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Abstract

Background Primary ovarian insufficiency (POI) refers to the loss of ovarian function under the age of 40 and results
in amenorrhea and infertility. Our previous studies have shown that transplantation of mesenchymal stem cells
(MSCs) and MSC-derived exosomes in chemotherapy-induced POI mouse ovaries can reverse the POl and eventually
achieve pregnancy. Based on our recent studies, MSC-derived exosomes have almost equal therapeutic potentials as
transplanted MSCs. However, it is still unclear whether exosomes can completely replace MSCs in POI treatment. For
the reliable application of cell-free treatment for POl patients using exosomes, there is a need to understand whether
there is any outcome and effectiveness difference between MSC and MSC-derived exosome treatment.

Methods Comparing the therapeutic effect of intravenous injection using MSCs and equal amounts of exosomes in
a POl mouse model will reveal the difference between the two therapeutic resources. In this study, we induced POI
in C57/BL6 mice by chemotherapy (CXT) using a standard protocol. We then injected four different doses of MSCs or
equal amounts of commercialized MSC-derived exosomes by retro-orbital injection post-CXT.

Result After MSC/exosome treatment, tissue and serum samples were harvested to analyze molecular changes after
treatment, while other mice in parallel experiments underwent breeding experiments to compare the restoration of
fertility. Both the MSC- and exosome-treated groups had a restored estrous cycle and serum hormone levels com-
pared to untreated POl mice. The pregnancy rate in the MSC-treated group was 60-100% after treatment, while the
pregnancy rate in the exosome-treated group was 30-50% after treatment. Interestingly, in terms of long-term effects,
MSC-treated mice still showed a 60-80% pregnancy rate in the second round of breeding, while the exosome-treated
group became infertile again in the second round of breeding.

Conclusions Although there were some differences in the efficacy between MSC treatment and exosome treatment,
both treatments were able to achieve pregnancy in the POl mouse model. In conclusion, we report that MSC-derived
exosomes are a promising therapeutic option to restore ovarian function in POl conditions similar to treatment with
MSCs.

*Correspondence:

Ayman Al-Hendy

aalhendy@BSD.Uchicago.edu

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-023-03397-2&domain=pdf
http://orcid.org/0000-0002-6512-603X

Park et al. Stem Cell Research & Therapy (2023) 14:165

Page 2 of 16

[ Keywords Mesenchymal stem cell, Exosome, Primary ovarian insufficiency, Infertility, Long-term effect

Background

Primary ovarian insufficiency (POI), also formerly known
as premature ovarian failure (POF), refers to ovarian loss
of function under the age of 40 and leads to menopausal
symptoms and infertility [1-3]. There are various known
risk factors for POI, such as genetic issues, autoimmune
diseases, metabolic disorders, viral infections, chemo-
therapy, and radiotherapy exposure. Most of the POI
cases are idiopathic, there is no identifiable risk factors in
those cases [4], and the rest of cases are defined as iatro-
genic POI Chemotherapy exposure is the most common
cause of iatrogenic POI, accounting for approximately
half of the new cases of POI in women of reproductive
age (20-80%). POI is frequently reported in cancer sur-
vivors after cure, and POI incidence has been increas-
ing with the recent developments in chemotherapeutical
agents [5, 6]. Most cancer patients receive chemotherapy
to inhibit the growth of tumor cells. However, chemo-
therapy also causes apoptosis of ovarian cells, especially
granulosa cells (GCs) which is essential cell for follicular
development. Eventually, it leads to follicular atresia and
decreased ovarian function, all of which lead to the clini-
cal criteria of POI [7-9].

Because chemotherapy is a well-known risk factor
for POI, the chemotherapy-induced POI model is well
established, and many studies have used this model to
develop POI treatment. Many published studies, includ-
ing our previous papers, used a chemotherapy-induced
POI mouse model to mimic human POI patients [10—
12]. Healthy mice were used to establish a POI model
by intraperitoneal injection of chemotherapies, such
as cyclophosphamide and busulfan. Similar to human
patients, the POI mouse model shows an arrested estrous
cycle, increased serum FSH levels, decreased serum
AMH levels, decreased ovary size (ovarian atrophy), and
a low follicle numbers [10-12].

Recently, many studies have reported promising
therapeutic effects of MSCs on POI treatment [13-17].
These studies have demonstrated that MSCs affect
ovarian function in POI patients through different
mechanisms, including homing, differentiation, and
paracrine stimulation [18, 19]. The homing of trans-
planted MSCs to the ovary in POI animal models,
which affects the successful transplantation of MSCs,
has been mediated by different mechanisms and mol-
ecules [20-23]. Some studies have reported that human
MSC-derived menstrual blood and skin were differen-
tiated into GCs and ovarian stroma cells in an animal
model of POI [8, 13, 24, 25]. However, most researchers

believe the opposite opinion that MSCs do not differ-
entiate into GCs because these cells do not express GC
markers after transplantation [26—29].

In recent studies, it has been reported that the regen-
erative potential of MSCs is mainly attributed to parac-
rine effects and exosomes, which are small extracellular
vesicles (EVs) secreted by cells [30]. MSCs can secrete
multiple factors, including cytokines and exosomes,
that result in POI recovery through several mecha-
nisms, including reducing apoptosis and inflamma-
tion and inducing angiogenesis. Our previous study
also showed that MSCs restore ovarian function by
secreting factors such as cytokines, growth factors,
and exosomes [10, 11]. In particular, exosomes have a
great potential to deliver miRNAs or proteins to target
cells without any concern about safety due to the fact
that they are allogeneic cells. Exosomes are nanosized
extracellular vesicles that work as messenger cargo for
intercellular communication. Recent studies have indi-
cated that MSC-derived exosomes can restore ovarian
biological activity and show a similar therapeutic effect
as the transplantation of MSCs [31-35]. It has been
indicated that purified exosomes from different cell
sources, including umbilical cord-derived MSCs, men-
strual blood-derived stromal cells, and adipose-derived
MSCs, rejuvenate chemotherapy-induced damage by
reducing GC apoptosis, inducing GC proliferation,
inhibiting follicle apoptosis, promoting follicle devel-
opment, and regulating various pathways. Moreover,
exosomes restore estrous cyclicity and hormone lev-
els and improve reproductive outcomes in POI animal
models [31-35].

MSC-derived exosomes offer many useful proper-
ties compared to those of whole live cell transplanta-
tion. Cell therapy manufacturing is an expensive and
complex process, and multiple parameters, such as the
identity, purity, potency, stability, and potency of the
products, must be closely monitored throughout the
manufacturing process. The challenges of the storage,
delivery, and shipping of cell products make the pro-
cess harder, even though it is still considered an effec-
tive and promising treatment approach for a variety
of diseases [36]. Therefore, exosomes can be an excel-
lent alternative treatment modality since they offer less
expensive, more accessible, yet effective, ready-to-use
treatment options for regenerative medicine [37, 38]. In
addition, exosomes do not cause genomic integration
due to the lack of a nucleus and show regulatory ability
with targeting cells through the high loading capacity
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of proteins and RNAs [39]. Considering these findings,
exosome therapy is currently becoming the most supe-
rior and cutting-edge treatment option in regenerative
disorders. Exosomes derived from MSCs are expected
to replace stem cells as a new therapeutic option for
regeneration as a stem cell-based cell-free approach
[40]. However, there is a need for further studies, such
as comparing with live MSCs and understanding the
mechanisms that contribute to tissue repair and regen-
erative properties, before using exosome therapy in the
clinic. In particular, it is still unclear whether exosomes
can completely replace MSCs in future POI treatment.
For example, exosomes may degrade much earlier than
MSCs in in vivo conditions and may affect therapeutic
outcomes.

The field of regenerative medicine has been extensively
exploring and utilizing stem cells in recent years. Nev-
ertheless, the risk of tumorigenicity, genomic insertion
of transgenic sequences, and low efficiency have raised
concerns, especially for clinical applications of embry-
onic stem cells (ESCs) and pluripotent stem cells (iPSCs)
[41]. Mesenchymal stem cells (MSCs), on the other hand,
have shown immune-responsive modulation with immu-
nosuppressive properties, yet the risk of tumorigen-
esis associated with MSC therapy is under debate [42].
Recently, exosomes derived from MSCs have attracted
immediate attention due to their wide availability and
accessibility, as they are secreted by various cell types
[43-45]. Moreover, exosomes offer an excellent feasible
alternative, as they are more accessible and less expensive
to obtain than the tedious process of preparing and stor-
ing stem cells [37, 38]. Considering this, exosome therapy
is being widely applied and studied in regenerative medi-
cine clinical applications as a more suitable, safer, stem
cell-based cell-free approach [46, 47].

Due to many benefits, we mentioned earlier that using
exosomes instead of MSCs to restore ovarian function is
a very promising option in the future in the clinic. For the
reliable application of cell-free treatment for POI patients
using exosomes, there is a need to understand whether
there is any outcome difference between MSC and MSC-
derived exosome treatment. In this study, we compared
the therapeutic effect of intravenous injection using
MSCs and equal amounts of exosomes in a POI mouse
model and revealed the difference between the two thera-
peutic resources.

Methods
« hBM-MSC cell culture and exosome preparation

Human bone marrow mesenchymal stem cells (hBM-
MSCs) were purchased from Roosterbio (Frederick,
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MD); these cells were isolated from the bone marrow of a
29-year-old female and a 26-year-old female. hBM-MSCs
were cultured in the recommended cell culture media,
RoosterNourish "-MSC-XF (Roosterbio). At approxi-
mately 80% confluence, the cells were trypsinized using
CTSTM TrypLE select enzyme (Gibco, MA) and were
serially expanded for two additional passages. At the end
of the culture expansion, hBM-MSCs were collected and
centrifuged at 300X g for 5 min. For intravenous injec-
tion, 1x10% 1x10° and 1x10°® hBM-MSCs were resus-
pended in 100 pl of phosphate-buffered saline (PBS).

Human MSC-derived exosomes were a kind gift from
the Vitti laboratory (Liberty, MO) and Direct Biologics
(Austin, TX). One product (Ev-pure, Vitti lab) was iso-
lated from umbilical cord MSCs, and the other product
(ExoFlo, Direct Biologics) was derived from bone mar-
row MSCs. The manufacturer (Vitti Lab) indicated that
approximately 1500 exosomal particles were produced
from one MSC over 24 h. Based on this manufacturer’s
information, 1.5x107, 1.5x10%, and 1.5x10° exosomal
particles were resuspended in 100 pl of PBS for animal
study.

« POI mouse model

The experimental animal protocol in this study was
approved by the University of Illinois at Chicago Ani-
mal Care Committee (UIC ACC) and the University of
Chicago Institutional Animal Care and Use Committee
(UC IACUC). All animal experiments were performed
in accordance with the ethical policy and guidelines for
the use of laboratory animals as set by the University of
Illinois at Chicago and the University of Chicago. Author
Checklist for preclinical study was assessed based on
ARRIVE guidelines 2.0 (Additional file 1). We used a
chemotherapy-induced POI animal model and an hBM-
MSC intravenous injection protocol through retro-
orbital injection. Briefly, female C57BL/6 mice received
an intraperitoneal injection of busulfan (30 mg/kg) and
cyclophosphamide (120 mg/kg). The control group was
treated with PBS. After 7 days of chemotherapy, hBM-
MSCs were transplanted into the ovary via intravenous
injection. All mice were anesthetized using 1-4% isoflu-
rane inhalation. A total of 1x10% to 1x10° hBM-MSCs
were resuspended in 100 pl of PBS and injected through
the retro-orbital sinus. For exosome injection, 1.5x 10" to
1.5x10° exosomal particles were resuspended in 100 pl
of PBS and injected through the same route. For the con-
trol and untreated POI groups, each mouse was injected
with 100 pl of PBS through intravenous injection. Seven
days after hBM-MSC or exosome treatment, two female
mice were housed with one C57BL/6 male mouse for
breeding. The pregnancy rate per group was calculated
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as the number of pregnant mice/total number of mice in
the group. After delivery, postnatal pup body weight was
measured at Days 0, 5, and 10. For blood collection, ani-
mals were anesthetized with isoflurane, and collect whole
blood through cardiac puncture. After blood collection
animals were euthanized for further tissue collection. All
animals were euthanized by CO2 for 5 min before other
tissue collection. Only specimens were released out of
the animal facility.

+ Estrous cycle monitoring

Estrous cycles were monitored daily for 14 days after
the initiation of chemotherapy to verify chemotherapy-
induced POL. Daily vaginal swab samples were collected
using clean and sterile cotton swabs and smeared onto
clean glass slides for staining, which were then evalu-
ated to determine the estrous cycle stage. Each slide was
stained with 0.1% crystal violet solution for 1 min fol-
lowing a published protocol [48]. The estrous cycle stage
was evaluated using bright-field microscopy based on the
presence or absence of nucleated epithelial cells and leu-
kocytes [48, 49]. Arrested cycles were analyzed based on
95% confidence interval (95% CI) of control group based
on length of entire cycle. Animals show longer cycle than
95% CI of matched control group considered significant
extended cycle which indicates cycle arrest.

+ Histology

Ovarian tissue was collected 2 weeks after hBM-MSC
or exosome treatment for histological analysis. Ova-
ries were fixed immediately with 10% neutral buffered
formalin (NBF) and then processed for paraffin embed-
ding, sectioning, and staining for hematoxylin and eosin
staining (H&E) and the tunnel assay in the UIC Research
Histology and Tissue Imaging Core and University of
Chicago HTRC. For quantification of stained slides,
whole-stained slides were scanned using a Leica Aperio
AT2 camera (Leica, Wetzlar, Germany) and analyzed
using Aperio ImageScope software (v12.4.0.5043). In
each image, the ovarian tissue area was selected manu-
ally, and the positivity rate (positive area/total area) was
analyzed in the selected area by an internal algorithm
(Positive Pixel Count V9). To analyze the collagenic
structure in the ovary, we performed picrosirius red
staining (in-house protocol). Paraffin-embedded tissue
sections were deparaffinized and incubated in picrosir-
ius red solution (Abcam) at RT for 1 h. Then, the slides
were quickly washed with 1% acetic acid and 100% abso-
lute alcohol and mounted in mounting solution. Images
were captured using a CRi Pannoramic SCAN 40X whole
slide scanner (3D HISTECH), and the medulla part in
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the ovarian tissue was selected. The total collagen con-
tent was determined for the medulla images using Image]
software. For safety tests in other major organs, we col-
lected the liver, lung, and spleen. The organs were pro-
cessed and stained with H&E as described above and
examined for any pathological damage (inflammation
and abnormal structure).

+ RNA sequencing

RNA isolation was performed using an RNeaxy Micro-
kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. The RNA concentration was
quantified by spectrophotometry at 260 nm using a Nan-
odrop 2000 (Thermo Fisher Scientific). Approximately
1-1.5 pg of RNA sample was sent to the core facility
(University of Chicago Genomics Facility) for further
processing. RNA-seq was performed by the Genomic
facility with NovaSEQ-SP-100-FC (Illumina, San Diego,
CA) and analyzed by bioinformation in the CRI Bioin-
formatics core facility at the University of Chicago. The
entire data set is available in the NCBI gene expression
omnibus (GEO) database (GSE233743, https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE233743).

+ Human cell detection by genomic DNA PCR

For genomic DNA isolation, 25-50 mg of mouse tis-
sue was mechanically homogenized with 1 ml of DNAzol
reagent (Thermo Fisher Scientific). The homogenate was
centrifuged at 10,000x g for 10 min at room temperature,
and the supernatant was transferred into a fresh tube.
Then, 0.5 ml of 100% ethanol was added to the superna-
tant for DNA precipitation. Genomic DNA was isolated
following the manufacturer’s protocol. The concentration
of DNA was quantified using a Nanodrop 2000 (Thermo
Fisher Scientific). For human cell detection by PCR,
a human-specific ALU primer sequence was used as
described in the literature [50]. Genomic DNA PCR was
performed with ALU primers under the following condi-
tions: one cycle of 95 °C for 10 min, followed by 50 cycles
of 95 °C for 15 s, 56 °C for 30 s, and 72 °C for 30 s. The
number of human cells in each sample was calculated
using the correlation between the CT value and cell num-
ber in the positive control sample.

« Serum hormone measurements

Blood was collected from all the groups by cardiac
puncture under isoflurane anesthesia; serum was sepa-
rated by centrifugation at 2000x g for 15 min at room
temperature and stored at—80 °C. Serum hormone lev-
els were measured at the University of Virginia Ligand
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Core Facility. Serum estradiol (E2) levels were measured
using ELISA. Serum luteinizing hormone (LH) and folli-
cle-stimulating hormone (FSH) levels were measured by
radioimmunoassay (RIA). The sensitivities of each assay
were 3 pg/ml (E2), 3 ng/ml (FSH), and 0.04 ng/ml (LH).

« Statistical analysis

The mRNA and protein levels of the examined markers
were treated as continuous variables and expressed as the
mean + SD. ANOVA and Bonferroni’s multiple compari-
sons post hoc testing were used to compare the groups.
Comparisons between groups were made by two-way
ANOVA using GraphPad Prism 9 (GraphPad Software,
San Diego, CA, USA). A difference between groups of
p<0.05 was considered significant. For the comparison of
estrus cycle, extended cycle was analyzed based on 95%
confidence interval (95% CI) of control group. Animals
show longer cycle than 95% CI upper limit of matched
control group considered significant extended cycle. The
upper and lower limit of 95% CI was calculated using
GraphPad Prism 9 (GraphPad Software, San Diego, CA,
USA).

Results

« Intravenous injection of 10,000 MSCs can restore the
estrous cycle

To generate a POI mouse model, female C57BL6 mice
were treated with busulfan (30 mg/kg) and cyclophos-
phamide (120 mg/kg) by intraperitoneal injection.

We injected different numbers of MSCs to optimize the
best treatment conditions. A minimum of 10,000 MSCs
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(MSC-10 K) and a maximum of 2,000,000 MSCs (MSC-
2M) were injected through retro-orbital intravenous (IV)
injection. Unfortunately, mice in the MSC-2M group
died immediately due to excess condensed solution. The
daily identification of estrous cycle stages through bright-
field microscopy of vaginal smear samples was analyzed
together to confirm POI induction and restoration of
ovarian function. Based on the protocol of published
papers [12, 48], the presence of nucleated epithelial cells
(red arrow) without leukocytes was identified as proes-
trus (Fig. la upper-left), the presence of cornified epi-
thelial cells (white arrow) without leukocytes as estrus
(Fig. 1a upper-right), the presence of both cornified epi-
thelial cells (white arrow) and leukocytes (black arrow)
as metestrus (lower-left), and the presence of nucleated
epithelial cells (red arrow) with leukocytes (block arrow)
as the diestrus stage (lower-right). Our results showed an
arrested estrous cycle in the POI group, while untreated
control mice showed a regular 4- to 5-day estrous cycle
(Fig. 1b, c, Additional file 3). All MSC-treated groups
showed a restored estrous cycle compared to the
untreated POI group. Among different numbers of treat-
ment conditions, the MSC-10K group showed the same
restoration effect even when the lowest number of MSCs
was used for injection. As a result, we used 10,000 MSCs
to qualify the therapeutic effect of intravenous MSC
injection and performed a subsequent comparison study.

+ Intravenous injection of MSCs restores ovarian func-
tion

As we observed that IV injection of MSCs can restore
the estrous cycle, we analyzed more detailed outcomes
with respect to ovarian histology and serum hormone
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levels as a next step. For ovarian histology, ovarian tis-
sue section slides were processed for H&E staining. We
measured the size of the ovary and the number of fol-
licles to qualify the therapeutic effect and further com-
pare the results. We observed that the size of the ovary
was significantly (p=0.013) decreased in the POI group
(0.79+0.06 mm?®) compared to the healthy control group
(2.77 +£0.86 mm?®), while there was no significant change
(p=0.134) between the healthy control and MSC-treated
groups (MSC-IV, 1.90+0.27 mm?) (Fig. 2a, b). At the
serum hormone level, we analyzed estradiol (E2), anti-
Miillerian hormone (AMH), and follicle stimulating hor-
mone (FSH) to assess ovarian function (Fig. 2c—e). The
serum E2 level showed a decreasing trend in POI mice
(4.18+0.79 pg/ml) that was reversed after MSC treat-
ment (5.75+2.00 pg/ml) but was not significant (Fig. 2c).
The serum AMH level was significantly decreased in
POI mice (3.29+0.08 ng/ml) and showed an increasing
trend in MSC-treated mice (4.78+2.19 ng/ml) but was
not significant (Fig. 2d). The FHS level was significantly
increased in POI mice (23.08 +5.26 ng/ml) compared to
control mice (4.38+3.75 ng/ml). Interestingly, altered
ESH levels were significantly restored in MSC-treated
mice (14.39+4.88 ng/ml) (Fig. 2e). Taken together, we
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found that intravenous injection of MSCs successfully
restored ovarian function in a POI mouse model.

We also found that IV injection of MSCs can regulate
RNA expression levels in ovarian tissue.

+ Intravenous injection of MSCs restores fertility

To confirm the effect on fertility, we performed a
breeding experiment. Two female mice were housed with
one male mouse for mating. In the first breeding test, the
POI mouse group showed a decreased pregnancy rate
(33.3%), while healthy control mice showed an 83.3%
pregnancy rate. Interestingly, every female mouse in the
MSC-treated group was pregnant and delivered healthy
offspring (Fig. 3a). After the first delivery, we repeated the
breeding experiment and found similar results (Fig. 3b).
Most MSC-treated mice were able to become pregnant
(80%), although it was approximately 30 days after MSC
treatment. On the other hand, only a few mice in the
POI group were pregnant (16.67%). The number of pups
also significantly decreased in POI mice and was signifi-
cantly restored in MSC-treated mice (Fig. 3c). The aver-
age number of pups per mouse from the first and second
breeding was 4.17 +£2.89 in the healthy control group,
1.25+2.53 in the POI group, and 4.50 +2.95 in the MSC-
treated group. After the second delivery, we collected
whole blood from the mice to examine safety concerns,
such as the remaining human cells in the blood. We iso-
lated genomic DNA from mouse blood and analyzed the
existence of a human-specific ALU gene by PCR. We
found that no human cells were detected in MSC-treated
mouse blood (Fig. 3e). We also analyzed pup tissue to
examine the possibility of the transfer of human cells to
the mouse offspring. As we expected, human DNA was
not detected in mouse offspring tissue. Taken together,
we demonstrate that intravenous injection of MSCs suc-
cessfully restored fertility without safety issues.

+ Therapeutic effect of exosomes in human granulosa
cells

Before we tested the therapeutic effect of MSC-
derived exosomes in the POI mouse model, we analyzed
exosomes in our in vitro POI model. We used cyclo-
phosphamide-treated human granulosa cells (hGCs)
to mimic chemotherapy-induced POI in patients. In
this study, we used commercially available exosomes
derived from umbilical tissue MSCs. Based on the
manufacturer’s QC datasheet, 1500 exosomal particles
were secreted from one MSC. We used 1.5x 10° exoso-
mal particles (produced from 1x10° MSCs) and 5 ml
of MSC conditioned media (MSC CM) produced from
1x10° MSCs. To compare the effect of MSC conditioned
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Fig. 3 Fertility was restored by MSC treatment in the POl mouse
model (n=6 per group). A Pregnancy rate comparison between
healthy mice (control), untreated POl mice (POI), and MSC-treated
POl mice (MSC) in the first breeding experiment. B Pregnancy rate
comparison between the control group, POl group, and MSC group
in the second breeding experiment. C Average number of delivered
pups per litter. D Representative image of delivered pups at Day 0. E
Genomic DNA PCR analysis for detecting injected cells (human MSCs)
in mouse whole blood using human-specific ALU primers (n=3 per
group). F Genomic DNA PCR analysis for detecting injected cells in
neonatal offspring liver tissue using human-specific ALU primers
(n=5 per group). Data are presented as the mean + SD. (Significance
level, *p <0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001; NS: Not
significant.)

media (MSC CM) and exosomes in hGCs, we cultured
hGCs with MSC CM and exosomes for 24-48 h and
then collected hGCs to analyze proliferation and ster-
oidogenesis gene expression. We found that the num-
ber of hGCs after 24 h was significantly higher in the
MSC CM-treated group (2.75+0.2x10°) and exosome-
treated group (2.35+0.07x10°) compared to the con-
trol group (1.85+0.07 x 10°). Interestingly, after 48 h of
treatment, the number of hGCs in the exosome-treated
group (2.70+0.42x 10°) was not higher than that of the
control group (3.10+0.14x10°), while the MSC CM-
treated group (4.05+0.49x10°) still showed increased
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hGC proliferation (Fig. 4a, b). This result suggested that
the therapeutic effect of exosomes was similar to that of
total MSC conditioned media within 24 h, but the effect
was nullified at approximately 48 h. Because we found
that exosomes showed a similar effect as total MSC CM
at 24 h, we collected hCG RNA and proteins after 24 h
of incubation for further analysis. In real-time RT-PCR
analysis, we analyzed the steroidogenesis expression of
marker genes such as Cyp19al and STAR. We found that
Cypl9al gene expression was significantly increased in
MSC CM-treated hGCs (2.43+0.13-fold) and exosome-
treated hGCs (3.18+0.61-fold). STAR gene expression
also increased in MSC CM-treated hGCs (1.30+0.12-
fold) and exosome-treated hGCs (2.58 +0.53-fold). As
a next step, we analyzed apoptosis markers and steroi-
dogenesis markers at the protein level by Western blot-
ting (Fig. 4e-k). Our Western blot results showed that
the apoptosis marker cleaved caspase-3 was significantly
decreased in MSC CM-treated hGCs (0.45 +0.07-fold)
compared to untreated control hGCs (1.00+0.01-fold).
Exosome-treated hCG also showed decreased cleaved
caspase-3 levels (0.79+0.02-fold) compared to the con-
trol level but higher levels than MSC CM-treated hGCs
(Fig. 4e, f). The levels of the steroidogenesis marker
Cypl9al were also significantly increased in both MSC
CM-treated hGCs (1.17 +0.03-fold) and exosome-treated
hGCs (1.32+0.03-fold) compared to control hGCs
(Fig. 4h-j), as we observed at the RNA expression level.
On the other hand, another steroidogenesis marker,
STAR, was significantly increased in MSC CM-treated
hGCs (1.35 +0.07-fold) but was not changed in exosome-
treated hGCs (0.95+0.08-fold) compared to untreated
hGCs (Fig. 4k). Taken together, our results suggest that
MSC-derived exosomes have therapeutic effects similar
to those of total MSC conditioned media on damaged
human granulosa cells, including the stimulation of pro-
liferation and steroidogenesis marker gene expression
and inhibition of apoptosis.

+ Therapeutic effect of exosomes in the POI mouse
model

After we confirmed the therapeutic effect of exosomes
in an in vitro model, we tested the effect of exosomes in
a POI mouse model. Similar to the MSC experiment, we
used a chemotherapy-induced POI mouse model and
retro-orbital IV injection. To inject equal amounts of
exosomes compared to our previous experiment using
MSCs, we used 1.5x107 exosomal particles (produced
from 1x10* MSCs). To confirm any difference due to
the origin of exosomes, we tested both exosomes derived
from umbilical tissue MSCs (UC-Exos) and exosomes
derived from bone marrow MSCs (BM-Exos). As a first
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Fig. 4 Effect of MSC-derived exosomes in an in vitro POl model on damaged human granulosa cells (HGrC1). The therapeutic effect in HGrC1

cells was compared between untreated control (control), MSC conditioned media treatment (MSC CM), and MSC-derived exosome treatment
(exosomes). A Morphology of HGrC1 cells in the control, MSC CM, and exosome groups after 24 h and 48 h of treatment. B Average number of
HGrC1 cells after MSC CM and exosome treatment. C, D Steroid gene expression levels (C: Cyp19, D: StAR) in HGrC1 cells after 24 h of treatment with
MSC CM and exosomes. E-K Protein expression levels of the apoptosis marker caspase-3 (E-G) and steroidogenesis markers (I-K) in western blot
analysis. Data are presented as the mean + SD. (n =3, significance level, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p <0.0001; NS: Not significant.)

step in analyzing the therapeutic effect of exosomes in
the POI mouse model, we compared the estrous cycle
between the healthy mouse group (control), POI mouse
group (POI), UC-Exo-treated POI mouse group (UC-
Exo), and BM-Exo-treated POI mouse group (BM-Exo).
We found that the estrous cycle was restored in several
mice after exosome treatment (Fig. 5A, Additional file 3).
Next, we analyzed the serum levels of hormones, such as
E2, AMH, and FSH, at 2 weeks after exosome treatment
(Fig. 5B). We found that serum E2 levels were significantly
restored in both UC-Exo-treated mice (80.95+10.45 pg/
ml) and BM-Exo-treated mice (104.7+21.75 pg/ml),
while untreated POI mice showed decreased serum E2
levels (51.00 +11.50 pg/ml) compared to those of healthy
control mice (92.65+3.75 pg/ml). FSH levels, which are
typically increased in POI mouse serum (19.27 +£8.90 ng/
ml), were also significantly restored in UC-Exo-treated
mice (4.18+£0.91 ng/ml). The BM-Exo-treated mice also
showed a decreasing trend in FSH levels (10.86 +8.39 ng/
ml), but this trend was not significant (p=0.163). In con-
trast, the serum AMH level was significantly restored
in BM-Exo-treated mice (29.30 ng/ml), while UC-Exo-
treated mice (13.41+4.80 ng/ml) did not show a sig-
nificant change compared to the levels of untreated
POI mice (10.53 +4.88 ng/ml). We also collected mouse
ovarian tissue to compare the histological differences
between POI mice and exosome-treated mice. In H&E

staining of mouse ovaries, we found that the size of the
ovary was significantly restored in both UC-Exo-treated
mice (1.11+0.36 mm® and BM-Exo-treated mice
(1.07 +0.47 mm?), while POI mice showed reduced ovar-
ian size (0.50+0.07 mm?) compared to that of healthy
mouse ovaries (1.22+0.40 mm?). The number of folli-
cles was also restored in both UC-Exo-treated mice and
BM-Exo-treated mice compared to untreated POI mice.
In the TUNEL assay, we found a higher TUNEL-positive
population in POI mouse ovaries, which indicates apop-
tosis in ovarian tissue. In contrast, there was a smaller
TUNEL-positive population in both UC-Exo- and BM-
Exo-treated ovaries, which indicates reduced apoptosis
in ovarian tissue. The characteristic of collagen accumu-
lation in ovarian tissue is ovarian fibrosis, which is one
of the main causes of ovarian dysfunction and indicates
excessive proliferation of ovarian fibroblasts and deposi-
tion of extracellular matrix (ECM) [51]. Hence, to analyze
ovarian fibrosis, we performed picrosirius red staining in
ovarian tissues. As shown in Fig. 5E, we confirmed that
the red color representing accumulated collagen signifi-
cantly increased in untreated POI mice. In contrast, in
the ovarian tissue injected with UC-Exos and BM-Exos,
collagen accumulation was significantly reduced, indi-
cating a value similar to that of healthy control mice
(Fig. 5G, H). Taken together, our results demonstrated
that exosome treatment can restore ovarian function in a
POI mouse model.
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Fig. 5 Ovarian function restoration in the POl mouse model after exosome treatment. The therapeutic effect in the POl mouse model

was compared between the healthy control (control), untreated POI (POI), umbilical-derived MSC exosome treatment (UC-Exo), and bone
marrow-derived MSC-derived exosome treatment (BM-Exo) groups. A Estrous cycle after exosome treatment by daily vaginal smear analysis. Animal
shows significantly delayed cycle (>95% Cl) is highlighted with ¥ symbol. B Average serum E2, AMH, and FSH levels in the control, POI, UC-Exo, and
BM-Exo groups at 2 weeks after treatment. C Representative image of ovarian tissue with H&E staining. D Average size of the ovaries in the control,
POI, UC-Exo, and BM-Exo groups at 2 weeks after treatment. E Number of ovarian follicles in the control, POI, UC-Exo, and BM-Exo groups at 2 weeks
after treatment. F TUNEL assay in ovarian tissue among the control, POI, UC-Exo, and BM-Exo groups at 2 weeks after treatment. G, H Picrosirius Red
staining assay in ovarian tissue among the control, POI, UC-Exo, and BM-Exo groups at 2 weeks after treatment (small image magnification: 50x;
large image magnification: 400x). Data are presented as the mean + SD. (n =3, significance level, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p <0.0001;

NS: Not significant.)

+ Fertility restoration by exosomes in the POI mouse
model

To confirm the therapeutic effect of exosomes in the
POI mouse model, we compared the fertility and delivery
outcomes in untreated POI mice and exosome-treated
mice. In the breeding experiment, we analyzed the preg-
nancy rate and number of delivered pups to assess fertil-
ity and compared the average body weight until postnatal
Day 10 to evaluate the safety. In our first breeding experi-
ment, we found that both exosome-treated groups
showed a restored pregnancy rate (2/6 in UC-Exos, 4/6

in BM-Exos), while untreated mice were not pregnant
(0/6) (Fig. 6A, B). The exosome-treated groups deliv-
ered a minimum of 4 to a maximum of 8 pups per lit-
ter, while healthy control mice delivered approximately
7-11 pups per litter. We also confirmed that the deliv-
ered pups were healthy and active with no morphological
deficiency (Fig. 6C, D). All delivered pups grew well until
postnatal Day 10, and there was no significant difference
in pup body weight between the healthy control group
(5.33+£0.75 g), UC-Exo group (4.59+0.49 g), and BM-
Exo group (5.27 +0.84 g). After we confirmed the healthy
delivery in exosome-treated POI mice, we repeated the
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breeding to confirm the persistence of exosome treat-
ment. The second breeding was performed approxi-
mately one month after exosome treatment. Interestingly,
we found that the treatment effect of exosomes was nul-
lified in the second breeding. Both exosome-treated
groups (UC-Exos and BM-Exos) were infertile, similar to
untreated POI mice (Fig. 6E, F). Because there were no
pregnant mice in either treated mouse group, we killed
those mice for further molecular-level analysis. To ana-
lyze mice under the same conditions, we allowed 2 weeks
of recovery time after the last delivery to healthy control
group mice before collecting tissue and serum samples.
We analyzed the morphology of ovarian tissue in those
mice by H&E staining. We found that the exosome-
treated mouse ovaries, which showed a restoration of
their size and follicle number, exhibited POI character-
istics again, including a small ovarian size and no folli-
cles (Fig. 6G). We also analyzed serum hormone levels,
such as E2, FSH, and AMH, which were once restored at
2 weeks after treatment. Our results showed that all of
these serum hormones were reversed to the POI condi-
tion at this point. There was no significant difference
in the E2 levels of the POI group (5.43+1.08 pg/ml),
UC-Exo group (7.53+0.38 pg/ml) and BM-Exo group

(4.57 +£0.40 pg/ml). The FSH level also did not show any
difference between the POI group (26.98+9.04 ng/ml),
UC-Exo group (29.88+4.96 ng/ml), and BM-Exo group
(31.05+3.74 ng/ml). The serum AMH level also indi-
cated that there was no difference between the POI group
(4.01+1.53 ng/ml), UC-Exo group (3.25+0.01 ng/ml),
and BM-Exo group (3.24+0.01 ng/ml). Taken together,
our data suggest that exosome treatment can restore fer-
tility in a POI mouse model in the short term, but the
therapeutic effect disappeared approximately one month
later.

+ Comparison of MSC and exosome treatment for POI

As we observed through our data, MSC and MSC-
derived exosomes were able to restore fertility in the POI
mouse model. However, exosome treatment was effective
for only a limited period, while MSC treatment showed
a long-term therapeutic effect. In addition to the persis-
tency of treatment, we also found that there was another
difference in efficacy between MSC treatment and exo-
some treatment. Comparing the number of follicles in the
ovary, we found that the efficacy of an equal amount of
exosomes was slightly lower than that of MSCs (Fig. 7A,
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B). To normalize estrous cycle-dependent variation, we
compared the total number of follicles, including primor-
dial, primary, secondary, preantral/antral follicles, and
corpus lutea. In our data, we found that an equal amount
of exosomes (exosome 1x) showed significantly fewer
follicles (11.33+1.86) than MSC treatment (MSC 1X,
24.67 +7.37), although both were able to achieve preg-
nancy in the mouse model, while untreated POI mice
were infertile.

To find a better dosage for exosome treatment that
was comparable to our optimal MSC treatment dosage
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(10,000 cells), we injected higher amounts of exosome
particles (tenfold and 100-fold) into the POI model and
analyzed ovarian follicles. Interestingly, we found that
tenfold higher exosomes (exosome 10x) show higher
follicle numbers (15.20+2.86), and there was no sig-
nificant difference with the MSC 1xgroup. When we
injected 100-fold more exosome particles (exosome
100x), the number of follicles showed an increasing trend
(22.83+19.57) compared to the exosome 10X group, but
there was no significant difference (p=0.204) (Fig. 7B).
Next, we compared the RNA expression pattern in ovar-
ian tissue for further analysis (Fig. 7C, Additional file 4).
In our RNA-seq results, we found that MSC injection
(MSC 1x) in the POI mouse model induced massive
gene expression changes in ovarian tissue. In the MSC
1x group, the ovaries showed 1310 significantly upregu-
lated genes (blue) and 1571 significantly downregulated
genes (red) compared to POI ovarian RNA. In contrast,
equal amounts of UC exosomes (UC-Exo 1Xx) and BM
exosomes (BM-Exo 1x) showed only less than 10 signifi-
cantly altered genes compared to untreated POI. Ten-fold
higher exosome treatment showed slightly higher altered
gene expression in UC exosomes (UC-Exo 10x) but not
in BM exosomes (BM-Exo 10X). Interestingly, when we
injected 100-fold higher exosomes (UC-Exo 100xand
BM-Exo 100x), we found almost equal altered gene
expression levels compared to that of MSCs (MSC 1x).
Taken together, our data suggest that a minimal ten-fold
increase, and ideally 100-fold increase, in the exosome
concentration is required to generate more analogous
results to MSC treatment.

Discussion

In this study, we reported that MSC-derived exosomes
have promising therapeutic potential compared to that
of MSCs. Despite some concern for the low activity of
cell-free treatment using exosomes, our data show that
intravenous injection of exosomes can restore ovar-
ian function and eventually achieve pregnancy in a POI
mouse model. However, there are some different out-
comes between live MSC and exosome treatments. The
efficacy is slightly higher with MSCs, and the effect is
sustained longer than that with exosomes. However,
exosomes were also able to achieve pregnancy and were
still superior with respect to safety. Therefore, we suggest
that POI treatment using exosomes is safe and promising
but effective only in a limited period due to the low sta-
bility of exosomes after injection. Our study revealed that
exosome treatment is still promising, but the sustainabil-
ity of treatment is shorter than that of MSCs. Therefore,
we suggest that the multidose regimen in exosome treat-
ment is essential for maintaining therapeutic effects in
the long term.
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After MSC/exosome treatment, tissue and serum sam-
ples were harvested to analyze molecular changes after
treatment without pregnancy. Mice in separate paral-
lel experiments were subjected to breeding experiments
to compare the effect of restoring fertility in this pre-
clinical POI model (6 mice/group). For the MSC-treated
groups, mice received a low dose (1.0x 10* MSCs), mid
dose (1.0x10° MSCs), and high dose (1.0x10° MSCs)
through intravenous injection. For the exosome-treated
groups, mice received a low dose (1.5x10 particles
[equal to 1.0x10* MSCs]), mid-dose (1.5x 10 particles
[equal to 1.0x10° MSCs]), and high dose (1.5x10° par-
ticles [equal to 1.0x 10° MSCs]). Because we made sepa-
rate experimental groups and breeding groups using the
same procedure, we analyzed biological marker changes
(experimental group) and fertility (breeding group)
without any interference due to sample collection and
pregnancy.

In this study, we used a chemotherapy-induced POI
mouse model with cyclophosphamide and busulfan
[11, 12, 52]. Unlike human patients who receive chemo-
therapy, a few mice can still become pregnant even after
chemotherapy, while most mice are infertile after chemo-
therapy. However, although our POI mouse model was
not 100% infertile, we observed significant fertility res-
toration after MSC and exosome treatment compared to
untreated POI mice.

We also have a limitation in the animal model analysis
due to the small sample size in the serum hormone assay.
We compared hormone levels using three independent
mouse serum samples per each group, but this result
might be limited to generalize it due to the small sample
size. Unfortunately, we could not analyze more animal
samples due to limited resources and technical difficul-
ties in sample collection. However, although our serum
analysis has limitations, we showed another parameter
to quantify restored fertility, such as ovary morphology,
estrus cycle, and eventually the pregnancy in the mouse
model. Therefore, taking them altogether, our data still
demonstrate that MSCs and exosome treatment in the
POI model can restore fertility.

Chemotherapy is not the only reason for POI in human
patients. A recent study of the etiological factors in 827
POI patients reported that most POI patients have idi-
opathic diseases, such as autoimmune diseases, for which
the cause is unknown. However, in other cases with iat-
rogenic factors, chemotherapy and radiotherapy were
some of the most frequent risk factors in iatrogenic POI
patients (35.9%), except for direct damage to the ovary
due to surgery [53]. Other studies also reported that
chemotherapy is one of the well-verified causes of POI,
while other risk factors are very rare or are unknown
[54, 55]. Therefore, we used a chemotherapy-induced
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POI mouse model in our study. Similar to chemother-
apy, radiotherapy can be an interesting model to develop
potential treatment options for POL It would be an inter-
esting topic for our future studies to confirm and verify
the therapeutic mechanism of MSCs and exosomes in
damaged ovaries using several similar models.

In our study, we found that the effect of exosome
treatment was shorter than that of MSC treatment.
Although MSC injection was effective for a longer
period of time, we previously reported that the effect of
MSCs also decreased approximately 70 days after treat-
ment [12]. On the other hand, the effect of exosomes
disappeared much earlier, approximately 30 days after
treatment, even though they maintained restored ovar-
ian function 14 days after treatment. This result can be
explained by the short half-life of exosomes in vivo. In a
published paper, it was reported that more than half of
injected exosomes were removed from the blood circula-
tion within 60 min after intravenous injection. They also
reported that the exosome detection level in mouse urine
was maximized between 60 and 90 min after intravenous
injection [56]. Another published paper also reported
that all exosomes from different sources quickly disap-
peared from the blood circulation, i.e., there was less
than half within approximately 2—4 min. The authors
reported that injected exosomes were mainly distributed
to the liver after intravenous injection into mice [57].
Another recent study reported that the mean residence
time of injected exosomes in various mouse models was
less than 4 h [58]. These published studies indicate that
injected exosomes disappear very rapidly in vivo. In addi-
tion, due to the nature of exosomes, injected exosomes
are not reproducible once they are taken up by the target
cell. On the other hand, injected cells can keep secreting
exosomes while the cells survive. These characteristics of
exosomes may explain different outcomes regarding the
long-term effects between MSC and exosome treatment.

In this study, we showed that RNA expression profile
changes in POI ovary after MSC/exosome treatment.
Gene expression changes were presented as volcano plots
with log fold change (LogFC) and P-value. By compar-
ing untreated disease samples with treated samples (T vs.
D), negative LogFC means lower gene expression in dis-
ease samples, which indicates stimulated gene expression
after treatment. The list of significantly changed genes is
attached in Additional file 4. In our previous study, we
reported that MSC can stimulate steroidogenic genes
such as Cypl9al and StAR gene in ovarian granulosa
cell [11]. We also found that StAR gene was significantly
stimulated in MSC treated ovary tissue. However, StAR
gene was not significantly stimulated in exosome treated
ovary tissue. Unlike our previous study using granu-
losa cell, the whole ovary consisted with multiple cell
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population. Due to heterogenic population, it is not easy
to analyze the regulation pathway for specific type of cells
in whole tissue sample. Confirming the main regulation
pathway can be analyzed with more advanced techniques
such as single cell sequencing might be considered in
future study to reveal the detailed mechanism.

The low efficacy of exosome treatment compared to
matched-dose MSC treatment could be considered a
limitation of exosome treatment. However, our data show
that a higher concentration of exosomes can enhance
the therapeutic effect to a level similar to that of MSC
treatment. In addition, cell-free therapy using secreting
factors, including exosomes, has various benefits com-
pared to live cell transplantation. In published papers, it
has been reported that cell-free treatment provides sev-
eral advantages over live-cell-based applications, includ-
ing low immune response, lack of tumorigenicity, and
no embolus formation, and can be evaluated for safety,
dosage, and potency in a manner similar to conventional
pharmaceutical agents [59]. In addition, this type of
treatment can be stored without cryopreservation agents
and is easy to apply for mass production [59]. Therefore,
exosome treatment still has a safety benefit as a cell-free
treatment, and the low efficacy can be overcome by high-
dose treatment.

Many current and completed clinical trials have already
reported the therapeutic benefits of exosomes in various
conditions, which have been registered in the www.Clini
calTrials.gov database [47, 60]. Kordelas et al. demon-
strated the efficacy and safety of allogeneic bone marrow
mesenchymal stem cell-derived exosomes in therapy-
refractory graft-versus-host disease. Their findings were
extremely encouraging in terms of exosome treatment’s
anti-inflammatory and proinflammatory cytokine capa-
bilities. After repeated injections of MSC-EVs, patients’
cutaneous and mucosal graft-versus-host disease symp-
toms improved significantly, and the patients remained
stable for several months after the injection [61]. Nas-
sar et al. used umbilical cord-derived exosomes for end-
stage renal disease (grade III-IV CKD); they administered
cell-free cord-blood mesenchymal stem cell extracellular
vesicles through intravenous injection and renal artery
injection one week apart. Their study did not show any
adverse events after exosome injection. Patients showed
a significant improvement in kidney function, and this
clinical finding was consistent with immune modulation;
there was a significant decrease in TNF-a levels and a sig-
nificant increase in TGF-P1 and IL-10 levels after treat-
ment. According to their findings, exosome treatment
has favorable effects similar to those of stem cell therapy
[62]. Kwon et al. completed a double-blind, randomized,
first-in-human clinical trial to treat acne scars and assess
the potential benefits of purified adipose tissue stem
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cell-derived exosomes following fractional CO2 laser
irradiation in 25 patients. They demonstrated the favora-
ble effects of adjuvant therapy of adipose tissue stem cell-
derived exosomes with resurfacing devices on atrophic
acne scars [63]. Most recently, during the COVID-19
pandemic, multiple trials were conducted with the aim to
take advantage of the therapeutic and anti-inflammatory
effects of exosome treatment in severe COVID-19 cases
since there is no proven treatment modality yet [64—66].
Vik et al. showed the safety and efficacy of intravenous
bone marrow mesenchymal stem cell-derived exosome
treatment in severe COVID-19 patients. Patients
received a single 15-mL intravenous dose of exosome
treatment, and they evaluated both safety and efficacy
from Days 1-14 posttreatment. There were no adverse
events within 72 h of exosome administration. Exosomes
derived from bone marrow mesenchymal stem cells were
administered intravenously at a dose of 1 mL diluted
in 100 mL of normal saline. Primary outcomes demon-
strate that exosome therapy is safe, accessible, effective,
and feasible [66]. Mitrani et al. [67] administered human
amniotic fluid-derived nanoparticles intravenously in
hospitalized severe COVID-19 patients, and they con-
firmed the safety and therapeutic effects of exosomes
for respiratory complications in COVID-19 cases. Our
study provides preliminary baseline data comparing MSC
treatment and exosome treatment in a POI mouse model.
Similar to other conditions, our next step will be a clini-
cal trial to verify the therapeutic effect of MSC-derived
exosomes in human POI patients.

Conclusion

In conclusion, we reported that MSC-derived exosomes
are promising therapeutic options to restore ovarian
function under POI conditions. Exosome injection can
restore ovarian function and fertility in a mouse model
without any significant side effects in host mice and deliv-
ered offspring. Despite the short shelf life of exosomes,
our data suggest that exosome treatment is not inferior
compared to whole MSC treatment. In addition, our
study indicates that the short shelf life after injection
can be a benefit for safety purposes without affecting
function.

Nevertheless, there are some different outcomes
between MSC and exosome treatment. The efficacy is
slightly higher with MSCs, and the effect is sustained
longer than that with exosomes. This low efficiency
of exosomes can be overcome by increasing the dos-
age or using repeated injections in future studies. Taken
together, our data suggest that POI treatment using
MSC-derived exosomes is safe and promising but effec-
tive only in a limited period due to the low stability of
exosomes after injection.


http://www.ClinicalTrials.gov
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