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Asherman’s syndrome (AS) is characterized by intrauterine ad-
hesions or fibrosis resulting from scarring inside the endome-
trium. AS is associated with infertility, recurrent miscarriage,
and placental abnormalities. Although mesenchymal stem cells
show therapeutic promise for the treatment of AS, the molecu-
lar mechanisms underlying its pathophysiology remain un-
clear. We ascertained that mice with AS, like human patients
with AS, suffer from extensive fibrosis, oligo/amenorrhea,
and infertility. Human perivascular stem cells (hPVSCs) from
umbilical cords repaired uterine damage in mice with AS,
regardless of their delivery routes. In mice with AS, embryo im-
plantation is aberrantly deferred, which leads to intrauterine
growth restriction followed by no delivery at term. hPVSC
administration significantly improved implantation defects
and subsequent poor pregnancy outcomes via hypoxia induc-
ible factor loo (HIFlo)-dependent angiogenesis in a dose-
dependent manner. Pharmacologic inhibition of HIF1a activ-
ity hindered hPVSC actions on pregnancy outcomes, whereas
stabilization of HIF1a activity facilitated such actions. Further-
more, therapeutic effects of hPVSCs were not observed in uter-
ine-specific HIF1o-knockout mice with AS. Secretome analyses
of hPVSCs identified cyclophilin-A as the major paracrine fac-
tor for hPVSC therapy via HIFla-dependent angiogenesis.
Collectively, we demonstrate that hPVSCs-derived cyclophi-
lin-A facilitates HIF1o-dependent angiogenesis to ameliorate
compromised uterine environments in mice with AS, repre-
senting the major pathophysiologic features of humans with
AS.

INTRODUCTION

The human endometrium undergoes extensive remodeling that is
unparalleled in any other adult organ." Asherman’s syndrome (AS)
is characterized by intrauterine adhesions (IUAs) and/or fibrosis
caused by the destruction of the basal layer of the endometrium,>’
where endometrial stem/progenitor cells are believed to reside.’
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Thus, severe damage to this basal layer may destroy endometrial
stem/progenitor cells and result in the loss of regeneration potential.”
In fact, trauma to the endometrial basal layer can lead to the loss of a
functional endometrium and result in menstrual disturbances, such
as amenorrhea/oligomenorrhea.® AS is closely associated with infer-
tility, recurrent miscarriage, and placental abnormalities.”* The con-
ventional treatment for AS is hysteroscopic adhesiolysis followed by
estrogen therapy, which has been shown to significantly improve
fertility outcomes.” Nonetheless, the treatment of severe cases is
very difficult. Various modalities with conventional treatment have
been applied including vasoactive measures and growth factor(s).’
However, most of the treatments only achieve minor changes for
endometrial regeneration and subsequent pregnancy outcomes.” '

Autologous bone marrow-derived mesenchymal stem cells (BM-
MSCs) are considered the gold standard of MSC therapies to treat
various tissue injuries.'” However, due to the limited availability of
cells and/or reductions in growth and differentiation capacities with
age,"” there is a clear need for novel sources that have their own ben-
efits and bypass the disadvantages of autologous BM-MSCs. In this
aspect, perivascular stem cells derived from human umbilical cords
(hUC-PVSCs) are an attractive alternative due to the ease and nonin-
vasive method of harvesting large numbers of MSCs with a low risk of
infection."* Recently, human PVSCs (hPVSCs) were reported to be a
common ancestor of different types of MSCs,"” have greater prolifer-
ation and differentiation potentials than BM-MSCs, and have low

immunogenicity with good immunosuppressive properties.' '’
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The application of hPVSCs from various sources facilitates effective
regeneration of damaged tissues, including heart, skeletal muscle,
bone, and lung.'®*° Recently, human endometrial PVSCs were
shown to contribute to functional uterine regeneration in rat models
of partial uterine excision.”' Although a few pilot studies have sug-
gested that MSCs may facilitate regeneration of the damaged endo-
metrium in humans and rodent models with AS,***’
lecular mechanisms of beneficial effects of MSCs on the endometrium

underlying mo-

with AS still remain unclear. Here, we demonstrated that the endome-
trium with AS is functionally compromised so that embryo implanta-
tion is aberrantly delayed, which leads to intrauterine growth restric-
tion (IUGR) and miscarriage. Using pharmacologic and genetic tools,
we uncovered that hUC-PVSCs secrete paracrine factors, such as cy-
clophilin A (CYP-A), that improved compromised uterine environ-
ments via hypoxia inducible factor 1o (HIF1a)-dependent angiogen-
esis in mice with AS.

RESULTS

A Murine Model of AS Recapitulates Representative Histologic
and Molecular Features of AS in Humans

A murine model of AS was experimentally induced by a physical
insult to the uterine horns (Figure 1A). Histologic analyses of the
damage in these mice showed severe fibrosis with morphologic dis-
turbances in the uterine structures (Figure 1B). The gross histology
of traumatized uteri appeared to recover 2 weeks after the trauma.
However, the expression profiles of the molecular markers of fibrosis,
such as Collal, Timpl, transforming growth factor B1 (TgfB1), and
tumor necrosis factor alpha (Tnfe), demonstrated that the fibrosis-
associated pathologic conditions were thoroughly maintained in uteri
with AS at all days examined (Figures 1C and 1D). Fibrotic lesions,
which appear blue by Masson’s trichrome (MT) staining, and
COL1A1 (collagen) accumulation, which were observed by immuno-
fluorescence (IF) staining, were clearly evident in the endometrial tis-
sues from patients with AS but not from healthy women (Figure 1E).
These results suggest that the murine model of human AS used in this
study recapitulates the representative features of AS in humans.

hPVSCs Facilitate Regeneration and Reduce Fibrosis in the Uteri
of Mice with AS

We validated the fundamental features of hPVSCs as MSCs before we
examined the therapeutic potential of hPVSCs. FACS flow cytometer
analyses demonstrated that hPVSCs share general markers with other
MSCs, including CD317, CD34~, CD45~, CD44", and CD90". In
addition, hPVSCs have specific features, such as CD146" with a sub-
population of SSEA-4" (Figure S1A). hPVSCs successfully differenti-
ated into multiple lineages, as demonstrated by the appearance of
chondrogenic, adipogenic, and osteogenic properties (Figure S1B).

Molecular Therapy

To evaluate the therapeutic potential of hPVSCs, we administered
these cells to one of two AS uterine horns via intrauterine (IU) deliv-
ery and then examined histologic and molecular markers of fibrosis
(Figure 2A). IU delivery of hBM-MSCs was performed as a positive
control for MSC therapies on AS uteri. MT staining and COL1A1
IF staining showed that hPVSCs dramatically reduced fibrotic lesions
in damaged uteri. Furthermore, IF staining of KI-67, a cell prolifera-
tion marker, showed that hPVSCs promoted cell proliferation during
regeneration in AS uterine horns. Similar to hBM-MSCs, single IU
delivery of hPVSCs (1 x 10°) significantly dampened the increased
expression of fibrosis-associated factors in AS uteri at the mRNA
(Figure 2B) and protein levels (Figure 2C).

hPVSCs Improve the Chronic Impairment of the Uterine
Environment in Mice with AS

We established two protocols to evaluate the therapeutic function of
hPVSCs on pregnancy outcomes in mice with AS; namely, a single IU
delivery of 1 x 10° hPVSCs (group I, hPVSCs+) and a single TU de-
livery of 1 x 10° hPVSCs followed by three intraperitoneal (i.p.) de-
liveries (group II, hPVSCs+++). Then, the time to become pregnant,
the delivery rate, and the litter size were examined in mice with AS
(Figure 2D). As expected, sham controls took approximately 4 days
to conceive. However, a greater than 6-fold longer time period was
required for mice with AS to become pregnant (p < 0.01), suggesting
an oligomenorrhea-like phenotype. Both transplantation protocols
significantly reduced the time to conceive, although they did not
reach the level of the sham controls (Figure 2E). With regard to
delivery rate, none of the mice with AS (0/6) produced any
pups, whereas all sham controls (4/4) and mice with AS that were
administered hPVSCs delivered healthy pups (Figure 2F). Further-
more, the mean litter size was also significantly increased in mice
with AS that were administered hPVSCs (+ and +++ had 2.5 + 0.6
and 8.0 + 2.8 pups, respectively) in a dose-dependent manner
(Figure 2G).

Because chronic and recurrent IUAs with fibrosis could be the main
causes of infertility in patients with AS,*>**
examine whether these pathophysiological features persistently
interfered with uterine functions in our AS model. Thus, second
pregnancy outcomes of mice with AS were examined (Figure S2A).
Although the time to conceive the second pregnancy was shorter
than the time to conceive the first pregnancy in mice with AS, it
was still significantly longer (~3.5 times) than the sham controls
(Figure S2B). Accordingly, 66% (4/6) of mice with AS delivered
pups (Figure S2C), but the number of pups born (2.8 + 0.5 per
litter) was consistently lower than that in mice with AS that were
administered hPVSCs (6.0 + 0.4 per litter). Mice with AS that

it was imperative to

Figure 1. Murine Model of AS Recapitulates Representative Features of AS in Humans

(A) A schematic diagram to illustrate the induction and observation schedule for a murine model of human AS (n = 5 mice in each group). (B) Masson’s trichrome (MT) staining
3,7, and 14 days after uterine damage to evaluate the degree of the damage. Blue and red colors indicate collagen and cytoplasm, respectively. LE, luminal epithelium; GE,
glandular epithelium; S, stroma. Scale bar, 100 um. (C) Real-time RT-PCR analyses for relative mRNA levels of fibrosis-related factors in uteri with AS. *p < 0.05, **p < 0.01. (D)
Western blotting for COL1A1 and TGF-B1 proteins in AS uteri after damage. GAPDH was used as a loading control. (E) Comparison of MT staining and immunofluorescence
(IF) staining of COL1A1 in endometrial tissues from normal controls and AS patients (n = 3 patients in each group) and from AS uteri in mice. Scale bar, 100 um.
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were administered hPVSCs showed dose-dependent improvements
in pregnancy outcomes that almost reached the levels of the controls
(Figure S2D).

hPVSCs Improve Compromised Uterine Environments for

Timely Embryo Implantation to Subsequent Fetal Development
in Mice with AS

Recent studies have suggested that AS may cause infertility, miscar-
riage, and placental abnormalities.” This could be due to a subopti-
mal uterine environment that may not support timely embryo im-
plantation, leading to defective fetal development, including IUGR
followed by miscarriage.”” Successful embryo implantation occurs
around midnight on day 4.5 in mice,”® so embryo implantation in
mice with AS was examined on day 5 (Figure 3A). Blastocysts failed
to implant in mice with AS even on day 5, whereas distinct implan-
tation sites (IS) (shown as blue spots) were observed in uteri of
sham controls. Embryos could implant in AS uteri on day 6, but
some failed to develop and were absorbed on day 8 (Figure 3B).
Interestingly, embryos were successfully implanted on day 5 in
the uterine horn treated with hPVSCs, but not in the other horn
of mice with AS (Figure 3C). Blastocysts that failed to implant
were recovered from the uterine horn with AS. Immunohistochem-
istry for early growth response 1 (EGR1), as a marker of embryo im-
plantation in IS, reinforced that single IU delivery of hPVSCs before
pregnancy allowed normal embryo implantation in mice with AS on
day 5 (Figure 3D).

To further investigate this phenotype, we examined the number of
IS and the weights of embryos and their placentas in AS uteri on
day 12. Mice with AS had fewer IS (2.3 + 0.5 versus 8.8 + 0.5
IS/horn, p < 0.01) with retarded embryos (47.3 + 3.7 versus
83.7 £ 6.4 mg, p < 0.01) compared to controls on day 12. The
IU delivery of hPVSCs (1 x 10°) significantly increased the number
of IS in uteri with AS (3.8 + 0.5 versus 2.0 + 0.8 IS/horn, p < 0.05)
(Figure 3E). Higher numbers of hPVSCs (5 x 10°) produced higher
numbers of IS than in mice with AS administered 1 x 10° hPVSCs
(5.3 £ 0.7 versus 3.8 + 0.5, p < 0.01), suggesting a dose-dependent
therapeutic potential of hPVSCs for AS. Furthermore, hPVSCs
(5 x 10° effectively improved the ITUGR phenotype of embryos
in mice with AS (67.9 + 4.0 versus 47.3 + 2.9 mg, p < 0.01; Fig-
ure 3F). These results are consistent with partial but significant
restoration of retarded placental development in AS uteri by deliv-
ery of 5 x 10° hPVSCs (52.6 + 3.7 versus 43.0 + 3.4 mg, p < 0.05;
Figure 3G).

Molecular Therapy

hPVSCs Promote Uterine Regeneration via HIF1a-Dependent
Angiogenesis in AS Uteri

We next examined the mechanism of how hPVSCs promote uterine
regeneration in AS uteri at the molecular level. Because MSCs are
known to promote angiogenesis in various injured tissues, we first
investigated the expression profiles of proangiogenic factors in AS
uteri after delivery of hPVSCs. hPVSCs significantly increased the
mRNA expression of major angiogenic factors including Hiflc, insu-
lin-like growth factor-1 (Igf-1), and vascular endothelial growth factor
a (Vegf-a) (Figure 4A). Furthermore, the observed increase in ANG-
1-dependent TIE2 phosphorylation, which is needed for angiogen-
esis,”” is consistent with the increased levels of CD31 (an endothelial
cell marker) in AS uteri with hPVSCs (Figure 4B). Co-immunofluo-
rescence (colF) staining of CD31 and KI-67 reinforced that hPVSCs
significantly improved angiogenesis in impaired uteri (Figures 4C and
4D). The functional importance of HIF1a-dependent angiogenesis on
the restoration of AS uteri was further evaluated by administering
pharmacologic modulators of HIFla activity (Figures 4E and 4F).
A single IU administration of an HIFla inhibitor, echinomycin
(EC), dampened the beneficial effects of hPVSCs (1 x 10°%) on the
number of IS (3.75 + 0.25 versus 3.0 + 0.4/horn) on day 12. In
contrast, administration of an HIFla stabilizer, dimethyloxalylgly-
cine (DMOG), significantly increased the number of IS and embryo
weights in mice with AS. It is critical to mention that combination
therapy of hPVSCs with DMOG produced the best pregnancy out-
comes. To demonstrate directly that HIF1a.-dependent angiogenesis
is critical for hPVSCs to promote the functional restoration of uteri
with AS, we induced AS in uteri of Hifla-knockout (Hifl ozf/f,
Amhr2“*) mice, in which Hifla was specifically deleted in the uter-
ine mesenchyme (Figure S3A). Interestingly, we could not observe
therapeutic effects of hPVSCs on fibrotic lesions (Figure 4G) and
the expression of angiogenic factors (Figure S3B) in AS uteri deficient
of HIF1a.

hPVSCs Contribute to the Restoration of Impaired Uterus in a
Paracrine Manner

We then examined whether the i.v. delivery of hPVSCs promotes
uterine regeneration (Figure 5A). As shown in Figure 5B, not only
IU, but also i.v., delivery of hPVSCs significantly repaired fibrosis
in AS uteri. To further investigate the mode of action by which
hPVSCs affect AS uteri in vivo, we pre-labeled hPVSCs with fluores-
cent superparamagnetic iron oxide (SPIO) nanoparticles containing
iron for Prussian blue (PB) staining prior to i.v. delivery.”® As soon
as the SPIO-labeled hPVSCs were intravenously (i.v.) administered,

Figure 2. hPVSCs Act as MSCs to Promote Uterine Restoration in Mice with AS

(A) Comparative histological evaluation in AS uteri after intrauterine delivery of hPVSCs and hBM-MSCs. Endometrial morphology and immunoreactivity of COL1A1 and KI-67
were evaluated by hematoxylin and eosin (H&E) staining, MT staining, and/or IF staining. Green and yellow colors indicate COL1A1 and KI-67-positive cells, respectively; red
indicates nuclei in uterine cells. LE, luminal epithelium; GE, glandular epithelium; S, stroma. Scale bar, 50 um. (B) Real-time RT-PCR for fibrosis-related factors after hPVSCs
or hBM-MSCs transplantation. “p < 0.05, **p < 0.01. (C) Western blotting for COL1A1 and TGFB1 in AS uteri after hPVSCs or hBM-MSCs transplantation. GAPDH was used
as a loading control (n = 4 or 5 mice in each group). (D) A schematic diagram illustrating the experimental procedures to examine the therapeutic effects of hPVSCs on the
irregular reproductive cycle and poor pregnancy outcomes in mice with AS. +, IU delivery of hPVSCs (1 x 10%); +++,a single IU followed by three i.p. deliveries of hPVSCs (1 x
10%). (E-G) Therapeutic effects of PVSCs on time to conceive (E), delivery rate (F), and litter size (G) in the first pregnancies of mice with AS. The horizontal black lines represent
median values. Numbers above the bars indicate the number of mice that delivered live pup(s)/total mice examined. **p < 0.01.
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fluorescence was immediately observed in highly vascularized tissues,
such as spleen, kidney, liver, and female reproductive organs (data not
shown). PB staining revealed that iron-positive hPVSCs were simi-
larly detected in both sham and AS uterine horns at 1 and 3 h post-
i.v. delivery. However, 6 h after iv. delivery, significantly higher
numbers of PB-positive hPVSCs were detected in the injured uterine
horns (12.9% + 1.8% versus 3.6% + 1.7%, p < 0.01) compared to the
sham control horns (Figures 5C and 5D). hPVSCs were found only in
AS uteri after 7 days, although the proportion of hPVSCs in uterine
horns with AS was sharply decreased to less than 1% (0.458%). These
results suggest the homing effects of hPVSCs on the impaired uterus
contribute to uterine regeneration in a paracrine manner rather than
direct differentiation.

CYP-A Is Secreted from hPVSCs to Facilitate Angiogenesis for
Uterine Regeneration in Mice with AS

The results in Figure 5 prompted us to validate the paracrine actions
of hPVSCs on the uterus with AS. Medium incubated with hPVSCs
(hPVSCs-CM) in a serum-starved condition for 24 h itself had similar
positive effects on uterine fibrosis in mice with AS (Figure 6A). Pro-
teomic analyses of hPVSCs-CM were then performed to identify ma-
jor secreted factor(s) with therapeutic potentials on mice with AS us-
ing mass spectrometry. Compared to the culture medium of lung
fibroblasts, hPVSCs-CM had several unique spots (Figure 6B).
CYP-A was one of top scored proteins that were detected in
hPVSCs-CM (Table S1). Whereas CYP-A was barely produced in
hPVSCs, hBM-MSCs, and human adipose-derived MSCs under
normal culture conditions, it was abundantly produced in hPVSCs
and hBM-MSCs under the serum-starvation (Figure 6C). Interest-
ingly, CYP-A was predominantly secreted from hPVSCs but not
the other MSCs, suggesting that hPVSCs could provide more
CYP-A than other MSCs when administered. When recombinant
CYP-A (100 ng/mouse) was given to uterine horns with AS via IU de-
livery, it significantly reduced fibrotic lesions and expression levels of
fibrosis-associated factors at protein levels as competent as hPVSCs
and hPVSCs-CM (Figures 6A and 6D) although it did not disturb
the immune system and cause toxicity in general (Figure S4). colF
of CD31 and KI67 showed that CYP-A is as effective as hPVSCs at
facilitating endothelial cell proliferation in the uterus with AS (Figures
6E and 6F). Furthermore, western blotting showed that CYP-A, as
well as hPVSCs, promoted expression of proangiogenic factors
including HIFloe and ANG-1, and phosphorylation of TIE2 in the
uterus with AS (Figure 6G), suggesting that hPVSCs secrete CYP-A
to facilitate HIFla-dependent angiogenesis for uterine restoration
in mice with AS.

Molecular Therapy

DISCUSSION

MSC therapies have been applied to restore and improve the function
of the endometrium in patients with AS.****7*' To understand the
underlying mechanisms of beneficial effects of MSCs on impaired
endometrium in patients with AS, the uteri of mice or rats were phys-
ically’® or chemically’***
suggest that MSCs facilitate the expression of genes involved in cell

proliferation and uterine receptivity, and fertility in these murine
8,32,35

traumatized. While these previous studies

models,’
physiologic features of human patients with AS. We provide evidence
to support the idea that a physically traumatized mouse model of AS
recapitulates the major reproductive disturbances of human patients
with AS, including oligo-/amenorrhea, IUGR, and miscarriage (Fig-
ures 2 and 3). Histologically, the human endometrium in patients
with AS is observed to form dense fibrous strips and tends to increase
in thickness."” In addition, its increased expression levels of collagen 1
and TgfB1 favor firm adhesion formation,’® all of which were simi-
larly observed in our mouse model of AS (Figure 1).

it is still unclear whether they share the same patho-

Unsynchronized and/or improper interactions between the embryo
and the endometrium can make embryo implantation untimely de-
layed, which can lead to pregnancy loss in both humans®” and
mice.”® In humans, patients with AS also tend to have a higher risk
of IUGR during pregnancy compared to women with a healthy endo-
2439 TUGR occurs as a result of suboptimal fetal growth,
accompanied by an increased risk of neonatal morbidity.*’ In fact,
we observed a gradual decrease in the number of fetuses during the
progression of pregnancy and subsequent delivery failures in mice
with AS (Figure 3B). For the first time, we demonstrated that AS uteri
cannot provide a favorable environment to support successful em-
bryo implantation followed by postimplantation fetal development
(Figure 3). These data suggest that infertility of patients with AS
may come, at least in part, from poor embryo implantation.’® The
administration of hPVSCs before pregnancy significantly recovered

metrium.

compromised uterine milieu for embryo implantation (Figure 3), sug-
gesting a possibility that MSC therapy may help patients who suffer
from repeated implantation failure and recurrent spontaneous abor-
tion, as well as AS.

Angiogenesis is an important step in wound healing during menstru-
ation.*' HIF1a-dependent hypoxia is required for endometrial repair
after menstruation in humans and in a mouse model of simulated
menses."” Defective angiogenesis is strongly associated with poor de-
cidualization and could be a possible cause of recurrent pregnancy
loss.*’ Our results show that the expression of angiogenesis-related

Figure 3. hPVSCs Improve Compromised Uterine Environments for Embryo Implantation and Subsequent Developments in Mice with AS

(A) The number of implantation sites (ISs) were observed on days 5, 6, 8, and 12 of pregnancy (days 5, 6, 8, and 12; n = 4 or 5 mice in each group). +, IU delivery of hPVSCs
(1 x 106), +++, IU delivery of hPVSCs (5 x 10°). (B) Representative images of uteri with or without ISs in mice with AS on different days of pregnancy (days 5, 6, and 8). On day
5, ISs were not observed in mice with AS and unimplanted blastocysts were harvested. Embryo implantation did occur in these mice on day 6. Arrowheads indicate the ISs.
Onday 8, ISs were decreased in mice with AS and sites of spontaneous abortion were harvested (arrows). (C) The number of ISs in mice with AS on days 5, 6, and 8. Numbers
above the bars indicate the number of mice with ISs/total mice examined. (D) Immunohistochemical staining of EGR1 for ISs on day 5. (E) The number of ISs observed on day
12. (F) Representative images of embryos and a distribution graph of weights of embryos collected from ISs on day 12. (G) Placental histology and weight distribution of ISs on
day 12. The horizontal black lines represent the median values of weights of embryos (F) and their placentas (G). *p < 0.05, **p < 0.01.
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Figure 4. hPVSCs Facilitate HIF1«-Dependent Angiogenesis to Improve Fertility in Mice with AS

(A) Real-time RT-PCR of angiogenesis-related factors after hPVSCs transplantation. (B) Western blotting for HIF1a,, VEGF-A, ANG1, phosphorylated TIE-2 (pTIE-2), and
CD31 protein in uteri after hPVSCs transplantation. GAPDH was used as a loading control. (C) Co-immunofluoresence (colF) staining of CD31 and KI-67 in uteri 7 days after
hPVSCs transplantation. Blue, green, and red colors indicate CD31, KI-67, and nuclei, respectively. White arrowheads indicate proliferating endothelial cells (yellow nuclei).
Scale bar, 50 um. (D) Quantification of results in (C). (E and F) Improvement of pregnancy outcomes in mice with AS by administration of a HIF 1« stabilizer (DMOG) on day 12.
Graphs of the number of ISs (E) and embryo weights (F) on day 12 (n = 6-8 mice in each group). HIF1a. inhibitor, EC. The statistical significance of each group was evaluated
with AS group. *p < 0.05, **p < 0.01. (G) MT staining and IF staining of COL1A1 in AS uteri of uterine-specific Hif1 a-knockout (Hif1a”; Amhr2®®*) mice after hPVSCs
transplantation (n = 3 mice in each group). Green and red colors in the upper images indicate COL1A1 and nuclei, respectively. LE, luminal epithelium; GE, glandular

epithelium; S, stroma. Scale bar, 50 um.

factors was significantly increased in mice with AS after hPVSCs ther-
apy (Figures 4A and 4B). We also recently demonstrated that embry-
onic stem cell-derived MSCs promote their expression in AS uteri.**
In addition, hPVSCs overexpressing CYR61 promoted vascular
development and provided better restorative effects than parental
hPVSCs in rat models of partial uterine excision.”! However, these
previous studies did not provide direct evidence that angiogenesis is

a prerequisite for endometrial restoration in cases of AS. We found
that the administration of DMOG, a PHD inhibitor that stabilizes
? significantly improved
endometrial function during pregnancy in the absence of hPVSCs
(Figures 4E and 4F). This result suggests that the modulation of
HIFla itself could be a treatment option for human patients with se-

. e 4
HIFla even under normoxic conditions,

vere AS. Additionally, the transplantation of hypoxia-preconditioned
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Figure 5. hPVSCs Contribute to Uterine Regeneration in a Paracrine Fashion

(A) A schematic diagram illustrating the experimental procedures for the intravenous (i.v.) delivery of hPVSCs to mice with AS. AS was induced in one uterine horn while the
other horn served as the sham control in the same mouse (n = 4-6 mice in each group). (B) Observation of the antifibrotic functions of hPVSCs delivered i.v. into uteri with AS.
Gross histology with H&E staining and IF staining of COL1A1 and immunohistochemical staining of KI-67 in uteri with AS after i.v. delivery of hPVSCs. Green and red colors
indicate COL1A1 and nuclei, respectively. Brown indicates Kl-67-positive uterine cells. LE, luminal epithelium; GE, glandular epithelium; S, stroma, Scale bar, 100 um. (C)

Prussian blue (PB) staining of iron deposits to track hPVSCs in the uterus after i.v. delivery. Scale bar, 25 um. (D) Quantitation of PB-positive hPVSCs in the uterus after i.v.
delivery. *p < 0.05, **p < 0.01.
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Figure 6. CYP-A Secreted from hPVSCs Contributes Major Therapeutic Actions of hPVSCs on Uterine Restoration in Mice with AS

(A) Gross histology (H&E) and IF staining for COL1A1 in uterine sections of mice with AS after intrauterine delivery of hPVSCs, concentrated conditioned medium (CM) of
hPVSCs, and CYP-A. Scale bar, 100 um. (B) A schematic diagram and gel images of 2D electrophoresis of experiments with CM from hPVSCs and human lung fibroblasts.
CM was harvested after being incubated with cells in a serum-starved condition for 24 h. CM from hPVSCs had several unique spots compared to CM of lung fibroblasts
(numbers 1 to 9). (C) Western blotting for CYP-A in cells incubated under serum-contained (a) and -starved conditions (b), respectively, and CM (c) of (b). Note that CYP-Ais
predominantly secreted from hPVSCs among MSCs tested. (D) Representative images of western blotting and graphs for COL1A1 and TGF-B1 protein in mice with AS after
CYP-Atreatment (n = 4 or 5 mice in each group). *p < 0.05. (E) colF staining for CD31 and KI-67 in mice with AS after CYP-A treatment. Blue, green, and red colors indicate
CD31, KI-67, and nucleus, respectively. White arrows indicate KI-67 positive nuclei (yellow color) in endothelial cells. Scale bar, 25 um. (F) Graphs depicting the percentage of
KI-67 positive cells/CD31 positive cells counted. *p < 0.05. (G) Western blotting for HIF 1, VEGF-A, ANG1, TIE-2, pTIE-2, and CD31 in mice with AS after CYP-A treatment.
Note that CYP-A treatment itself significantly increases the expression of all angiogenesis-related factors tested in mice with AS (n = 6-8 mice in each group). Green and red
colors indicate COL1A1 and nucleus, respectively in (A) and (D). LE, luminal epithelial cells; GE, glandular epithelial cells; S, stromal cells.

MSCs exerted better therapeutic effects in mice with pulmonary
fibrosis and enhanced the survival rate of engrafted MSCs.** No ther-
apeutic effects of hPVSCs on the uterus of Hifl 7 Amhr27®* mice
(Figure 4G) clearly reinforces the hypothesis that HIF1a-dependent
angiogenesis is critical for uterine regeneration facilitated by MSCs
during physiologic and/or pathologic hypoxia.

The systemic i.v. delivery of BM-MSCs or uterine-derived cells pro-
vided better engraftment than local IU delivery in the injured uterine
horn.*® However, a difference between systemic i.v. and local TU de-
liveries of hPVSCs was not observed in this study (Figures 2 and 5).
Furthermore, i.p. delivery contributed to the morphologic and func-
tional restoration of injured uteri as well (data not shown). Although
transplanted BM-MSCs migrate to the injured endometrium and
differentiate into endometrial cells, the number of colonized MSCs

at the site of injury was disappointingly low (~0.4% in the uterine
horn).>*® These reports are consistent with our observation (Figure 5),
suggesting that the major contribution of MSCs is transient and
without efficient integration into the injured endometrium. Thus,
beneficial effects of MSCs appear to be elicited in a paracrine
manner.””** MSCs secrete various growth factors and cytokines
and could transfer exosomes to the injured tissue.”” Exosomes from
BM-MSCs may also promote the repair of injured endometria, similar
to the effects of BM-MSCs in rabbits.”! In CM of BM-MSCs, several
factors were identified as important regulators of angiogenesis,
including IGF-1 and VEGFs.>” Proteomic analyses of hPVSCs secre-
tome identified CYP-A as a paracrine factor secreted from hPVSCs to
promote HIF1a-dependent angiogenesis in mice with AS (Figure 6).
It should be noted that CYP-A promoted expression of all key angio-
genic factors, as well as functional restoration of the uterus with AS,
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suggesting that CYP-A may act as a primary regulator of uterine
regeneration.

CYP-A was initially known as an intracellular binding protein of the
immunosuppressive drug cyclosporine A. CYP-A has an activity of
peptidylprolyl cis-trans isomerase, which contributes to diverse func-
tions, including immune-modulation, cell signaling, and protein
folding and trafficking.” In addition to the intracellular roles,
CYP-A can be secreted as extracellular CYP-A (eCYP-A) to show
unique functions in response to various stimuli, such as inflamma-
tion, vascular injury, and hypoxia in vivo.”* Although eCYP-A is a
proinflammatory cytokine that promotes inflammation and has a
chemotactic effect on immune cells, such as monocytes and macro-
phages,” the biosafety of the concentration of CYP-A (5 mg/kg)
used in this study is assured by a recent study’® and Figure S4.
eCYP-A is a novel paracrine and autocrine modulator of endothelial
cells in immune-mediated vascular diseases.”” Contribution of
CYP-A to vascular remodeling was clearly shown in CYP-A knockout
mice and vascular smooth muscle cell (VMSC)-specific CYP-A over-
expression mice, where proliferation of VSMC was decreased and
increased, 1‘6:spe<:tively.38

CYP-A is remarkably overexpressed in multiple types of cancers
including lung, liver, and endometrial cancers. A recent study sug-
gests that CYP-A is upregulated by HIF1a in pancreatic ductal adeno-
carcinoma.” Moreover, chromatin immunoprecipitation analysis
shows that HIF1a can directly bind to the hypoxia response element
in the CYP-A promoter regions and regulate CYP-A expression.
Interestingly, another peptidylprolyl cis-trans isomerase, PINI,
directly binds to and stabilizes HIF10,*" suggesting a possibility of
positive feedback mechanisms between CYP-A and HIF1a for angio-
genesis in the uterus with AS. CYP-A promotes the recruitment of
BM-derived CD117" cells to tissues with ischemic injury.”’ We
showed that hPVSCs secrete eCYP-A and administration of recombi-
nant CYP-A increased promoted HIFla-dependent angiogenesis.
Thus, CYP-A derived from exogenous MSCs may facilitate the hom-
ing effect of endogenous BM-derived cells to the injured uterus with
AS to amplify signals required for uterine regeneration. Further
studies are strongly needed to evaluate the underlying mechanism
of the therapeutic actions of hPVSCs-derived CYP-A. In conclusion,
we demonstrate that hPVSCs secrete CYP-A to facilitate HIF1o.-de-
pendent angiogenesis, which is a prerequisite to correct compromised
uterine environment for timely embryo implantation and subsequent
complications associated with AS such as IUGR, spontaneous abor-
tion, and miscarriage.

MATERIALS AND METHODS

Mice

All mice used in this study were housed in the Animal Care Facility of
CHA University, according to the institutional guidelines for labora-
tory animals. This study was approved by the Institutional Animal
Care and Use Committee of CHA University (approval number
160100). All mice were housed under temperature- and light-
controlled conditions (12-h light:dark cycle) and fed ad libitum.
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Hif1o”/ mice were initially generated by Randall Johnson (UC-San
Diego Institute, CA, USA) and provided by the Jackson Laboratory
(Bar Harbor, ME, USA). Amhr2”* mice were generously provided
by Dr. Richard Behringer (MD Anderson Cancer Center, TX,
USA). Genotyping PCR was performed using genomic DNA extracts
from mouse tail biopsies with specific primers (Table S2).
Female reproductive tract-specific Hifla-knockout mice (Hiflo/”;
Amhr2*) were produced by breeding Hif1o/”/ mice with Amhr27®*
mice.

Experimentally Induced Murine Model of AS

Eight-week-old ICR female mice, provided by KOATECH (Pyeong-
taek, Gyeonggi, Korea) were used to induce a mouse model of AS, as
previously described with minor modifications.’® After administra-
tion of avertin by i.p. injection, a vertical incision was made in the
abdominal wall, and the uterus was exposed. A small incision was
made in each uterine horn at the uterotubal junction, and the
horn was traumatized in a standardized fashion using a 27-gauge
needle inserted through the lumen, which was rotated and with-
drawn 10 times. For cell transplantation, cells were directly injected
into mice with AS after 7 days. After cell transplantation in mice
with AS, the assessment of the therapeutic effects was carried out
at day 14.

Human Sample

MT and IF staining of human samples were performed using stored
human endometrial tissues, diagnosed as severe IUA or normal after
hysteroscopy, in the Department of Pathology of CHA Gangnam
Medical Center. This study was approved by the Institutional Review
Board (IRB approval number, GCI-19-12) of the CHA Gangnam
Medical Center.

Isolation and Culture of hUC-PVSCs

hUC tissues were obtained from full-term births after Caesarian sec-
tions with informed consent according to the guidelines approved by
the IRB at Kangwon National University Hospital (IRB approval
number: KNUH-2012-11-003-008). hUC-PVSCs were isolated and
cultured, as previously described.®?

Flow Cytometry

Single-cell suspensions were harvested from hUC-PVSCs cultures by
dissociation with 0.05% trypsin-EDTA and resuspended in 3% FBS/
PBS. The cells were filtered through a 70-pm filter and incubated
for 1 h at 4°C with the following fluorochrome-conjugated mouse
anti-human antibodies (1:1,000): CD34-fluorescein-isothiocyanate
(FITC), CD31-phycoerythrin (PE), CD45-allophycoerythrin (APC),
CD146-FITC, SSEA-4-FITC, CD44-APC, and CD90-APC (all BD
Biosciences, San Jose, CA, USA). Nonspecific immunoglobulin
Gs (IgGs) of the corresponding cells served as the negative controls.
After being immunoassayed, the cells were stained with 7-amino acti-
nomycin to exclude dead cells. Flow cytometric analysis was
performed using an Accuri C6 instrument (BD Biosciences), and ac-
quired data were analyzed using Flow]Jo software (Tree Star, Ashland,
OR, USA).
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Multilineage Differentiation of hUC-PVSCs

The multilineage differentiation potential of hUC-PVSCs was evalu-
ated, and the medium was changed every 3 days unless otherwise
indicated for all differentiation assays as previously described.®”

SPIO Labeling of hUC-PVSCs

A nontransfection-based method using SPIO (Molday ION Rhoda-
mine B; CL-50Q02-6A-50, 2 mg Fe/mL; BioPAL, Worcester, MA,
USA) was used to label hUC-PVSCs prior to transplantation into
mice. SPIO was added to the supplemented medium at a concentra-
tion of 50 ug/mL, and cells were incubated for 18 h. The images of
fluorescent tissues were obtained with Pear] Impulse animal imaging
system (LI-COR Biosciences, Lincoln, NE, USA). Cell engraftment
was assessed by intracellular iron deposit visualization after treat-
ment with SPIO using PB Iron Stain Kit (HT20; Sigma-Aldrich,
St. Louis, MO, USA). The spleens of untreated mice were used as
positive controls, and lungs were used as negative controls for
iron deposits.

Preparation of Conditioned Medium of MSCs

MSCs conditioned media (MSCs-CM) were prepared following a pre-
viously described protocol.”” To prepare MSCs-CM, we grew MSCs
(passage 1 to 3) to 80%-90% confluency in 75T culture flasks using
10% FBS supplemented complete MEMa. media. After they were
attached, the MSCs were washed once with PBS and twice with
serum-free MEMa. (SF-MEMa.) to remove any serum and switched
to SF-MEMa. MSCs were conditioned by exposing SE-MEMa. on
80%-90% confluent MSCs for 24 h under a standard culture condi-
tion. The resultant medium was collected, centrifuged at 500 x g
for 5 min, and filtered through 0.22 pm syringe filter (Millipore, Bur-
lington, MA, USA) as previously described®* to remove any cell
debris. The filtered media were concentrated by ultrafiltration using
3-kDa cutoff ultrafiltration membrane (Millipore) and protein con-
centration was measured by bicinchoninic acid (BCA) assay (Thermo
Fisher Scientific, Waltham, MA, USA). The filtrate was used in sub-
sequent experiments as CM.

Mass Spectrometry

To perform the liquid chromatography-tandem mass spectrometry
(LC-MS/MS), we determined MSCs-CMs with by Bradford assay.
Samples (500 pg) were applied to Immobiline Drystrips gels (pH
4-7, 18 cm, Amersham, Little Chalfont, UK) as a first dimension
of 2D electrophoresis. The second separation was performed on
7.5%-17.5% linear gradient polyacrylamide gels. The gels were fixed
with 40% methanol containing 5% phosphoric acid for 12 h and
then stained with colloidal Coomassie blue (Novex, San Diego,
CA, USA) for 48 h. Molecular mass was determined with a 10-
200 kDa standard protein marker (GIBCO, Basel, Switzerland) on
the right side of select gels. The gels were then destained with wa-
ter, scanned using a GS-800 imaging densitometer (Bio-Rad), and
the images analyzed with PDQuest software (Bio-Rad). Matrix-as-
sisted laser desorption ionization time-of-flight (MALDI-TOF)
analysis was used to identify protein bands (ProteomTech, Seoul,
Korea).

Histological Staining

The 4% PFA-fixed, paraffin-embedded uterine tissues were sectioned
and stained with hematoxylin and eosin (H&E) and MT. Uterine sec-
tions (5 pm) were deparaffinized and rehydrated. Endogenous perox-
idase was inactivated with 3% H,O,. Sections were subjected to anti-
gen retrieval in 0.01 M sodium citrate buffer (pH 6.0). Nonspecific
staining was blocked using protein block serum (Dako, Carpinteria,
CA, USA). Sections were then incubated with primary antibody at
4°C overnight. To confirm fibrosis in AS tissues, we performed
anti-COL1A1 (NB600-408, 1:200; Novus Biologicals, Charles, MO,
USA) staining. Angiogenesis was confirmed using anti-KI-67 anti-
body (abl16667, 1:200; Abcam, Cambridge, UK), and anti-CD31
(553370, 1:200; BD Bioscience). Uterine cells positive for CD31, KI-
67, and DAPI were counted. For statistical analysis, the capillary den-
sity (number of CD31" blood vessels and KI-67" nuclei) was calcu-
lated from at least 10 randomly selected fields of eight uteri. The
next morning, sections were incubated with secondary antibody for
1 h at room temperature. After three washes in PBS, sections were
counterstained and mounted. Images were obtained for microscopy
(Carl Zeiss, Oberkochen, Germany) and analyzed using ZEN software
(Carl Zeiss).

RNA Preparation, RT-PCR, and Real-Time RT-PCR

Total RNA was extracted from each uterine tissue using the Trizol re-
agent (Ambion, Carlsbad, CA, USA), according to the manufacturer’s
protocol. Two g of uterine total RNA was subjected to reverse tran-
scription (RT) using M-MLYV reverse transcriptase (Promega, Madi-
son, WI, USA) with random primers and the oligo dT primer for
cDNA synthesis. Synthesized cDNA was utilized for PCR with spe-
cific primers at optimized cycles (Table S3). For quantification of
expression levels, real-time RT-PCR was performed using the SYBR
green dye (iQ SYBR Green Supermix, Bio-Rad, Waltham, MA,
USA), as previously described.®>*° For comparison of transcript levels
between samples, a standard curve of cycle thresholds for several se-
rial dilutions of a cDNA sample was established and then used to
calculate the relative abundance of each gene. Values were then
normalized to the relative amounts of Rpl7 cDNA. All reactions
were performed in duplicate.

Western Blotting

Tissues were lysed in lysis buffer including PRO-PREP (iNtRON,
Seongnam, Korea) and 1 x phosphatase inhibitor (Roche Applied Sci-
ence, Indianapolis, IN, USA). The protein samples (20 pg/lane) were
then separated by 6%-15% SDS-PAGE, transferred onto a nitrocellu-
lose membrane (Bio-Rad), and blocked with 5% non-fat milk (Bio-
Rad) in TBS (Bio-Rad) containing 0.1% Tween 20 (Sigma-Aldrich).
Anti-collagen type I (Novus), anti-TGF-B1 (sc-130348, 1:1,000; Santa
Cruz, Dallas, TX, USA), anti-HIF1oe (NB100-479, 1:1,000; Novus),
anti-VEGF (ab46154, 1:1,000; Abcam), anti-ANG-1 (MABS8220,
1:1,000; R&D Systems, Minneapolis, MN, USA), anti-pTIE-2
(AF3909, 1:1,000; R&D Systems), anti-TIE-2 (AF762, 1:1,000; R&D
Systems), anti-CD31 (BD Biosciences), anti-tubulin alpha (T9026,
1:3,000; Sigma-Aldrich), and anti-GAPDH (#2118, 1:3,000; Cell
Signaling, Danvers, MA, USA) were used for western blotting
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analysis. The signals were developed using the ECL WB substrate kit
(Bio-Rad) and detected using Chemidoc XRS+ (Bio-Rad) with image
lab software.

Analyses of Embryo Implantation and Pregnancy Outcomes
Pregnancy was evaluated by the presence of a vaginal plug on the
next morning after breeding with a fertile male. Implantation sites
(ISs) were visualized by the i.v. injection of a Chicago blue dye so-
lution (1% in PBS) on days 5 and 6 of pregnancy (days 5 and 6),”
and the number of IS demarcated by distinct blue bands was re-
corded. The uteri of mice without ISs were flushed with medium
to recover unimplanted blastocysts. Recovered embryos were
observed under a dissecting microscope. ISs and embryos on days
8 and 12 were examined, as previously described, with some mod-
ifications.” Isolated day 12 ISs were weighed individually, fixed in
4% PFA overnight, and dissected to isolate the embryo and the
placenta. Isolated embryos and placentas were weighed individually,
and their images were captured to examine their size and gross
morphology. To evaluate reproductive performance, mice with AS,
with or without transplantation of hPVSCs, were individually
bred with fertile males. The numbers of pups in each litter were
recorded.

Pharmacological Modulators of HIF1a

Echinomycin (EC; HIFla inhibitor, 1 mg/kg, Bioviotica, Liestal,
Switzerland) or dimethyloxalylglycine (DMOG; PHD inhibitor;
HIFlo stabilizer; 8 mg, Enzo Life Sciences, Lausen, Switzerland)
was used to either inhibit or stabilize HIF1a activity in mice with
AS, respectively.

Recombinant Human Protein CYP-A
CYP-A (5 mg/kg; 100 ng/mouse, ProSpec, Ness-Ziona, Israel) was
locally delivered into the uterine horn(s) in mice with AS.

Evaluation of Immune Cell Profiles and General Toxicity after
Intrauterine Delivery of CYP-A

Whole blood was withdrawn 24 h after intrauterine delivery of PBS or
CYP-A (100 ng) into mice. Immune cell profiles and general toxicity
were immediately evaluated in these blood samples as described
previously.™

Statistical Analysis

All values represent the mean + SD. Statistical analyses were per-
formed using the Mann-Whitney U test for comparisons between
two groups and the Kruskal-Wallis ANOVA test for more than two
groups. Values of p less than 0.05 were considered statistically signif-
icant. GraphPad Prism version 5 software (GraphPad Software, La
Jolla, CA, USA) was used for statistical analyses.
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