferen-
tiated ESCs, which may form teratomas, from the culture
before transplantation is another way to realize this treatment
in clinical practice while maintaining the effectiveness of the
treatment. A long-term checkup of female mice and their
newborn pups after PSC-EP injection is also required to
evaluate any adverse effects of the treatment before consid-
ering a clinical trial.

The mouse model used in this study exhibits several fea-
tures of human miscarriage and preeclampsia. In preeclamp-
sia in humans, based on the “two-stage disorder” theory>*->,
failure of spiral artery remodeling (stage 1) subsequently
causes several adverse events®’>*, such as placental
hypoxia/ischemia and angiogenic factor imbalance®>~®, and
they eventually lead to the disease outcomes (stage 2)°*.
Perhaps the worst episode among possible disease outcomes
may be a miscarriage37, and it happens before 20 weeks of
pregnancy. In the other milder episodes, embryos could sur-
vive beyond 20 weeks, and symptoms of preeclampsia may
be manifested after 20 weeks. However, different from
humans, since mice exhibit multiple pregnancies, the preg-
nancy continues even if some of the embryos die, and both
miscarriage and preeclampsia-like phenotypes may appear
in the same mouse.

Indeed, the insufficient blood supply to the placenta
caused by an impairment of spiral artery remodeling results
in a fetal loss in the mouse models'*'>. In our study, about
30% of the placentae analyzed exhibited hypoperfusion at
day 10.5. This hypoperfusion might occur by abnormally
immunologically activated NK cells in the decidua, as was
observed in the other model mouse'®. The abnormally acti-
vated NK cells kill the TGCs that induce spiral artery remo-
deling. Therefore, it is striking that the PSC-EP injection
increased the number, diameter, and density of spiral arteries
in the decidua. These increases in fetomaternal neovascular-
ization may be one reason for the amelioration of the fetal
loss by increasing blood supply to fetus in the DBA/2-mated
CBA/J females. The other possibility is that the cells injected
may affect immune responses to the fetus in the mother that
is the leading cause of fetal loss. The aberrant immune
responses directly damage the fetus by activating the
complement-coagulation system®’ or kill TGCs, leading to
the impairment of spiral artery remodeling as described

above. In any case, whether the PSC-EP injection affects the
immune reactions, NK cells, and TGCs warrants further
investigation.

Before our IV protocol here, some treatments for miscar-
riage and preeclampsia had been proposed using the same
mouse model. The mice were treated with statins’, thrombo-
modulin'®, or the complement C3 inhibitor''. These treatments
reduced fetal resorption rates and the expression levels of sFlt1,
a negative regulator of angiogenesis, by counteracting the
abnormally activated complement-coagulation system®’. The
reduced expression of sFlt1 in the placenta and serum may be
one of the main factors that ameliorate the preeclampsia phe-
notypes, including fetal growth restriction. Indeed, the treat-
ment with pravastatin or thrombomodulin enhances fetal
growth in the models™'®. However, sFlt] may not be involved
in the fetal resorption because sFlt1 transgenic mice models do
not exhibit fetal loss'®!”.

In stark contrast to those, our protocol did not signifi-
cantly alter sFltl levels at day 14.5. Consistently, the
PSC-EP injection did not enhance fetal growth by day 18.5,
although it reduced the resorption even at day 18.5 as same
as day 14.5 (Supplemental Fig. 2D, E). Since statins and
thrombomodulin were injected several times into mice, in
contrast to the one-time injection of PSC-EPs in this study,
modifying the PSC-EP injection protocol may prevent the
fetal growth restriction and other preeclampsia phenotypes
in this model. Alternatively, the observations suggest that
our protocol and the other proposed treatments differ in how
they prevent fetal loss. Therefore, our protocol may have
synergistic therapeutic effects on miscarriage and pree-
clampsia, in conjunction with the other treatments. Indeed,
BM-derived EPCs showed a synergistic effect with throm-
bomodulin to treat hindlimb ischemia mice®®. The synergis-
tic therapeutic effects deserve further investigation.

Since the first mouse ESCs were reported in 1981374,
they have been used in several fields, including mouse
genetic engineering, and become indispensable materials for
post-genome research and regenerative medicine research®'~
43 Development of the LIF+2i culture condition® enabled
us to derive several ESC lines from various mouse strains,
such as NOD and DBA**. Indeed, ESC lines were also gen-
erated from CBA/CA under a similar condition**. However,
as far as we know, CBA/J-derived ESC lines have never
been reported. Although both CBA/CA and CBA/J origi-
nated from CBA mouse, their differences are too significant
to be histocompatible®’, prompting us to derive ESCs from
CBA/J-mated female CBA/J. Because CBA/J mice specifi-
cally exhibit several disease phenotypes, including miscar-
riage and renal tubulointerstitial lesions*®, the mouse ESCs
we established may contribute to the several fields in which
the disease phenotypes are involved.

Previous reports, including ours'”, showed that the trans-
plantation of cord blood-, PB-, or BM-derived EPCs pro-
motes neovascularization that ameliorates the disease
phenotypes, including hindlimb ischemia, in several animal
models*’™*°. Additionally, some clinical trials with
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PB-derived EPCs or BM mononuclear cells containing EPCs
showed the effectiveness of the therapeutic angiogenesis for
limb ischemia’®>!. However, additional hurdles must be
crossed before clinical practice using therapeutic angiogen-
esis. First, only a limited number of EPCs can be collected
from a patient. Second, the functionality of the collected
EPCs is unclear, and they may exhibit the treatment effects
by producing soluble humoral factors that modulate angio-
genesis or by modulating immune reactions in donors.

Our protocol can produce an unlimited number of cells, as
many as we need for transplantation. Also, we showed that
the intravenously injected PSC-EPs seem to form spiral
arteries robustly without affecting the humoral factor expres-
sions, suggesting their outstanding ability in neovasculariza-
tion. However, in this study, we did not examine if the
injected PSC-EPs impact the mothers’ immune responses,
which is strongly involved in the fetal loss in this mouse
model as described. Thus, we cannot exclude the possibility
of immunological effects of our protocol. Furthermore, the
expressions of the secreted factors, including sFltl, vary
depending on gestation stages analyzed (e.g., Ref. ®). There-
fore, in addition to the direct effects of the PSC-EPs on
neovascularization, their effects on immunomodulation and
the secreted factor expressions warrant further investigation
to apply them for clinical applications.

The differentiation protocol we used was developed to
differentiate human PSCs to endothelial cells*'. It took only
4 days after starting the differentiation to prepare cells for
the injection. Thus, one can easily apply the same protocol
for preparing human PSC-EPs for clinical use. Although
some discrete subjects described above need to be addressed,
we envision using a treatment based on our protocol for
recurrent miscarriage and preeclampsia in clinical practice
in the near feature.
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