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Abstract

Rationale: Primary ovarian insufficiency (POI) normally occurs before age 40 and is associated with infertility.
Hormone replacement therapy is often prescribed to treat vasomotor symptom, but it cannot restore ovarian
function or fertility. Stem cell therapy has been studied for the treatment of POIl. However, the application of
live stem cells has suffered from drawbacks, such as low cell retention/engraftment rate, risks for
tumorigenicity and immunogenicity, and lack of off-the-shelf feasibility.

Methods: We developed a therapeutic ovarian regenerative patch (ORP) that composed of clinically relevant
hydrolysable scaffolds and synthetic mesenchymal stem cells (synMSCs), which are microparticles encapsulating
the secretome from MSCs. The therapeutic potency of ORP was tested in rats with cisplatin induced POI
injury.

Results: In vitro studies revealed that ORP stimulated proliferation of ovarian somatic cells (OSCs) and
inhibited apoptosis under injury stress. In a rat model of POI, implantation of ORP rescued fertility by restoring
sexual hormone secretion, estrus cycle duration, and follicle development.

Conclusion: ORP represents a cell-free, off-the-shelf, and clinically feasible treatment for POI.

Key words: primary ovarian insufficiency, ovarian regenerative patch, regenerative medicine, mesenchymal
stem cells, acellular therapy, fertility

Introduction

The prevalence of primary ovarian insufficiency
(POI) is as high as 3.7% in worldwide and is defined
by the deficiency of ovarian function before 40 [1, 2]. It
is characterized by amenorrhea (> 6 months) in the
setting of elevated follicle-stimulating hormone (FSH)
level and a hypo- or eugonadism [3]. Women affected
by POI fail to undergo the pubertal transition and
suffer from vasomotor symptoms, sleep disturbance,
genitourinary syndrome, reduced skin elasticity,
emotional irritability, increased risks for cardio-

vascular disease, and infertility [4]. Current strategies
for POI treatment include improving life qualities,
such as adopting healthy lifestyle behaviors, hormone
replacement therapy (HRT) and puberty induction
[5]. However, these treatments fail to reverse ovarian
functions, such as female sex hormone levels,
follicular development, or ovulation [6]. Therefore,
efficient strategies designed to restore ovarian
physiology would benefit POlI-affected patients [7].
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Stem cell therapy holds great potentials for
regenerative treatment of POI [8-10]. Abundant
evidence in preclinical [11, 12] and clinical [13]
research indicated that MSCs repair injured ovaries
through a paracrine mechanism. MSCs had been
established as a progressing therapeutic for POI
treatment by releasing paracrine of regenerative
factors [12, 14, 15]. However, the clinical application
of stem cell therapy has been hampered by many
intrinsic limitations including the risk of immuno-
genicity and tumorigenicity [16, 17]. Stem cell-derived
secretome has been studied as an alternative to stem
cells [18, 19]. The challenge is how to deliver
secretome to ovaries with effective retention and
minimal invasiveness [20]. To solve those problems,
we designed an ovarian regenerative patch (ORP) by
embedding synthetic mesenchymal stem cells
(synMSCs) into a clinically approved surgical pelvic
scaffold (SPS) (Figure 1A). After that, we evaluated
the physicochemical mechanical and biological
properties for ORP both in wvitro and in wvivo.
Additionally, risks of ORP implantation, therapeutic
efficacy and long-term outcomes were assessed in an
established rat model of POI [21, 22].

Methods

Design of study

Our research aimed to produce an off-the-shelf
ORP to rescue ovarian function in POI and overcome
barriers that have prevented the use of living stem
cells to treat POI (Figure S1). ORPs were fabricated by
embedded Polylactic glycolic acid (PLGA) which is
encapsulated secretomes derived from MSCs
(synMSCs) into a decellularized surgical pelvic
scaffold (SPS). We characterized the 3D structures,
releasing properties, and therapeutic potency of ORP.
In vivo, a rat POl model was used to explore the
distribution, biocompatibility, safety, efficacy and
potential mechanism of ORP therapy. Animals were
set in control or treatment groups randomly. Ovarian
function, fertility and histology were evaluated for
therapeutic effects. Animal work was allowed by the
Institutional Animal Care and Use Committee at the
North Carolina State University.

Preparation of synMSCs

Human umbilical cord MSCs (Huc-MSCs)
(Cyagen, CA, USA) were cultured as previously
described [30]. Briefly, the Huc-MSCs were cultured
with 10% fetal bovine serum (FBS) media in incubator
with an environment of 5% CO; and 37 °C. When the
density of cells was 80-90%, we washed cells by
changing FBS-free media every 30 mins with PBS
raise. Three days later, the conditioned media was
collected, then cell debris and contaminants were

removed by filtering through a 0.22 pm filter. Next,
the sterilized conditioned media was stored at -80 °C
for 24 hours before lyophilization (LABCONCO
FreeZone 2.5 Liter Freeze Dry System) for purifing
Huc-MSCs secretomes. To fabricate the synMSCs, we
used PLGA as a nontoxic building block for sustained
release. SynMSC was fabricated by a protocol of
double emulsion followed by membrane extrusion
[20]. Briefly, Huc-MSCs secretomes as the internal
aqueous phase in 0.1% poly-vinyl alcohol (PVA) were
injected into dichloromethane (DCM) contained
PLGA as oil phase. Then, the whole content was
sonicated for seconds under a 4 °C environment.
Then, the emulsion was injected into solution of 0.7%
PVA immediately. The secondary emulsion was
emulsified for 12 min on a high-speed homogenizer
for the final water/oil/water (w/o/w) mixture. Then,
to promote solvent evaporation, magnetic bar stirred
it continuously overnight. For microscopic
examination, we used PLGA-Rhodamine B (Nanosoft
Polymers, NSP, NC, USA). Solidified synMSCs were
stored at =80 °C until use. The diameters of synMSCs
were 5-10 pm.

Fabrication and characterization of ORP

SynMSCs were fabricated by encapsulating
secretomes  derived from  Huc-MSCs into
biodegradable PLGA microparticles [23, 24]. SynMSC
achieves its therapeutic function via mimicking the
paracrine activities of natural cells [23]. The surgical
pelvic scaffold [25] was reported as oxidized
regenerated cellulose that can safely reduce the
clinical relevant consequences of local wound
bleeding and tissue adhesions [26]. To prepare the
ORP, the synMSCs were suspended in ethyl instead of
phosphorylated buffer saline (PBS) or water to avoid
SPS (Gynecare Interceed Adhesion Barrier, Johnson
and Johnson) hydrolyzation during embedding
procedure. Then, the synMSCs suspension (200 pL,
5x108/ml) was added on the SPS (1.0 x 1.5 cm) and
immediately placed in vacuum chamber until ethyl
completely evaporated (10 repeated cycles per SPS).
We labeled scaffolds with fluorescein isothiocyanate
isomer (FITC) (Sigma, MO, U.S.) and prelabeled
synMSCs with Rhodamine B for microscopic
visualization. Images were taken from the
fluorescence microscope (Olympus IX81).

Scanning Electron Microscope (SEM)

The morphology of the ORP was visualized via
scanning electron microscopy (SEM). Briefly, samples
were coated with a thin golden layer and mounted on
an aluminum stub. Then, samples were scanned and
imaged under a scanning electron microscope (JEOL
6010LA SEM, JEOL Ltd., Japan).
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ORP Releasing experiment

We measured the weight of ORP with an
electronic scale after dehydration at each time point
(0, 6, 12, 18, 24, 72, 120, 144h). The total protein
concentration was measured by protein quantitation
assays (Thermo Scientific, MA, USA). Growth factors
including GDF-9 (Detection range: 2.2 ng/mL - 500
ng/mL, Raybiotech Inc, GA, U.S.), VEGF (Assay
range: 0.32 pg/mL -25000 pg/mL, Thermo Scientific,
MA, US.), TGF-B (Assay range: 31 pg/mL -2,000
pg/mL, Thermo Scientific, MA, US.), and HGF
(Assay range: 63 pg/mL -4,000 pg/mL, Thermo
Scientific, MA, U.S.) were detected by ELISA kit.

Isolation of ovarian somatic cells

Ovaries from rats were placed in cold, sterile PBS
containing 1% gentamicin immediately after
removing from the animals. Then, ovaries were cut
into small pieces and placed in 2% collagenase IV for
an hour to dissociate. Next, the same volume of
medium contained 20% FBS was used to terminate the
dissociation. After centrifuge, the supernatant was
removed and the pellets were resuspended with a
medium containing 10% FBS. The cells were
transferred to T-175 flasks and culture at 37 °C
incubators, with 5% CO,. The media was replaced
every 24 hours, and after five days, the cells were
subjected to flow cytometry for characterization of
ovarian somatic cells (OSCs).

Rat model of POI

Animal care and experimental protocols were
done in accordance with the Institutional Animal Care
and Use Committee (IACUC) of North Carolina State
University. Cisplatin is a class of alkylating agents
that cross-linking bases in DNA strands and results of
cell death via disruption of DNA function [27]. POI
was induced in 5-7 week female Sprague-Dawley rats
(Charles River Laboratories) by injecting cisplatin (2.5
mg/kg/d, 22-515-0, Fisher, USA) for seven
consecutive days [28]. Control rats were injected with
saline. Estrous cyclicity was used to monitor ovarian
function and to confirm the establishment of rat POI
model.

Examination of estrous cycles

Vaginal smears were used to determine estrous
cycling. Briefly, rats were subjected to vaginal lavage
for five consecutive days. We defined the estrous
cycle as previously reported [29]. Proestrus is defined
as equal leukocytes and elongated nuclear epithelium.
Estrus is defined as most large cornified epithelial
cells; Metestrus is defined as similar number of
leukocytes, elongated nuclear epithelium and large

cornified epithelial cells. Diestrus is defined as
leukocytes mostly.

ELISA for rat hormone

Tail vein blood was collected from the rats at
baseline and three weeks after treatments. Serum was
separated using centrifugation. The concentrations of
serum FSH (Assay range: 1 ng/mL- 25 ng/mlL,
89-100-589, Fisher, USA), E2 (Assay range: 20 pg/ml -
2000 pg/ml, abl108667, Abcam, USA) and AMH
(Assay range: 0.164 ng/ml - 40 ng/ml, ab267629,
Abcam, USA) were measured with ELISA kits.

Ovary morphometry and follicle examination

Ovaries were harvested and cut into 5 pm
sections, and every fifth section was used for
assessing ovarian histology after H&E staining. A
Path Scan Enabler IV slide scanner (Advanced
Imaging Concepts, USA) took low power field
images. The total account of follicles in each section
was counted and the percentage of all types of
follicles was calculated respectively. The categories of
follicles can be defined as primordial when it
possessed an oocyte around a single layer of flat
squamous granulosa cells; primary when it possessed
an oocyte surrounded by a layer of cuboidal
granulosa cells; secondary when it possessed an
oocyte surrounded by more than two layers of
granulosa cells, and atretic when a single large space
showed. TEM scanning was performed by the
Analytical Instrumentation Facility (AIF) of North
Carolina State University. After collecting, the
samples were fixed in a mixture of 4%
paraformaldehyde and 1% glutaraldehyde, followed
by embedding and sectioning, the TEM images were
acquired.

Flow cytometry

To characterize the phenotype of Huc-MSCs,
OSCs and OSCs apoptosis, flow cytometry
performing undergoes a Beckman Coulter flow
cytometer (Brea, CA). Huc-MSCs were characterized
by primary antibodies, including CD29 (ab30394),
CD31 (ab119339), CD105 (ab107595), CD34 (ab81289),
CD90 (ab226), and CD45 (ab10558). All antibodies
were acquired from Abcam. FSHR (22665-1-AP,
Thermo  Fisher  Scientific)y was used for
characterization of OSCs. ANNEXIN V-FITC
apoptosis kit (K101-100, Biovision) was used for
apoptosis assay by referring to the manufacturer
manual (V13242, Thermo Fisher).

Immunohistochemistry (IHC)

Ovarian  cryo-sections were fixed by
paraformaldehyde (PFA) solution, then blocked with
blocking solution that contains 0.01% saponin
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(Sigma-Aldrich). Primary antibodies of FHSR (1:200,
22665-1-AP, Thermo Fisher), Ki67 (1:200; 14-5698-82,
invitrogen), and CD31 (1:200, ab119339, abcam)
diluted in protein a blocking solution were incubated
with the sections overnight at 4 °C. After washing
with PBS, Alexa Fluoro-488 and Alexa Fluoro-594
conjugated secondary antibodies were incubated with
the samples for 2 hours at room temperature. Nuclei
were counterstained using Prolong Gold with DAPI
(P36935, Thermo Fisher). TUNEL assay was
performed using a commercial kit (G3250, Promega).
Fluorescent images were captured from a confocal
laser scanning microscope (Olympus, FV3000). Bright
field images were acquired by using Echo Revolve
microscope (ECHO, United States).

Statistical analysis

Statistical analysis was performed using
GraphPad Prism software (Version 9.0.1, GraphPad
Software, United States). Data were expressed as
mean * SD, at least three independent tests were
performed in each study, and similar results were
acquired. Comparison between two groups was
performed with a two-tailed, unpaired Student’s t
test. One way-ANOVA was used for comparison of
more than three groups followed with Bonferroni test.
Differences were considered statistically significant
when P < 0.05.

Results

Fabrication and characterization of ORP

Consistent with previous reports [29, 31, 32],
Huc-MSC purification was achieved and verified by
immunocytochemistry (ICC) and flow cytometry of
cell biomarker expression (Figure S2A and B).
SynMSCs were fabricated using PLGA to encapsulate
the secretome derived from Huc-MSCs as described
in our previous work [16]. Here, we embedded
synMSCs in the hydrolysable SPS via ethyl
volatilization method (Figure 1A). The count of
synMSCs on one ORP was more than 1000 million.
Scanning electron microscope (SEM) demonstrated
that SPS structure change was neglectable before and
after synMSC embedding (Figure 1B). synMSCs were
found present throughout the depth of the SPS
(Figure 1C, S3, and Video S1). Weight change analysis
of ORP indicated that it was hydrolyzed in six days
(Figure 1D). The release function ORP was evaluated
by measuring the cumulative release of total protein
and growth factors, including growth differentiation
factor-9 (GDF-9), transforming growth factor-p
(TGE-P), vascular endothelial growth factor (VEGEF),
and hepatocyte growth factor (HGF) (Figure 1D). We
found an initial increase followed by a sustained
release of each hormone for more than 144 hours.

These results suggested that ORP achieved
sustainable growth factor release plateau along with
structure hydrolyzation in about six days.

Regenerative effects of ORP in vitro

OSCs were isolated from ovarian follicles in
adult female Sprague Dawley (SD) rats [33, 34].
Follicle-stimulating hormone receptor (FSHR) is a
transmembrane marker on OSCs [35]. Immunocyto-
chemistry (ICC) staining of FSHR confirmed the
identity of OSCs (Figure 2A). Flow cytometry of FSHR
showed that the purity of isolated OSCs was above
90% (Figure 2B). In this study, we treated OSCs with
cisplatin to establish an in vitro model of POI [35].
OSC injury was confirmed by flow cytometry on
ANNEXIN-V-FITC/PI apoptosis detection (Figure
2C, D). To test the therapeutic potency of ORP in vitro,
cisplatin injured OSCs (ciOSCs) were treated with
ORP for 24 hours and then analyzed via ANNEXIN-
V-FITC/PI staining and FACS flow cytometry, and
ICC staining of Ki67, a marker of cell proliferation
(Figure 2C-F). The percentage of live, dead cells and
Ki67 positive cells were quantified respectively.
Compared to the control group, both ORP and
synMSCs  treatment significantly enlarged the
proportion of live OSCs and reduced apoptotic OSCs
proportion (Figure 2C, D). Treatment with SPS or
empty ORP did not have such effects (Figure 2C, D).
The number of Ki67 positive proliferating cells was
also increased by ORP treatment (Figure 2E, F).
Treatment with synMSCs had similar results. These
results showed that treatment with ORP protects
OSCs from cisplatin-induced apoptosis. Similar
results were obtained using ovarian epithelial cells
(Figure S4). Taken together, ORP effectively improved
proliferation and reduced apoptosis in ovarian
granulosa and epithelial cells.

Successful establishment of a rat model of POI

Estrus cycle stage, animal body weight, and
serum reproductive hormone including estradiol (E»),
follicle-stimulating hormone (FSH) and anti-
miillerian hormone (AMH) were evaluated before
and after POl induction (Figure S5). The result
showed that all animals had a regular estrus cycle that
lasted 4-5 days (Figure S5B, C), and their body weight,
and serum E; FSH, and AMH levels were not
significantly different (Figure S5D). After cisplatin
treatment, rats lost body weight (Figure S5D), and got
different estrous cycles that were characterized by
fewer proestrus and estrus events and significantly
more time in metestrus and diestrus (P < 0.01) (Figure
3B). Additionally, cisplatin treatment decreased E:
and AMH, but increased FSH (Figure S5D). All these
data suggest the establishment of rat POI model.
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Figure 1. Fabrication and characterization of ORP. (A) Schematic showing the method of ORP production. (B) Representative SEM images showing the cross-sectional
view of ) SPS, Scale bar: 100 pym. Il) synMSCs, Scale bar: 5 pm. Ill) ORP low magnification, Scale bar: 10 pm. IV) ORP high magnification, Scale bar: 5 pm. (C) Representative
fluorescence micrographs showing ORP composed of SPS (green) and synMSCs (red), Scale bar: 50 pm. (D) Quantitative analysis of ORP weight (n = 3), the cumulative release
of total protein, growth differentiation factor-9 (GDF-9), transforming growth factor-3 (TGF-), vascular endothelial growth factor (VEGF), and hepatocyte growth factor (HGF)
from ORP were analyzed by ELISA (n = 3). All data are presented as mean * SD. SPS, surgical pelvic scaffold, synMSC, synthetic mesenchymal stem cell, ORP LM, ovarian
regenerative patch low magnification, ORP HM, ovarian regenerative patch high magnification.

Minimally invasive delivery of ORP to the rat
ovaries

In previous studies, therapeutics for ovary were
usually delivered through laparotomy [36]. To mimic
the clinical laparoscopy for female pelvic surgery, the
rats were subjected to three minimal incisions
(diameter < 0.5 cm; upper midline and the left and
right lower abdomen) for synMSC injection or ORP
implantation (Figure 3A). The intraabdominal photos

and videos showed a practical process of minimal
invasive ORP implantation (Figure 3B and Video S2).
The exploratory laparotomy suggested that ORP was
fully degraded 14 days after implantation (Figure 3C).

ORP boosts retention of synMSC on the rat
ovaries
To understand the advantages of ORP

implantation over direct synMSC injection in vivo, we
transplanted ORP that assembled with Rhodamine B

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 18

8899

prelabeled synMSCs via laparoscopy in rat with POL.
The control animals were injected with equal amount
of Rhodamine B prelabeled synMSCs. To detect the
retention of synMSCs, we traced the fluorescent
signals for 14 days after ORP implantation. The
ovaries and uterus were harvested at indicated
timepoints after ORP implantation or synMSC
injection (Figure 4A and B). These results showed that
the injected synMSCs were washed away as soon as
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Biocompatibility of ORP in rats with POI

Clinical trials and evidence-based medicine have
confirmed the biocompatibility and safety of [37, 38].
The biocompatibility of synMSCs has been tested in
our previous studies [20, 39]. In this study, we tested
the biocompatibility of ORP by implantation of ORPs
beneath the dorsal dermis of a healthy rat with an
intact immune system. Then, all the layers of skin
were harvested for Hematoxylin and Eosin (H&E)
(Figure S6A) and IHC analysis (Figure S6B) 7 days
after implantation. The results showed that there was
minimal immune cell infiltration.
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Therapeutic effects of ORP

To test the therapeutic effects of ORP, we
randomly assigned rats into six groups (n = 5),
including healthy controls, POI rats, and POI rats
treated with synMSCs, SPS, empty ORP or ORP
(Table S1). All treatments were performed 3 days after
the chemical induction of POI. Estrous cycle stage,
body weight, and serum reproductive hormone levels
were assessed 14 days after treatment. Compared to
other treatments groups, ORP treated POI rats have
similar body weight, FSH, E» and AMH levels
compared to the healthy controls (Figure 5A-D). In
addition, ORP treated rats spent less time in diestrus
(Figure 5E). These results suggested that ORP
implantation rescued ovarian function.
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Figure 5. ORP treatment restores normal hormone production and estrus cycling. (A) Animal body weight before and after treatment (n = 5). Quantitative analysis
of serum hormone level FSH (B), E2 (C) and AMH (D) before and after treatment (n = 5). (E) Duration of estrous cycle stage before and after treatment (n = 5). All data are
presented as mean * SD. NS indicates P > 0.05, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and # indicates P < 0.0001.
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Figure 6. ORP treatment rescues fertility in POI rats. (A) Schematic showing the timeline of mating, delivery of pups and termination point after treatment. (B)
Ultrasound image of fetus detection (via fetal heart detected) to confirm pregnancy. (C) The percentage of pregnancy (n = 5). (D) Count of pups after delivery (n = 5). (E)
Histological image of newborn rat pups from control and ORP treated rats. Scale bar = 2mm. (F) Weight of offspring in healthy control and ORP from birth to day 120. All data
are presented as mean * SD. Student’s t-test for comparison between two groups and one-way ANOVA for comparison among more than two groups. NS indicates P > 0.05,

* indicates P < 0.05.

The outcomes of pregnancy and live birth were
critical for evaluation of fertility and ovarian function
[40]. All groups of rats mated with healthy adult male
rats for one week (Figure 6A). Two weeks later,
pregnancy was confirmed by ultrasound scanning of
embryo and fetal heartbeats (Figure 6B and Video S3).
The result showed a rate of pregnancy for 80% and
60% in healthy control group and POI treated ORP
group (Figure 6C). There was no pregnancy detected
in rats treated with cisplatin alone or with synMSC,
SPS or empty ORP treatment. All pups were counted
at the time of delivery. The control group delivered 34
live pups (6, 12, 6, 10, respectively), while POI injured
rats with ORP treatment group delivered 26 live pups
(9, 7, 10, respectively). No rat got pregnant, neither

pup delivered in all other groups. There is no
difference between control and ORP-treated rats.
However, there are significant differences between
ORP and other treatment groups (Figure 6D and
video S4). Additionally, no malformations or gross
anomalies were detected in pups delivered by control
or ORP treated mother rats. Growth curves of control
and ORP treated offspring were similar in a 120-day
follow-up.

H&E staining revealed that ovaries from each
group revealed follicles in different stages, such as
primordial, primary, secondary and atretic follicles
(Figure 7A). Rats with chemically induced POI had
significantly fewer primordial follicles, indicating
reduced ovarian reserve function (Figure 7B). The
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percentage of primary follicles and secondary follicle
among total follicles in ORP treated rats was also
significantly higher than rats with chemically induced
POI as well as other treatment groups (Figure 7B).
Moreover, the percentage of atretic follicles among
total follicles in ORP treatment group was
significantly lower than other cisplatin treated groups
(Figure 7B). In contrast, the percentage of atretic
follicles in ORP treated group was not significantly
different than the healthy control group. With TEM
imaging, we assessed microanatomy of ovaries of POI
rats with or without synMSCs treatment. Treatment
with synMSCs increased the numbers of granulosa

Normal control

POI

§

Percentage of
8
1

primordial follicles

Percentage of
secondary follicles

Percentage of
primary follicles

Percentage of

cells and the intracellular organelles (Figure S7).
Consistent with the rescue of ovarian hormone
secretion, these data suggest both synMSCs and ORP
attenuate the adverse effects of cisplatin on ovarian
cellular constituents. Taken together, these results
suggested the therapeutic effects of ORP to improved
ovarian outcomes after injury.

Potential mechanisms underlying ORP
treatment in rats with POI
To explore the potential mechanisms of the

treatment effects of ORP, we performed Terminal-
deoxynucleotidyl Transferase Mediated Nick End

Empty ORP ORP

atretic follicles

mm Healthy control ==aPOlI injury control c=9SynMSCs == SPS == Empty ORP == ORP

Figure 7. ORP treatment increases number of primary and secondary follicles and reduces the percentage of antral follicles. (A) Ovarian follicles in
different groups 66 days after treatment. Arrows indicate primordial follicles (red arrows), primary follicles (yellow), secondary follicle (blue) and atretic follicles (black)
respectively. Scale bar = | mm. Scale bar (zoomed snapshot) = 200 pm. (n = 5). (B) Quantitative analysis of primordial, primary, secondary and atretic follicles in different
groups (n = 5). All data are means * SD. Comparisons among groups were performed using one-way ANOVA followed by post hoc Bonferroni test. The comparisons between
samples are indicated by lines, and the statistical significance is indicated by asterisks above the lines. NS indicates P> 0.05. * indicates P < 0.05, ** indicates P < 0.01, *** indicates

P < 0.001, and # indicates P < 0.0001.
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Labeling (TUNEL) assay to detect cell apoptosis in all
groups (Figure 8A). The result indicated that ORP
treatment significantly reduced apoptosis of OSCs
which is detected by FSHR, compared with other
cisplatin treated groups (Figure 8B). Cell proliferation
was assessed via IHC of Ki67 (Figure 8C). The result
showed that Ki67 expression in ovaries with ORP
implantation was significantly higher than other
treatment groups. These data suggest that ORP
treatment reduced the adverse effects of cisplatin on
proliferation of OSCs (Figure 8D). Usually, reduced
stromal blood flow coincides with ovarian
dysfunctional [41]. Blood perfusion is essential for
developing follicles and oocyte quality. To measure
angiogenesis, the expression of endothelial cell
marker CD31 (Figure S8A) in all animal groups were
compared. ORP treatment group expressed more
CD31 than other groups, which suggested that ORP

A FSHR TUNEL DAPI
Healthy Control

synMSCs

Empty ORP

C FSHRKi67 DAPI

enhanced angiogenesis and improved the
hemoperfusion (Figure S8B). Altogether, implantation
of ORP reduced OSCs apoptosis, enhanced
proliferation of OSCs, and increased angiogenesis in
cisplatin-induced POL

By comparing the RNA-seq data of ovaries from
the cisplatin-injured rats and ORP treated rats, we
listed out the upregulated and downregulated genes
after treatment and performed the Metascape Gene
List Analysis according to the literature [42]. As we
can see from Figure 9A, ORP treatment led to an
enhanced expression of genes in response to growth
factors and metabolic hormone process. In addition,
ORP favors the development of vascular development
after the damage. In Figure 9B, we can see that ORP
reduced cisplatin-induced upregulation of genes that

adversely affect free radical formation and
inflammation.
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Figure 8. ORP treatment reduces OSC apoptosis, and increases OSC proliferation and angiogenesis. (A) TUNEL cell* (green) was detected in control, POl injury,
synMSCs, SPS, empty ORP or ORP. Scale bar: 200 ym; Scale bar (zoomed snapshot) = 40 um. (B) Quantitative analysis of TUNEL* cells per high-power field (HPF) (n = 5). (C)
Ki67+ (green) cells on the follicles. Scale bars: 200 pm; Scale bars (zoomed snapshot) =40 ym. (D) Quantitative analysis of Ki67* cells per HPF (n = 5). Image ] software were used
for quantitative data assessment. All data are means * SD. Comparisons among groups were performed using one-way ANOVA followed by post hoc Bonferroni test. The
comparisons between samples are indicated by lines, and the statistical significance is indicated by asterisks above the lines. * indicates P < 0.05, *** indicates P < 0.001, and#

indicates P < 0.0001.
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gene lists, colored by p-values. (C) Schematic illustration of the mechanism underlying ORP treatment.

Discussion

Over the past decades, stem cell therapies have
been proposed as a promising treatment for POI
patients [41, 43]. Huc-MSC has been reported effective
for POI treatment via restoration of ovarian function
[44]. However, direct implantation of live cells may
increase the risk of developing carcinoma and
immune reactions. Stem cell-derived secretome has
been studied widely as an alternative treatment that
restored serum level of FSH and E; in rats with
iatrogenic POI [13] and augmented fertility in
advanced reproductive aged animals [12]. The clinical
application of these secretomes is still hampered by

the issue of in vivo retention and sustainable release
[45, 46].

Patching up the tissues represented a sustained
delivery manner for therapeutics [47]. In this study,
we fabricated a fully acellular ORP by embeding
synMSC particles in a widely used SPS. New
approach of ORP adopts a “particle in matrix”
depending on the proven helpful effects of synMSCs
and SPS. SynMSCs achieved their function via
mimicking the paracrine process of live MSCs [23].
GDF-9 can influence the differentiation of all follicle
compartments, such as oocytes, granulosa cells and
theca cells. The ovaries from newborn GDF-9
knockout mice, isolated oocytes cannot recruit the
surrounded OSCs to form follicles [48]. TGF-p
signaling pathway contributes multiple functions for
the mammal ovaries. When inhibin and activin were
knocked out, TGF-p family ligands, secreted from
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OSCs, caused an increasing number of ovarian
function deficiency because of interference in the
regulation between pituitary and ovaries. In both
murine and humans, AMH, a TGF-f family ligand, is
an ovarian growth factor, can regulate the recruitment
of primordial follicles and the sensitivity of FSH in
follicle development [49]. VEGF has been
demonstrated to enable for arteriogenesis and
improve development of granulosa cells by increasing
the vessels of length, area, and branches [50]. HGF can
inhibit apoptosis on OSCs and oocytes to improve
vascular area growth, which contributes to ovarian
function [51]. The SPS scaffold was a widely used
material for reducing clinical relevant consequences
of local wound bleeding and tissue adhesions [26].

ORP treatment protected ovarian function by
rescue of female sex hormones, estrous cycling,
follicle development and fertility. We observed
increased numbers of ovarian follicles when we
delivered ORP in cisplatin-treated POI rats. However,
it is unclear if ORP treatment rescued or prevented
oocyte and granulosa cells from cell death or if there
was regeneration of ovarian follicles subsequent to
cisplatin-induced POI. However, a healthy woman
can ovulate 400-500 oocytes in her life span, fully
developed and ovulated follicles is less than 1% in
total primordial follicles [22]. So, therapies to improve
oocyte quality and follicle development are the key to
solve the problem.

The rat model of chemically induced POI is a
limitation of this work. Pilot studies in a nonhuman
primate may offer more information about the utility
of ORP in humans. To understand the molecular
biological mechanisms by which ORP therapies
attenuate the adverse effects of cisplatin on ovarian
reserve and function. Additionally, the duration of
Huc-MSC secretome releasing and ORP degradation
need to be optimized in vivo. Nevertheless, our
present study presents a highly effective and clinically
feasible new therapeutic strategy for POL.

Abbreviations

AMH: anti-miillerian hormone; DCM: dichloro-
methane; FSH: follicle-stimulating hormone; FSHR:
Follicle-stimulating  hormone  receptor;  FITC:
fluorescein isothiocyanate isomer; FBS: fetal bovine
serum; GDF-9: growth differentiation factor-9; HRT:
hormone replacement therapy; Huc-MSCs: human
umbilical cord mesenchymal stem cells; E»: estradiol;
HGF: hepatocyte growth factor; IACUC: Institutional
Animal Care and Use Committee; ORP: ovarian
regenerative patch; OSCs: ovarian somatic cells;
PLGA: polylactic-co-glycolic acid; PBS:
phosphorylated buffer saline; POIL: Primary ovarian
insufficiency; PVA: poly (vinyl alcohol); SPS: surgical

pelvic scaffold; synMSCs: synthetic mesenchymal
stem cells; SEM: scanning electron microscopy;
TUNEL: Terminal-deoxynucleotidyl = Transferase
Mediated Nick End Labeling; TGF-B: transforming
growth factor-p; VEGEF: vascular endothelial growth
factor.

Supplementary Material

Supplementary video S1.
http:/ /www.thno.org/v11p8894s1.mp4
Supplementary video S2.
http:/ /www.thno.org/v11p8894s2.mp4
Supplementary video S3.
http:/ /www.thno.org/v11p8894s3.mp4
Supplementary video S4.
http:/ /www.thno.org/v11p8894s4.mp4

Acknowledgments

This work was performed, in part, at the
Analytical Instrumentation Facility (AIF) at North
Carolina State University, which is supported by the
State of North Carolina and the NSF (award number
ECCS-1542015). This work made wuse of
instrumentation at AIF acquired with the support
from the NSF (DMR-1726294). The AIF is a member of
the North Carolina Research Triangle
Nanotechnology Network (RTNN), a site within the
National Nanotechnology Coordinated Infrastructure
(NNCI).

Funding

This work was financially supported by NC State
College of Veterinary Medicine, American Heart
Association, and Beijing Dongcheng Department of
Science, Technology and Information (BJ-2019-103 to
Shaowei Wang).

Author contributions

K.C, SW., S.Z. and D.Z. designed the study.
S.Z., Z.L. and D.Z. performed the experiments. G. N.
P. helped with edits and the experimental design and
provided clinical perspective. S.Z., Z.L., KH, S.-H.,
HL., MX, XM, and J.L. analyzed the results and
wrote the manuscript. All the authors contributed to
the overall scientific interpretation and edited the
manuscript.

Data and materials availability

All data needed to evaluate the conclusions in
the paper are present in the paper and/or the
Supplementary Materials. Additional data related to
this paper may be requested from the authors.

Competing Interests

The authors have declared that no competing

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 18

8907

interest exists.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Coulam CB, Adamson SC, Annegers JF. Incidence of premature ovarian
failure. Obstet Gynecol. 1986; 67: 604-6.

Golezar S, Ramezani Tehrani F, Khazaei S, Ebadi A, Keshavarz Z. The
global prevalence of primary ovarian insufficiency and early
menopause: a meta-analysis. Climacteric. 2019; 22: 403-11.

De Vos M, Devroey P, Fauser BCJM. Primary ovarian insufficiency. The
Lancet. 2010; 376: 911-21.

Ossewaarde ME, Bots ML, Verbeek AL, Peeters PH, van der Graaf Y,
Grobbee DE, et al. Age at menopause, cause-specific mortality and total
life expectancy. Epidemiology. 2005; 16: 556-62.

Nelson LM. Clinical practice. Primary ovarian insufficiency. N Engl J
Med. 2009; 360: 606-14.

Wu X, Cai H, Kallianpur A, Li H, Yang G, Gao J, et al. Impact of
premature ovarian failure on mortality and morbidity among Chinese
women. PLoS One. 2014; 9: e89597.

Bentzen JG, Forman JL, Larsen EC, Pinborg A, Johannsen TH, Schmidt L,
et al. Maternal menopause as a predictor of anti-Mullerian hormone
level and antral follicle count in daughters during reproductive age.
Hum Reprod. 2013; 28: 247-55.

Chen H, Liu Y, Li P, Zhu D. RE: Novel Role of FBXW7 Circular RNA in
Repressing Glioma Tumorigenesis. Journal of the National Cancer
Institute. 2018.

Zhao YX, Chen SR, Su PP, Huang FH, Shi YC, Shi QY, et al. Using
Mesenchymal Stem Cells to Treat Female Infertility: An Update on
Female Reproductive Diseases. Stem Cells Int. 2019; 2019: 9071720.
Sheikhansari G, Aghebati-Maleki L, Nouri M, Jadidi-Niaragh F, Yousefi
M. Current approaches for the treatment of premature ovarian failure
with stem cell therapy. Biomed Pharmacother. 2018; 102: 254-62.

Liu F, Hu S, Yang H, Li Z, Huang K, Su T, et al. Hyaluronic Acid
Hydrogel Integrated with Mesenchymal Stem Cell-Secretome to Treat
Endometrial Injury in a Rat Model of Asherman's Syndrome. Adv
Healthc Mater. 2019; 8: €1900411.

Yang W, Zhang ], Xu B, He Y, Liu W, Li ], et al. HucMSC-Derived
Exosomes Mitigate the Age-Related Retardation of Fertility in Female
Mice. Mol Ther. 2020; 28: 1200-13.

Ding L, Yan G, Wang B, Xu L, Gu Y, Ru T, et al. Transplantation of
UC-MSCs on collagen scaffold activates follicles in dormant ovaries of
POF patients with long history of infertility. Sci China Life Sci. 2018; 61:
1554-65.

Hong L, Yan L, Xin Z, Hao J, Liu W, Wang S, et al. Protective effects of
human umbilical cord mesenchymal stem cell-derived conditioned
medium on ovarian damage. ] Mol Cell Biol. 2020; 12: 372-85.
Khanmohammadi N, Sameni HR, Mohammadi M, Pakdel A,
Mirmohammadkhani M, Parsaie H, et al. Effect of Transplantation of
Bone Marrow Stromal Cell- Conditioned Medium on Ovarian Function,
Morphology and Cell Death in Cyclophosphamide-Treated Rats. Cell J.
2018; 20: 10-8.

Tang J, Shen D, Caranasos TG, Wang Z, Vandergriff AC, Allen TA, et al.
Therapeutic microparticles functionalized with biomimetic cardiac stem
cell membranes and secretome. Nat Commun. 2017; 8: 13724.

Zhu D, Li Z, Huang K, Caranasos TG, Rossi JS, Cheng K. Minimally
invasive delivery of therapeutic agents by hydrogel injection into the
pericardial cavity for cardiac repair. Nat Commun. 2021; 12: 1412.
Huang K, Hu S, Cheng K. A New Era of Cardiac Cell Therapy:
Opportunities and Challenges. Advanced Healthcare Materials. 2019; 8:
1801011.

Zhang S, Zhu D, Mei X, Li Z, Li ], Xie M, et al. Advances in biomaterials
and regenerative medicine for primary ovarian insufficiency therapy.
Bioact Mater. 2021; 6: 1957-72.

Luo L, Tang J, Nishi K, Yan C, Dinh PU, Cores ], et al. Fabrication of
Synthetic Mesenchymal Stem Cells for the Treatment of Acute
Myocardial Infarction in Mice. Circ Res. 2017; 120: 1768-75.

Herraiz S, Buigues A, Diaz-Garcia C, Romeu M, Martinez S,
Gomez-Segui I, et al. Fertility rescue and ovarian follicle growth
promotion by bone marrow stem cell infusion. Fertil Steril. 2018; 109:
908-18 e2.

Huhtaniemi I, Hovatta O, La Marca A, Livera G, Monniaux D, Persani L,
et al. Advances in the Molecular Pathophysiology, Genetics, and
Treatment of Primary Ovarian Insufficiency. Trends Endocrinol Metab.
2018; 29: 400-19.

Tang JN, Cores ], Huang K, Cui XL, Luo L, Zhang JY, et al. Concise
Review: Is Cardiac Cell Therapy Dead? Embarrassing Trial Outcomes
and New Directions for the Future. Stem Cells Transl Med. 2018; 7: 354-9.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Huang K, Ozpinar EW, Su T, Tang J, Shen D, Qiao L, et al. An
off-the-shelf artificial cardiac patch improves cardiac repair after
myocardial infarction in rats and pigs. Sci Transl Med. 2020; 12.

Nordic ~ Adhesion Prevention Study G. The efficacy of
Interceed(TC7)**Johnson & Johnson AB, Stockholm, Sweden. for
prevention of reformation of postoperative adhesions on ovaries,
fallopian tubes, and fimbriae in microsurgical operations for fertility: a
multicenter studyttPresented at the Meeting of The American Fertility
Society conjointly with the Canadian Fertility and Andrology Society
October 11 to 14, 1993, Montreal, Quebec, Canada.}}Sponsored by
Johnson & Johnson AB, Stockholm, Sweden. Fertility and Sterility. 1995;
63:709-14.

ten Broek RPG, Stommel MW]J, Strik C, van Laarhoven CJHM, Keus F,
van Goor H. Benefits and harms of adhesion barriers for abdominal
surgery: a systematic review and meta-analysis. The Lancet. 2014; 383:
48-59.

Jang H, Na Y, Hong K, Lee S, Moon S, Cho M, et al. Synergistic effect of
melatonin and ghrelin in preventing cisplatin-induced ovarian damage
via regulation of FOXOB3a phosphorylation and binding to the p27(Kip1)
promoter in primordial follicles. ] Pineal Res. 2017; 63.

Wang Z, Wang Y, Yang T, Li ], Yang X. Study of the reparative effects of
menstrual-derived stem cells on premature ovarian failure in mice. Stem
Cell Res Ther. 2017; 8: 11.

Mohamed SA, Shalaby SM, Abdelaziz M, Brakta S, Hill WD, Ismail N, et
al. Human Mesenchymal Stem Cells Partially Reverse Infertility in
Chemotherapy-Induced Ovarian Failure. Reprod Sci. 2018; 25: 51-63.
Wang HS, Hung SC, Peng ST, Huang CC, Wei HM, Guo Y], et al.
Mesenchymal stem cells in the Wharton's jelly of the human umbilical
cord. Stem Cells. 2004; 22: 1330-7.

Song D, Zhong Y, Qian C, Zou Q, Ou J, Shi Y, et al. Human Umbilical
Cord Mesenchymal Stem Cells Therapy in Cyclophosphamide-Induced
Premature Ovarian Failure Rat Model. Biomed Res Int. 2016; 2016:
2517514.

Zhu SF, Hu HB, Xu HY, Fu XF, Peng DX, Su WY, et al. Human umbilical
cord mesenchymal stem cell transplantation restores damaged ovaries. |
Cell Mol Med. 2015; 19: 2108-17.

Brewer M, Wharton JT, Wang ], McWatters A, Auersperg N, Gershenson
D, et al. In vitro model of normal, immortalized ovarian surface epithelial
and ovarian cancer cells for chemoprevention of ovarian cancer. Gynecol
Oncol. 2005; 98: 182-92.

S. STOKLOSOWA JBaEG. Some Morphological and Functional
Characteristics of Cells of th Procine Theca Interna in Tissue Culture.
Biology of reproduction. 1978; 19: 712-9.

Sun L, Li D, Song K, Wei J, Yao S, Li Z, et al. Exosomes derived from
human umbilical cord mesenchymal stem cells protect against
cisplatin-induced ovarian granulosa cell stress and apoptosis in vitro. Sci
Rep. 2017; 7: 2552.

Ghahremani-Nasab M, Ghanbari E, Jahanbani Y, Mehdizadeh A, Yousefi
M. Premature ovarian failure and tissue engineering. J Cell Physiol. 2020;
235: 4217-26.

Ahmad G, Duffy JMN, Farquhar C, Vail A, Vanderkerchove P, Watson
A, et al. Barrier agents for adhesion prevention after gynaecological
surgery. Cochrane Database of Systematic Reviews; 2008.

Ahmad G, OFlynn H, Hindocha A, Watson A. Barrier agents for
adhesion prevention after gynaecological surgery. Cochrane Database
Syst Rev. 2015: CD000475.

Su T, Huang K, Ma H, Liang H, Dinh PU, Chen J, et al. Platelet-Inspired
Nanocells for Targeted Heart Repair After Ischemia/Reperfusion Injury.
Adv Funct Mater. 2019; 29.

Lai D, Wang F, Yao X, Zhang Q, Wu X, Xiang C. Human endometrial
mesenchymal stem cells restore ovarian function through improving the
renewal of germline stem cells in a mouse model of premature ovarian
failure. ] Transl Med. 2015; 13: 155.

Yang Z, Du X, Wang C, Zhang J, Liu C, Li Y, et al. Therapeutic effects of
human umbilical cord mesenchymal stem cell-derived microvesicles on
premature ovarian insufficiency in mice. Stem Cell Res Ther. 2019; 10:
250.

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O,
et al. Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun. 2019; 10: 1523.

Herraiz S, Pellicer N, Romeu M, Pellicer A. Treatment potential of bone
marrow-derived stem cells in women with diminished ovarian reserves
and premature ovarian failure. Curr Opin Obstet Gynecol. 2019; 31:
156-62.

Yang Y, Lei L, Wang S, Sheng X, Yan G, Xu L, et al. Transplantation of
umbilical cord-derived mesenchymal stem cells on a collagen scaffold
improves ovarian function in a premature ovarian failure model of mice.
In vitro Cell Dev Biol Anim. 2019; 55: 302-11.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 18 8908

45. Li J, Mao Q, He ], She H, Zhang Z, Yin C. Human umbilical cord
mesenchymal stem cells improve the reserve function of perimenopausal
ovary via a paracrine mechanism. Stem Cell Res Ther. 2017; 8: 55.

46. Zhu D, Cheng K. Cardiac Cell Therapy for Heart Repair: Should the
Cells Be Left Out? Cells. 2021; 10.

47. Zhu D, Hou J, Qian M, Jin D, Hao T, Pan Y, et al. Nitrate-functionalized
patch confers cardioprotection and improves heart repair after
myocardial infarction via local nitric oxide delivery. Nat Commun. 2021;
12: 4501.

48. Otsuka F, McTavish K], Shimasaki S. Integral role of GDF-9 and BMP-15
in ovarian function. Mol Reprod Dev. 2011; 78: 9-21.

49. Yu C, Zhou JJ, Fan HY. Studying the Functions of TGF-beta Signaling in
the Ovary. Methods Mol Biol. 2016; 1344: 301-11.

50. Shin SY, Lee JY, Lee E, Choi J, Yoon BK, Bae D, et al. Protective effect of
vascular endothelial growth factor (VEGF) in frozen-thawed granulosa
cells is mediated by inhibition of apoptosis. Eur ] Obstet Gynecol Reprod
Biol. 2006; 125: 233-8.

51. Beilmann M, Birk G, Lenter MC. Human primary co-culture
angiogenesis assay reveals additive stimulation and different angiogenic
properties of VEGF and HGF. Cytokine. 2004; 26: 178-85.

http://lwww.thno.org



