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Abstract 

Premature ovarian insufficiency (POI) is an essential cause of reduced fertility and quality of life in young women. 
Mesenchymal stem cells (MSCs) and MSCs-derived extracellular vesicles (EVs) have the ability to migrate to damaged 
tissues and are considered as promising therapeutic approaches for POI. However, the homing ability and therapeutic 
efficacy of MSCs administered in vivo are still insufficient, and their potential tumorigenicity and multi-differentiation 
potential also bring many doubts about their safety. The targeting ability and migration efficiency of MSCs can be 
improved by genetic engineering and surface modification, thereby maximizing their therapeutic efficacy. However, 
the use of viral vectors also has increased safety concerns. In addition, EVs, which seem to be the current thera-
peutic alternative to MSCs, are still poorly targeted for distribution, although they have improved in terms of safety. 
This paper reviews the comparative therapeutic effects of MSCs and their derived EVs on POI, their biodistribution 
after in vivo administration, and the most important possible ovarian targeting strategies. Difficulties such as homo-
geneity and yield before clinical application are also discussed. This article will provide new insights into precision 
therapy and targeted drug delivery for female ovarian diseases.
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Graphical Abstract

Introduction
Normal ovaries in young women are essential for main-
taining normal endocrine function and reproduc-
tive function in women, and their premature decline in 
function will reduce a woman’s quality of life and lead 
to decreased fertility, with further progression leading 
to premature ovarian insufficiency (POI)[1]. Premature 
ovarian insufficiency (POI) is defined as a clinical syn-
drome of ovarian hypofunction in women before the 
age of 40 years, typically characterized by sporadic men-
struation/amenorrhea, sex hormone deficiency, elevated 
serum gonadotropin levels, decreased libido, and loss of 
fertility, with further progression leading to premature 
ovarian failure (POF) [2]. It is reported that the preva-
lence of POI in women under the age of 40 is approxi-
mately 1% [3]. The occurrence of POI is associated with 
many complex factors, and the known causes include (1) 
genetic abnormalities, (2) autoimmune diseases, (3) sur-
gical, radiotherapy or chemotherapy treatments, and (4) 
environmental toxins [4]. In the current social context, 
the high prevalence of POI may exacerbate the process of 
population aging and raise social concerns.

At present, preventive and therapeutic measures for 
POI are extremely limited, and the main clinical inter-
vention is hormone replacement therapy (HRP) as a 
treatment to alleviate the symptoms of estrogen defi-
ciency. However, HRP is not effective in restoring ovarian 
function and even has the risk of inducing estrogen-
dependent tumors [5, 6]. Although assisted reproductive 
technology (ART) such as in  vitro fertilization-embryo 
transfer (IVF-ET) is very well established, it is not suit-
able for the treatment of POI because it requires women 
to provide high-quality oocytes [7]. For POI patients who 
desperately want to have offspring, in  vitro activation 
(IVA) can be performed by surgically removing a por-
tion of the ovarian cortex, activating the primordial fol-
licle in  vitro, and transplanting it back into the body to 
continue development and ovulation [8]. However, the 
disadvantages of this technique are the invasiveness of 
the surgery, the adverse effects of tissue culture on the 
follicles, and the need for further studies to confirm its 
efficacy and safety [9]. Therefore, there is an urgent need 
to explore safe and effective therapies for remodeling of 
ovarian function.
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With the application of mesenchymal stem cells 
(MSCs) and their related technologies in regenerative 
medicine, MSCs have shown promising therapeutic 
effects in neurological disorders, pulmonary dysfunction, 
metabolic/endocrine-related diseases, skin burns, and 
cardiovascular diseases, and they are gradually becoming 
the most promising therapeutic option in ovarian func-
tion reconstruction research [10–12]. The prevailing view 
is that the mechanism of MSCs for the treatment of POI 
is mainly based on their paracrine effects after migra-
tion to the ovary, including the secretion of cytokines, 
chemokines, growth factors, and extracellular vesicles 
(EVs), which play a regulatory role in the proliferation, 
apoptosis, immunity, autophagy, oxidative stress, angio-
genesis and fibrosis of ovarian cells [13–15].

EVs are membrane vesicles 50–1000  nm in diameter 
that are secreted by almost all cell types and contain 
proteins, lipids, and genetic material [16]. Based on the 
known mode of biogenesis, EVs can be categorized into 
three main types: exosomes, microvesicles and apop-
totic bodies [17]. Exosomes bud inward from endosomes 
to form intraluminal vesicles (ILVs) in multivesicular 
endosomes (MVEs), which are released by MVEs fusion 
with the plasma membrane (30–120  nm in diameter). 
Microvesicles are formed by budding outward directly 
from the plasma membrane (150–1000 nm in diameter). 
Apoptotic bodies are generated during programmed cell 
death (100–5000 nm in diameter).

EVs are thought to be a mechanism for intercellular 
communication, allowing cells to exchange substances 
and participate in a variety of physiological and patholog-
ical processes [18]. Notably, EVs can be used as a novel 
transport vehicle to transport microRNAs (miRNAs), 
small interfering RNA (siRNAs), or chemotherapeu-
tic drugs to target organs, and are now a new genera-
tion of diagnostic and therapeutic tools in the field of 
nanomedicines.

MSCs and MSCs-derived EVs have gradually become 
the most promising option for POI treatment [19]. How-
ever, in addition to the inherent safety limitations of 
MSCs themselves, the shortcomings of many of the cur-
rent POI-related studies are the failure to address the 
non-targeted distribution of MSCs and MSCs-derived 
EVs in various organs with minimal distribution in the 
ovary after intravenous injection, especially the block-
age in the lungs of MSCs, and the failure to capitalize on 
the properties of EVs as a nanomedicine carrier [20–22]. 
Nowadays, the concept of precision medicine is deeply 
rooted, and the development of targeted therapies and 
precision drug delivery systems for ovaries by MSCs and 
MSCs-derived EVs is highly promising and challenging.

This review starts from the recent research advances 
regarding MSCs and MSCs-derived EVs for remodeling 

of ovarian function and describes the homing mecha-
nisms of MSCs and MSCs-derived EVs. Importantly, this 
article provides insight into possible ovarian-targeted 
homing strategies as well as points to note.

Comparison of the therapeutic effects of MSCs 
and MSCs‑derived EVs on POI
According to the definition of the International Soci-
ety for Cellular Therapy (ISCT), MSC is a pluripotent 
progenitor cell with the ability to renew itself (limited 
in  vitro) and differentiate into mesenchymal cells [23]. 
MSCs-derived EVs carry substances such as nucleic 
acids, proteins, lipids, and metabolites from parental 
cells, and their therapeutic potential for POI has now 
been demonstrated. Relevant basic studies in recent years 
have shown that MSCs and their derived EVs have similar 
therapeutic effects on POI [24–45] (Tables 1, 2).

The mechanisms of MSCs and MSCs-derived EVs for 
POI treatment can be summarized as follows (Fig.  1): 
(1) promoting follicular growth and development; (2) 
promoting proliferation of GCs or inhibiting apoptosis 
of GCs; (3) promoting ovarian angiogenesis; (4) immu-
nomodulatory and anti-inflammatory effects; (5) reduc-
ing oxidative stress; and (6) inhibiting fibrosis.

The advantage of MSCs over EVs is their ability to sur-
vive, proliferate, and differentiate in vivo, which may have 
a longer-term and better therapeutic effect. However, 
as research progresses, the drawbacks of MSCs trans-
plantation in  vivo have been revealed, such as safety of 
preparation, unpredictable differentiation after in  vivo 
transplantation, potential tumorigenicity, donor or tis-
sue source heterogeneity, ethics, and stem cell regulation 
[46, 47]. In contrast, EVs have higher biological stability, 
lower immunogenicity, no risk of live cell administration, 
easier to produce on a large scale at low cost and without 
potential ethical issues [48].

In addition to the above advantages and disadvantages, 
a common disadvantage of both is the poor homing 
effect of target organs after systemic injection. While the 
potential effect of non-target organ homing is currently 
unknown, improving the homing ability of MSCs and 
their EVs is of greater basic research value and clinical 
application potential.

Biodistribution of MSCs and MSCs‑derived EVs
Routes of administration of MSCs and EVs for POI rou-
tinely include intravenous and in  situ, with a few using 
arterial injections. Among them, intravenous injection is 
the simplest, safest, and low-cost method, and therefore 
the most commonly used and more suitable for clini-
cal application. Unfortunately, the homing efficiency of 
MSCs or EVs after intravenous injection is extremely 
low and only a very small fraction of them will reach the 
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ovaries. This is a major bottleneck for MSCs or EVs in the 
treatment of POI and for future clinical applications.

Biodistribution of MSCs
Although the current study suggests that MSCs leave the 
circulation through a leukocyte homing-like mechanism 

mediated by specific receptor-ligands and undergo five 
steps of (1) tethering and rolling, (2) activation, (3) arrest, 
(4) transmigration or diapedesis, and (5) migration to 
further migrate to the site of injury [49] (Fig. 2). This is 
the result of "active homing", but what is often not noted 
in many POI-related studies is the "passive homing" 

Table 1  Therapeutic effects and mechanisms of MSCs on POI in different models

Type of MSCs Model Route of administration Outcome Mechanism References

hUMSCs CDDP Tail vein injection Ovarian fibrosis↓ TGF-β1/Smad3 [24]

CDDP Tail vein injection Theca-interstitial cells apopto-
sis ↓
Oxidative stress ↓

AMPK/mTOR pathway [25]

CDDP Tail vein injection Ovarian fibrosis ↓ AMPK/NR4A1 pathway [26]

CTX and BUS Tail vein injection Ovarian metabolome ↑ PI3K pathway [27]

CTX and BUS Tail vein injection GCs apoptosis ↓
Inflammation ↓

P38 and AKT pathway [28]

hAMSCs CTX Tail vein injection GCs apoptosis ↓
Angiogenesis ↑

Bax, Bcl2 and VEGF [29]

CTX Tail vein injection GCs apoptosis ↓
Angiogenesis ↑

SDF-1/CXCR4 axis; PI3K/Akt 
pathway

[30]

10% hydrogen peroxide Intraperitoneal injection Fertility ↑
Inflammatory cytokines ↓

– [31]

mBMSCs CTX Situ ovarian injection GCs apoptosis ↓ Overexpression of miR-21; 
PDCD4 and PTEN

[32]

ϒ-radiation Tail vein injection Ovarian apoptosis ↓
Ovarian proliferation ↑

TGF-β, Wnt/β-Catenin 
and Hippo pathway

[33]

MenSCs CDDP Tail vein injection GCs apoptosis ↓
Ovarian fibrosis ↓

Secret FGF2 [34]

Table 2  Therapeutic effects and mechanisms of MSCs-derived EVs on POI in different models

EVs cellular origin Method Route of administration Outcome Mechanism References

hUMSCs CDDP Tail vein injection GCs apoptosis ↓
angiogenesis ↑

miR-126-3p via PI3K/AKT/mTOR pathway [35]

CTX Tail vein injection Angiogenesis ↑ PI3K/AKT pathway [36]

CDDP Tail vein injection GCs apoptosis ↓ MicroRNA-22-3p via KLF6 and ATF4-ATF3-CHOP 
pathway

[37]

CTX Tail vein injection GCs proliferation ↑
ROS accumulation ↓

MicroRNA-17-5p via SIRT7 pathway [38]

Aging 
mouse

Tail vein injection Oocytes activation ↑
Fertility ↑

miR-146a-5p and miR-21-5p via PI3K/mTOR 
pathway

[39]

CDDP Tail vein injection GCs apoptosis ↓ MicroRNA-29a via HMG-Box /Wnt/β-Catenin 
pathway

[40]

hADSCs CTX Tail vein injection GCs proliferation ↑
GCs apoptosis ↓
GCs marker ↑

SMAD pathway [41]

mBMSCs CDDP Tail vein injection GCs apoptosis ↓ miR-644-5p via P53 pathway [42]

hAMSCs CTX Tail vein injection GCs proliferation ↑
GCs apoptosis ↓
ROS accumulation ↓

SIRT4 pathway [43]

hAFSCs CTX Tail vein injection GCs apoptosis ↓ miR-369-3p via YAF2/PDCD5/p53 pathway [44]

iPSC-MSC CTX Tail vein injection GCs proliferation ↑
GCs apoptosis ↓

ILK-PI3K/AKT pathway [45]
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Fig. 1  The mechanisms of MSCs and MSCs-derived EVs for POI treatment

Fig. 2  The mechanisms of MSCs homing
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effect of MSCs. It has been shown that the cell volume 
of MSCs increases significantly in the context of in vitro 
wall culture. Unlike endogenous MSCs that circulate 
efficiently throughout the body, this exogenous large vol-
ume of MSCs is passively entrapped in large numbers 
in small-diameter vessels [22]. Studies have shown that 
approximately 99% of MSCs are clear from circulation 
within 5 min of intravenous injection, with over 80% of 
the cells being entrapped in the lungs and only extremely 
small amounts of MSCs in other organs [50]. This entrap-
ment leads to the formation of local microemboli, caus-
ing local ischemia and resulting in massive death of 
MSCs, with only a few MSCs surviving in the perivascu-
lar niches [51]. Despite the mechanism of deformation, 
MSCs are not able to change the above fate due to physi-
cal limitations.

Arterial injection seems to be a good option to avoid 
the "first-pass effect" [52] in the lungs and to allow more 
MSCs to accumulate in the target organ. However, simi-
lar to the above mechanism, MSCs will inevitably form 
microemboli in local small vessels, resulting in the 
ischemic death of MSCs and the risk of local ischemic 
damage to the organ [51]. In addition, invasive surgery, 
bleeding complication, and concerns about the safety of 
irreversible ischemic damage to the ovaries will limit the 
clinical use of arterial injections.

For in situ injection, the ovary is a parenchymal organ, 
not a cavernous structure similar to a joint cavity [53], 
and it is not suitable to inject large amounts of MSCs, and 
forced injection would inevitably cause local mechanical 
damage to the ovary. In addition, many animal experi-
ments have been performed based on the cystic envelope 
wrapped around the surface of the ovary in mice or rats, 
into which MSCs can be injected and survive for a short 
period, waiting for MSCs to migrate into the ovary or 
act on ovarian cells through paracrine mechanisms [32]. 
However, the human ovary is not encapsulated by such 
a cystic structure and intracapsular injection is not fea-
sible. Therefore, the safety and feasibility of in situ injec-
tion needs to be thoroughly evaluated before its clinical 
application.

Biodistribution of EVs
As an approach to cell-free drug delivery therapy, EVs 
have the characteristics of small size, low immunogenic-
ity, long circulating half-life, good permeability, and good 
biocompatibility [54], which are very promising to be 
applied in the treatment of POI. Unfortunately, as with 
most other nanoparticle-based drug delivery vehicles, by 
only using the inherent properties of MSC-derived EVs, 
the precise treatment of POI and the targeted delivery of 
drugs could not be achieved.

After intravenous injection, EVs typically undergo the 
following process, with only a small percentage eventu-
ally reaching the intended targets [55] (Fig. 3): (1) Flow in 
the circulatory system while being mostly removed to the 
liver and spleen of the reticuloendothelial system (RES); 
(2) cross the vascular endothelial barrier and extracellular 
matrix (ECM); (3) uptake by target cell (including phago-
cytosis, micropinocytosis, endocytosis and fusion) [56]. 
As with the above principles, many studies have shown 
that after intravenous injection, EVs accumulate most in 
the liver, spleen, lungs, and kidneys, with extremely low 
distribution in the ovaries [21, 57–59] (Fig. 4).

Ovarian targeting strategies of MSCs
In view of the above deficiencies in "active homing" and 
difficulties in "passive homing" of MSCs after injection, 
the main challenge is to improve the ovarian biodistribu-
tion of MSCs and to enhance the therapeutic effect. Here 
we discuss possible ovarian targeting strategies of MSCs 
(Fig. 5).

Genetic engineering
Genetic engineering is a convenient tool to modify genes 
to improve the therapeutic potential of MSCs, includ-
ing homing ability, anti-inflammatory ability, differen-
tiation ability, angiogenesis, and survival time [60, 61]. In 
the "active homing" mechanism, the specific chemokine 
receptors on the surface of MSCs are key proteins for 
MSCs to recognize chemokines, and overexpression 
of chemokine receptors through genetic engineering 
can improve the homing ability of MSCs. For example, 
CXCR4 on the surface of MSCs has been shown to be 
involved in the migration and initiation of the homing 
process of MSCs through the chemokine SDF-1, and the 
expression of CXCR4 gradually decreases during in vitro 
culture [62]. It has been reported that ovarian and serum 
levels of SDF-1 are significantly elevated after chemo-
therapy, that ovarian induction of CXCR4-expressing 
MSCs homing, and that blocking the SDF-1/CXCR4 axis 
significantly reduces the number of MSCs homing [30]. 
In addition, overexpression of chemokine receptors, such 
as CXCR1 (IL-8), CXCR4 (SDF-1), and CXCR7 (SDF-1), 
has been shown to enhance the migration and targeting 
ability of MSCs [60].

Notably, the use of viral vectors, including retrovirus, 
lentivirus, and adeno-associated virus (AAV), inevitably 
carries the risk of chromosomal instability, insertional 
mutagenesis, and proto-oncogene activation, safety 
issues that hinder clinical use remain. To address the 
safety issues of viral vector genetic engineering, there 
have been attempts to integrate suicide genes in MSCs 
so that MSCs die after their therapeutic effects, avoiding 
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virus-related risks [63–65]. In addition, non-viral trans-
fection means can deliver DNA/RNA into cells by physi-
cal means or transfection reagents to achieve transient 
gene expression. Marquez-Curtis et al. used the cationic 
liposome reagent IBAfect to increase the expression of 
CXCR4 on the surface of MSCs and a significant 1.3-fold 
increase in the number of MSCs migrating toward the 
SDF-1 gradient [66]. Rosario et  al. used transient trans-
fection of mRNA to simultaneously overexpress CXCR4 
as well as the anti-inflammatory cytokine IL-10, which 
enhanced the homing of MSCs to inflammatory sites and 
increased the anti-inflammatory effect [67]. However, in 
addition to mRNA transfection, safety concerns remain 
for non-viral transfected DNA.

Physical modification
Physical modification refers to the stimulation of cells by 
physical stimulation, including electric field, ultrasound, 
and stress, which affects certain signaling pathways and 
thus regulates the expression of cell surface ligands/

receptors. For example, low-intensity pulsed ultrasound 
(LIPUS) stimulation promotes the expression of hAD-
MSCs chemokine receptors, especially CXCR4, and to 
some extent increases the number of hAD-MSCs homing 
to CTX-injured ovaries [68]. In other disease areas, the 
homing ability to cisplatin-induced damaged kidneys was 
enhanced in BMSCs exposed to electric field [69].

Chemical modification
Chemical modifications including the use of enzymatic 
modifications and ligand/peptide/antibody conjugation 
could avoid the potential safety issues of genetic engi-
neering and transiently improve the homing of MSCs, 
however, there are currently no studies in the field of POI. 
In a classic study, since hMSCs do not express E-selec-
tin ligands, researchers used an enzyme preparation 
(a-1,3-fucosyltransferase preparation) to convert MSCs 
expressing CD44 into hematopoietic cell E- selectin/L-
selectin ligand, thus giving MSCs the ability to bind 
E-selectin and ultimately allowing MSCs to migrate to 

Fig. 3  The mechanisms of EVs homing
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Fig. 4  The distribution of EVs after intravenous injection

Fig. 5  Ovarian targeting strategies of MSCs
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the targets [70]. Conjugation of antibodies to MSCs 
is currently a popular strategy, for example, Sulaiman 
et al. used palmitated protein G (PPG) as a mediator and 
MSCs were successfully coupled to type II collagen anti-
body, increasing the ability to bind to the osteochondral 
surface [71]. Liao et al. increased the hepatic accumula-
tion capacity and therapeutic efficacy of ADSCs by conju-
gating the targeting peptide RLTRKRGLK on the surface 
of ADSCs by a bioorthogonal click chemistry [72].

Pretreatment
Preconditioning refers to briefly causing functional 
changes in MSCs with physiological conditions includ-
ing hypoxia, temperature, and pH, or cytokines and small 
molecule drugs to enhance the repair effect or homing 
ability of MSCs. To address the problem of decreased 
survival of MSCs after in  vivo injection, researchers 
used heat shock (HS) to pretreat MSCs and found that 
HS significantly reduced the apoptosis rate of MSCs and 
enhanced the repair effect on MSCs to chemotherapy-
induced POI [73, 74]. Although hUMSCs pretreated 
with hypoxia can significantly reduce apoptosis in trans-
planted ovarian tissues and improve early pro-angiogenic 
effects [75], there are no relevant studies on whether 
they can improve ovarian homing efficiency. In other 
fields, upregulation of CXCR4 and CXCR7 expression 
in hypoxia-pretreated MSCs enhanced the homing abil-
ity and therapeutic effect in renal ischemia/reperfusion 
injury models [76]. BMSCs preincubated with tumor 
necrosis factor α (TNF-α) upregulated the expression of 
several chemokine receptors such as CCR2, CCR3, and 
CCR4, and increased migration toward chemokines [77].

Magnetic targeting
Magnetic targeting refers to the use of magnetic fields to 
guide MSCs with magnetic nanoparticles to the organ 
of interest after intravenous injection to improve the 
distribution of MSCs in  vivo. At present, the main tar-
get organs involved in MSCs magnetic targeting studies 
include spinal cord [78], lungs [79], spleen [80], brain [81], 
heart [82], knee joint [83] and retina [84]. For example, 
Liu et al. labeled MSCs with Fe3O4@polydopamine (PDA) 
and fixed magnets to the dorsal L4-L6 segment of the spi-
nal cord of mice for 24  h, which improved the homing 
ability and therapeutic effect of MSCs to the spinal cord 
[78]. However, the placement of permanent magnets is a 
challenge considering the size of the ovary as well as the 
site, thus limiting the application of magnetic targeting to 
the ovary. In addition, some safety issues of magnetic tar-
geting need to be addressed before conducting clinical tri-
als, including biocompatibility issues between MSCs and 
magnetic nanoparticles, the effect of static magnetic fields 
on MSCs, and adverse effects in vivo [85].

Enucleation
Wang et  al. innovatively used Cytochalasin B and Ficoll 
density-gradient ultracentrifugation to remove the 
nuclei of hTERT-immortalized adipose-derived MSCs 
(hT-MSCs) and combined with in  vitro 3D cell culture, 
which significantly reduces the cell diameter of MSCs 
and preserves key cellular structures and functions, 
such as translation of exogenous mRNAs and secretion 
of functional proteins. On this basis, the combination 
of genetic engineering techniques, such as overexpres-
sion of CXCR2, CXCR4, and PSGL-1/FUT-7 to enhance 
homing ability and overexpression of IL-10 to enhance 
anti-inflammatory ability, well addressed the hom-
ing challenges and unpredictability of differentiation of 
MSCs as well as the oncogenicity of genetic engineer-
ing [86]. The breakthrough effect of this technology is to 
solve the "first-pass effect" in lungs and cell safety prob-
lems and to preserve the key structure and function of 
cellular protein expression and secretion.

Comparisons of ovarian targeting strategies of MSCs
Safety concerns are the first thing that needs to be con-
sidered for the remodeling of ovarian function in women. 
As previously mentioned, genetic engineering tools face 
safety concerns due to the use of viruses. In fact, physi-
cal modification, chemical modification, pretreatment, 
and magnetic targeting still involve the potential tumo-
rigenicity of stem cells because they involve the in  vivo 
injection of MSCs. In contrast, the expression of "suicide 
genes" by MSCs through genetic engineering can to a 
certain extent alleviate safety concerns, but the efficiency 
of cell suicide and the impact of viruses need to be con-
sidered. In addition, due to the specific location and size 
of the ovary, the difficulty of placing permanent magnets 
will greatly limit the application of magnetic targeting 
technology. Therefore, "decellularized" nucleated cells 
are relatively the best choice, on the one hand, it can be 
combined with the advantages of genetic engineering to 
achieve enhanced homing ability and anti-inflammatory 
ability, on the other hand, after the nucleation of the nat-
ural solution to the problem of cellular safety, and due to 
the smaller size of the cells, it can also reduce the “first-
pass effect” in the lungs, greatly improving the targeting 
efficiency.

Ovarian targeting strategies of MSCs‑derived EVs
EVs, especially exosomes, are well suited as tools for 
ovarian-targeted therapies due to their favorable nano-
properties. For example, EVs can cross the blood-follicle 
barrier to exert therapeutic effects [36]; there is a "do not 
eat me" signal CD47 and therefore a long circulating half-
life [87]; MSCs derived EVs have inherent anti-inflamma-
tory and repair properties [88]; and the contents of EVs, 
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including nucleic acids, proteins, and even loaded drugs, 
can be modified to significantly increase the therapeu-
tic potential of EVs [89]. Therefore, it would be of great 
interest to overcome the challenge of insufficient biodis-
tribution and explore ovarian targeting strategies for EVs 
(Fig. 6).

At present, the main engineering strategies for EVs 
include cargo loading and membrane-targeted modifi-
cation [90]. Cargo loading is achieved by co-incubation, 
genetic engineering, physical and chemical pathway-
mediated membrane penetration, or membrane fusion. 
And the prerequisite to realize targeted cargo delivery 
lies in good membrane-targeted modification or mag-
netic targeting. The means of membrane-targeting modi-
fications are mainly based on the membrane structure of 
the phospholipid bilayer of EVs. The proteins on the sur-
face of EVs are manipulated through genetic engineering 
or chemical modification to express or conjugate single 
chain antibodies (scFv)/targeting peptide/nanobodies on 
the membrane surface of exosomes.

Genetic engineering
The key after genetic modification lies in the fusion pro-
tein expressed on the surface of the exosome membrane, 
which has targeting ability. Alvarez-Erviti et al. [91] pio-
neered the introduction of a vector encoding a neuron-
specific RVG peptide into cells for fusion expression with 
Lamp2b and successfully delivered exosomes loaded 

with siRNA to the brain for therapeutic effect. Similar 
examples of Lamp2b fusion-expressed targeting pep-
tide include targeting of cardiomyocytes [92, 93], breast 
cancer cells [94], and chondrocytes [95]. Zou et  al. [96] 
expressed human immunodeficiency virus type 1 (HIV-1) 
high-affinity specific single chain antibody fragment on 
the surface of exosomes and loaded curcumin or miR-143 
to successfully target and kill virus-infected cells. Kooij-
mans et al. [97] introduced anti-epidermal growth factor 
receptor (EGFR) nanobodies with glycosylphosphati-
dylinositol (GPI) anchor signal peptides derived from 
decay-accelerating factor (DAF) fusion expression vec-
tors into EVs-producing cells and successfully targeted 
tumor cells.

Chemical modification
In contrast to genetic engineering, which requires paren-
tal cells, chemical modification is a direct intervention 
in EVs, including bioconjugation, amidation, aldehyde 
amine condensation, click chemistry, hydrophobic inser-
tion, receptor-ligand binding, multivalent electrostatic 
interactions [90]. Cui et  al. [98] through a diacyllipid 
insertion method conjugated the bone-targeting peptide 
SDSSD to MSCs derived exosomes membrane, and then 
the exosomes were loaded with siRNA via electropo-
ration, successfully delivered siRNA specific targeting 
to osteoblasts, which had a good therapeutic effect on 
osteoporosis. 

Fig. 6  Ovarian targeting strategies of EVs
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Magnetic targeting
Li et  al. [99] prepared NPs-containing exosomes by co-
incubating MSCs with superparamagnetic iron oxide 
nanoparticles (SPIONs) for 16 h. Under the effect of the 
external magnetic field, the number of exosomes aggre-
gated at the skin injury site was significantly increased 
and a better repair effect was achieved. Due to the small 
number of EVs produced by MSCs daily, it is difficult to 
collect sufficient quantities for use in clinical studies. Kim 
et al. [100, 101] prepared exosome-mimetic nanovesicles 
containing SPIONs by co-incubating MSCs with NPs and 
then extruding the cells using serial nano-porous mem-
branes. Guided by an external magnetic field, they suc-
cessfully produced significant targeted therapeutic effects 
on ischemic stroke and spinal cord injury. One safety 
concern that EVs can avoid compared to MSCs is the 
risk of vascular embolism caused by the accumulation of 
large amounts of MSCs in the local vascular lumen under 
the influence of external high-intensity magnetic fields.

Ovary‑specific targets and antibodies
After summarizing the ovarian targeting strategies for 
MSCs and MSCs-derived EVs, how to find ovarian-
specific targets is particularly important. In my opinion, 
ovary-specific targets need to fulfill the following two 
characteristics: (1) the target must be a molecule on the 
surface of the cell membrane, such as a membrane recep-
tor or ligand; (2) the target needs to be ovary-specific or 
highly expressed.

For example, anti-CD19 chimeric antigen receptor T 
(CAR-T) cell therapy for hematologic malignancies has 
undoubtedly achieved impressive results, and the key 
to its success lies in the selection of the specific target 
(CD19, expressed in more than 95% of B-cell malignant 
tumors) as well as in the continuous innovation of the 
CAR structure [102]. The molecular structure of CAR 
consists of four main parts: the extracellular domain, the 
hinge region, the transmembrane domain and the intra-
cellular domain. The extracellular domain is the antigen-
binding region, which contains the key molecule scFv to 
realize the targeting function. Notably, the level of affinity 
of scFv determines the tumor-targeting killing ability of 
CAR-T as well as off-target toxicity [103]. Therefore, the 
selection of specific targets and the production of high-
affinity antibodies (including scFv and nanobody) will 
greatly affect the target repair ability of the ovary as well 
as the target delivery efficiency.

The selection of ovarian‑specific targets
Specifically, the selection of specific targets needs to 
focus on specific cell types of the ovary, such as oocytes, 
granulosa cells (GCs), and theca cells. Considering the 

presence of zona pellucida and reproductive safety con-
cerns, targeting oocytes may need to be considered with 
caution. Granulosa cells, which are present at differ-
ent follicular stages, adjacent to the oocyte and perform 
important functions, are a good choice. Following the 
gene expression data from the National Center for Bio-
technology Information (NCBI), combined with pub-
lished references related to GCs marker or single-cell 
sequencing data, screening and comparison of membrane 
proteins highly expressed in GCs and further validation 
at the protein level in conjunction with basic experiments 
would be one of the ideas to screen ovary-specific tar-
gets, such as FSHR, a common marker for GCs.

The production of high‑affinity antibodies
On the basis of a good selection of ovarian-specific tar-
gets, the production, optimization and validation of high-
affinity antibodies will be involved. Current technologies 
for antibody development are relatively mature, such as 
humanization of monoclonal antibodies, phage display, 
single B-cell antibody technology and affinity maturation 
[104]. Despite the relative maturity of the technology, it 
is important to note the cost of the time required for the 
development of high-affinity antibodies and the risk of 
failure.

Clinical trials
According to ClinicalTrials.gov, as of February 14, 2024, 
21 clinical trials of MSCs and MSCs-derived EVs for the 
treatment of POI were registered. Of these trials, 1 trial 
is terminated, 6 trials are already completed, and recruit-
ment is going on for 3 trials (Table 3). Notably, most of 
the interventions with MSCs were ovarian rather than 
intravenous injections. Therefore, considering the safety 
and simplicity of intravenous injection, the development 
of ovarian-targeted MSCs or MSCs-derived EVs is of 
great value for clinical applications.

Future challenges
Homogeneity of MSCs and MSCs‑derived EVs
Despite the large number of clinical trials related to 
MSCs, there are still some concerns and questions about 
the homogeneity of MSCs products. Studies have shown 
that the individual origin of MSCs (e.g., age, sex), tissue 
source, culture conditions, isolation methods, culture 
generations, and subpopulations of MSCs can lead to dif-
ferences in gene expression profiles as well as therapeutic 
effects of MSCs [105–108]. The homogeneity as well as 
therapeutic effects of EVs can also be influenced by the 
characteristics of MSCs, purification methods, engineer-
ing approaches, and storage methods [109]. Therefore, 
the design of preclinical and clinical trials needs to take 
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Table 3  Clinical trials related MSCs and MSCs-derived EVs therapy performed or underway for POI

Trial ID Enrollment Study Status Interventions Phases Start Date Locations Out come of Trial

NCT02151890 10 Completed Laparoscopic 
stem cells trans-
plantation

Phase1|Phase2 2012/3/1 Al Azhar Univer-
sity, Egypt

No results posted

NCT01742533 40 Unknown hUMSCs, hCBM-
NCs transplanta-
tion combined 
HRT

Phase1|Phase2 2012/3/1 Shenzhen Peo-
ple’s Hospital, 
China

No results posted

NCT02062931 60 Unknown Laparoscopic 
autologous 
BMSCs trans-
plantation

Phase1|Phase2 2012/3/1 Al Azhar Univer-
sity, Egypt

No results posted

NCT02372474 112 Completed Laparoscopic 
autologous 
BMSCs trans-
plantation

Phase1|Phase2 2012/3/1 Al Azhar Univer-
sity, Egypt

No results posted

NCT01853501 4 Unknown Autologous 
ADSCs ovary 
injection

Phase4 2012/9/1 The affiliated 
Drum Towel 
Hospital, China

No results posted

NCT02043743 60 Unknown Autologous 
BMSCs ovary 
injection

Phase1|Phase2 2014/1/1 El-Rayadh Fertil-
ity Center, Egypt

No results posted

NCT03069209 50 Unknown Autologous 
BMSCs ovary 
injection

Phase1|Phase2 2015/1/1 Stem Cells Ara-
bia, Jordan

No results posted

NCT02151890 10 Completed Laparoscopic 
stem cells trans-
plantation

Phase1|Phase2 2012/3/1 Al Azhar Univer-
sity, Egypt

No results posted

NCT02603744 9 Unknown Autologous 
ADSCs ovary 
injection

Phase1|Phase2 2015/6/1 Royan Institute, 
Iran

No results posted

NCT02644447 23 Completed hUMSCs 
with injectable 
collagen scaffold 
transplantation

Phase1|Phase2 2015/10/1 The affiliated 
Drum Towel 
Hospital, China

No results posted

NCT03033277 320 Unknown Intraovar-
ian injection 
of hUMSCs 
under the guid-
ance of ultra-
sonic

Phase1|Phase2 2016/2/1 Institute of Zool-
ogy, Chinese 
Academy of Sci-
ences, China

No results posted

NCT02696889 3 Completed Laparoscopic 
autologous 
BMSCs ovary 
injection

NA 2016/2/6 University of Illi-
nois at Chicago, 
United States

No results posted

NCT02779374 10 Terminated Autologous 
BMSCs intrave-
nous injection

NA 2016/7/1 South Valley Uni-
versity, Egypt

No results posted

NCT03816852 12 Suspended hUMSCs intrave-
nous injection

Phase2 2018/10/1 Henan Provincial 
People’s Hospi-
tal, China

No results posted

NCT05138367 20 Completed UCA-PSCs 
or WJ-MSCs 
ovary injection 
under the guid-
ance of ultra-
sonic

Phase1 2018/12/1 The affiliated 
Drum Towel 
Hospital, China

No results posted

NCT03877471 28 Unknown hESC-MSCs 
ovary injection 
under the guid-
ance of ultra-
sonic

Phase1 2019/4/3 The First Affili-
ated Hospital 
of Zhengzhou 
University, China

No results posted



Page 13 of 18Song et al. Stem Cell Research & Therapy           (2024) 15:90 	

into account the possible impact of the above differences 
and ensure that MSCs and EVs products have strict pro-
duction standards and quality testing procedures.

To ensure homogeneity and product quality, the fol-
lowing four programs are indispensable: (1) ensure that 
each product has clear and traceable biological informa-
tion about the healthy donor; (2) establish strict opera-
tion standards and management procedures for MSCs/
EVs collection, isolation, cultivation, cell line establish-
ment, preservation and transportation, as well as per-
sonnel training, instrument use and environmental 
maintenance; (3) to ensure the homogeneity of the prod-
uct batches, try to establish the cell bank production, and 
pay attention to the homogeneity of the donor material; 
(4) the quality research of the product should be compre-
hensive and continuous, including the analysis of cellular 
properties, physical and chemical properties, purity and 
impurity analysis, safety analysis and biological activity 
analysis.

Yield of MSCs‑derived EVs
As mentioned above, there may be differences in homo-
geneity and therapeutic effects of EVs derived from dif-
ferent culture generations of MSCs. As cells isolated and 
cultured from normal tissues, MSCs are limited in num-
ber as well as in the number of culture generations. For 
example, an ongoing clinical trial requires 5–20  μg of 
MSCs per participant, twice weekly for 12 weeks (Clini-
calTrials.gov Identifier: NCT04388982), and the total 

number of exosomes required for 9 participants would 
take several weeks to produce. Therefore, the yield of EVs 
is largely limited by the quantity and quality of MSCs 
under conventional culture conditions, and there is a 
need to develop new methods to increase the yield of 
MSCs-derived EVs.

Conventional methods to enhance EVs secretion are 
difficult to meet the needs of large-scale EVs production, 
such as (1) genetic engineering based on exosome bio-
genesis and release pathways, (2) pretreatment of paren-
tal cells or addition of different additives to the culture 
medium, and (3) 3D cell culture based on biomateri-
als [110]. For large-scale production, the current main-
stream means is to 3D culture large quantities of MSCs 
in rotating flasks based on microcarriers. Haraszti et al. 
showed that this method in combination with tangential 
flow filtration (TFF, a method of concentrating proteins 
from large quantities of media) can increase the yield 
by a factor of about 140 compared to the traditional 2D 
culture in combination with ultracentrifugation [111]. In 
addition, this method is easy to meet the Good Manufac-
turing Practice (GMP) requirements in production and 
has a very promising clinical application.

Notably, the extrusion of MSCs by serial nano-porous 
membranes allows simple, easy, and efficient access to 
large amounts of exosome-mimetic nanovesicles [112]. 
It is undeniable that there are differences between 
exosome-mimicking nanoparticles and real culture-
obtained exosomes, but due to its great yield and ease of 

Table 3  (continued)

Trial ID Enrollment Study Status Interventions Phases Start Date Locations Out come of Trial

NCT05308342 66 Recruiting hUMSCs ovary 
injection 
under the guid-
ance of ultra-
sonic

NA 2019/11/20 The affiliated 
Drum Towel 
Hospital, China

No results posted

NCT05494723 6 Not yet recruit-
ing

YB-1113 (hUM-
SCs) intravenous 
injection

Phase1 2024/1/9 Bright Cell, Inc No results posted

NCT06132542 10 Not yet recruit-
ing

ADSCs ovary 
injection 
under the guid-
ance of ultra-
sonic

Phase1 2024/1/15 Mongolian 
National Univer-
sity of Medi-
cal Science, 
Mongolia

No results posted

NCT06202547 10 Recruiting BMSCs derived 
EVs ovary 
injection 
under the guid-
ance of ultra-
sonic

Phase1|Phase2 2023/2/20 Royan Institute, 
Iran

No results posted

NCT06072794 9 Recruiting VL-PX10 (hPM-
SCs derived 
exosmes) intra-
venous injection

Phase1 2023/10/6 Optimal Health 
Associates, 
United States

No results posted
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production, it has great application prospects in the field 
of targeted delivery.

Purity of MSCs‑derived EVs
Efficient isolation and purification of EVs and effective 
removal of contaminating proteins and other possible 
contaminants are necessary to reduce the heterogeneity 
of EVs. EVs isolation methods include ultracentrifuga-
tion, ultrafiltration, density gradient, size-exclusion chro-
matography, immunoaffinity capture, and commercial 
reagents [113, 114]. Although a large number of isolation 
and purification methods have been developed, no single 
method is perfect.

For example, the methods in order from highest to low-
est yield are approximately commercial reagents, ultrafil-
tration and ultracentrifugation, yet the order of purity is 
almost reversed [114]. Ultracentrifugation, while obtain-
ing high-purity exosomes for clinical use, has the disad-
vantages of high cost, cumbersome operation, damage 
of isolated vesicles and protein aggregation. Immunoaf-
finity capture and size-exclusion chromatography, while 
obtaining relatively high-purity EVs, are difficult to meet 
the standards required for clinical use and have low yield. 
Therefore, exosome purification methods limit the stand-
ardization and large-scale production of exosomes and 
represent a great challenge for the future clinical use of 
exosomes.

Long‑term safety and efficacy assessment
Although there have been a large number of preclinical 
studies of MSCs and MSCs-derived EVs for the treatment 
of POI in recent years (Tables 1, 2), most of these studies 
have emphasized the restoration of ovarian function and 
improvement of fertility, with little focus on long-term 
safety and efficacy. Especially for MSCs or MSCs-derived 
EVs that are genetically engineered to enhance ovar-
ian homing/targeting, the potential safety issues (tumo-
rigenicity as well as immunogenicity) should be more 
concerned. Especially in the case of oocytes, the risk of 
introducing exogenous genes is something that needs to 
be considered extremely carefully.

Therefore, for the treatment of POI based on MSCs or 
MSCs-derived EVs, it is necessary to conduct more safety 
experiments on the parents and offspring, such as the 
long-term changes in body weight, blood routine, blood 
biochemistry, liver and kidney functions, ovarian func-
tion, fertility, tumor formation and so on, as well as the 
growth and development ability, learning ability, repro-
duction ability, and even genome changes of the offspring 
of the experimental animals. The above research will be 
of great significance to support more clinical trials and 
future clinical translation.

Conclusions
The inherent ability of MSCs to sites of injury to secrete 
therapeutic mediators (including EVs) makes them a 
bright star for POI therapy. Due to the genetically manip-
ulable as well as cargo loading properties of MSCs and 
MSCs-derived EVs, precision targeted therapies offer 
new hopes and challenges for the treatment of POI.

The administration route of MSCs and MSCs-derived 
EVs determines the biodistribution, therapeutic efficacy, 
and possible safety concerns raised after injection. To 
improve the ovarian targeting ability of MSCs and MSCs-
derived EVs, a series of engineering approaches were evalu-
ated, such as upregulating chemokine receptor expression 
or conjugating targeting peptide/nanobody/scFv by means 
of genetic engineering, surface modification, and pretreat-
ment. In addition, there is also hope for aggregation of 
MSCs and MSCs-derived EVs to the damaged ovaries by 
means of magnetic targeting, with the premise of control-
ling the location and intensity of the magnetic field. Despite 
so many encouraging approaches, several challenges 
remain for the future clinical application of MSCs and their 
derived EVs, such as the review of homogeneity, the diffi-
culty of mass production of EVs, the challenge of purifica-
tion of EVs and insufficient conduct of preclinical trials.

Therefore, more advanced approaches are still needed 
to expand the potential of MSCs and MSCs-derived EVs 
in POI-targeted therapy. In the future, we look forward 
to more ovarian-targeted research strategies to achieve 
high-quality controlled targeted damage repair as well as 
targeted cargo delivery, bringing new hope for the POI 
population.
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