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Abstract

Physical and mental health and hormonal imbalance are associated with the problems related to infertility and reproductive
disorders. The rate of infertility has increased globally over the years, due to various reasons. Given the psychosocial
implications of infertility and its effects on the life of the affected people, there has been an increased focus on its treatment
over the last several years. Assisted reproductive technology can only solve about 50% of the cases. Moreover, it contains
significant risks and does not solve the fundamental problem of infertility. As pluripotent stem cells have the potential to
differentiate into almost any type of cell, they have been widely regarded as a promising option in the development of stem
cell-based fertility treatments, which could even correct genetic diseases in offspring. These advancements in reproductive
biotechnology present both challenges and possibilities for solving infertility problems caused by various unexplainable
factors. This review briefly presents the different types of infertility disorders and the potential applications of stem cells in
the treatment of these reproductive diseases.
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Table 1. A Variety of Stem Cells Technologies Provide the Promise for Curing Reproductive Diseases.

Gender Organs Infertility diseases Stem cells types Applications Effects and reference
Male Testis Azoospermia ADSCs Rat SpermatogenesisT, Testis
Apsermia morphologyT, BirthT*
Oligospermia Varicocele UCSCs Mouse Germ cellsT, Testicular tissueT®
iPSCs Human Spermatogenesis T’
SSCs Macaque Spermatogenesis T®
Asthenozoospermia UCSCs Hypothesis Germ cellsT®
Female Endometrium Asherman’s syndrome MenSCs Human EndometriumT?
Intrauterine adhesions UCSCs Human EndometriumT, BirthT*
Thin endometrium and EPCs Mouse Endometrium™, BirthT'°
recurrent pregnancy losses
Ovary Polycystic Ovarian Syndrome ADSCs Mouse, Rat FolliclesT, Estradiol T"!
Premature Ovarian Failure AFSCSs Mouse FolliclesT"2
Premature Ovarian Failure BMSCS Mouse FolliclesT, Follicular stimulated
hormone!, EstradiolT'?
Premature Ovarian Failure OSCs Mouse OocytesT, BirthT!4!5
Premature Ovarian Failure ESCs Mouse OocytesT!416

ADSC:s: adipose tissue-derived MSCs; AFSCs: amniotic fluid stem cells; iPSCs: induced pluripotent stem cells; menSCs: menstrual blood-derived stromal
cells; OSCs: oogonial stem cells; SSCs: spermatogonial stem cells; UCSCs: umbilical cord stem cells; BMSCs: bone marrow stem cells; EPCs: endometrial

progenitor cells; ESCs: embryonic stem cells.

progress in the development and application of stem cell
therapy as a new and effective method of treatment of infer-
tility, in the clinical setting (Fig. 3 and Table 1).

Human Infertility Defects
Male Infertility and Therapeutic Strategies

Spermatogenesis is the process by which mature sperm cells
are produced through cellular differentiation within the tes-
tes. It is a continuous process that occurs throughout the
entire reproductive life of a man, and every ejaculation pro-
duces millions of sperm. Various processes of reproductive
function are regulated by gonadal hormones and subtle
molecular circuits during development. Maintaining repro-
ductive health is the key to successful fertility and a healthy
relationship between partners. There are several factors, such
as genetic mutations, infections, anatomical change, hor-
monal imbalances, and psychological stress, which directly
or indirectly affect the normal development and quality of
sperm and prevent men from being able to father offspring!.
Routine semen evaluations provide information about per-
taining to semen volume and concentration, as well as sperm
motility and morphology. According to reports, up to 30% of
men have fertility problems. The main causes of male infer-
tility are the absence of sperm in the ejaculate (azoospermia),
a decrease in sperm quantity and motility (oligoasthenosper-
mia), and poor sperm quality (lack of active sperm with nor-
mal morphology), induced by various factors. These
constitute up to 90% of the problems related to male infertil-
ity!” (Fig. 1).

According to previous medical research, patients with
low sperm counts should undergo ICSI, or orchiectomy, or
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Figure 1. The common types of male infertility issues.

non-operative therapy in accordance with established guide-
lines. For example, clinical trials have shown that microsur-
gical varicocelectomy can increase sperm concentration and
motility. Therefore, improvement in the sperm quality
through surgical treatment can increase the chances of infer-
tile men to father offspring, and these men have the least risk
of developing hydrocele or its recurrence!®. Due to the latest
developments in microsurgical methods and in vitro fertiliza-
tion (IVF)/ICSI, an increasing number of patients with azo-
ospermia, oligospermia (low sperm count), and poor sperm
quality have obtained successful results'®. In clinical prac-
tice, testicular sperm aspiration (TESA) and percutaneous
epididymal sperm aspiration (PESA) combined with ICSI
technology can solve most of the infertility problems, and
the use of ART can result in successful conception. However,
many studies have reported that although the possibility of
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residual confounding cannot be ruled out, the risk of ICSI-
induced defects in the offspring increases even after multi-
factor adjustment®®?!. In previous studies, stem cells with
self-renewal capacity were considered as a potential source
for sperm generation through the formation of germ cells or
the restoration of testicular tissue. However, further studies
are required to understand the precise signal pathway, which
will likely pave the way from theory to clinic trials and
treatment?,

Azoospermia. Although testicular dysgenesis syndrome is
usually caused by genetic defects and polymorphisms, there
are reports of links to environmental and lifestyle factors
resulting from rapid temporal changes which are capable of
affecting the endocrine system and causing epigenetic modi-
fications. Azoospermia is defined as the absence of sperm in
the ejaculate after centrifugation during semen analysis. It is
categorized into obstructive azoospermia (OA) and non-
obstructive azoospermia (NOA). OA accounts for 40% of
azoospermia cases and can occur in the seminal tubules, but
it does not appear in post-ejaculated semen due to obstruc-
tion along the ejaculatory duct or the vas deferens duct.
Patients with NOA frequently present with severe testicular
failure which is diagnosed through testicular biopsy. Due to
the failure of spermatogenesis, sperms are absent in the
semen of men with NOA. It has been reported that there are
at least 2000 genes related to spermatogenesis, and azoosper-
mia accounts for 25% of the genetic causes of male infertil-
ity?>. NOA is more frequently reported to be genetically
abnormal than OA?*?%, Some investigations have shown that
chromosomal and genetic abnormalities can also cause dif-
ferent types of male infertility?. Klinefelter syndrome with a
47, XXY chromosomal complement is the most frequent
chromosomal abnormality in patients with azoospermia.
Recent studies have revealed that microdeletions on the long
arm of the Y chromosome (Yq), especially at the azoosper-
mic factor(AZF) region result in impaired spermatogenesis
and are the genetic cause of the most common sperm failure
resulting in male infertility. All microdeletions of AZFa,
AZFb, and AZFc sub-regions on the Y chromosome can
result in NOA although there is the possibility of the pres-
ence of sperms if only the AZFc sub-region is deleted®.
Some cases of NOA are mainly diagnosed due to abnormali-
ties in gonadotropin hormone release and function caused by
hypothalamic or pituitary diseases, or intrinsic testicular
abnormalities that may affect spermatogenesis. In primary
testicular failure resulting from abnormalities in the func-
tional elements of the testes, it is impossible to induce sper-
matogenesis through hormonal stimulation.

Low sperm quantity. Spermatogenesis is a complex network
of physiological processes such as spermatogonial prolifera-
tion, spermatocyte meiosis, and spermatid morphogenesis
occurring in the seminiferous tubules?’ and eventually form-
ing mature male gametes. The differentiation of spermatogo-
nia into spermatozoa requires the participation of multiple

cell types, hormones, paracrine and autocrine factors, genes,
and epigenetic regulators?®?°, Some diseases and conditions,
such as obesity, psychological factors, and environmental
exposure, can affect spermatogenesis and affect the
offspring?830-32,

Oligospermia, asthenospermia, teratospermia, and high
sperm DNA fragmentation rates are the most common phe-
notypes of poor sperm quality. Studies have confirmed that
these low-quality sperms can cause infertility or poor preg-
nancy outcomes. Research on the genes and molecular
mechanisms related to sperm abnormalities has been receiv-
ing increasing attention as genetic investigations could pro-
vide clues for treatment®*. The various genes linked to the
different types of sperm-related abnormalities are as fol-
lows: oligospermia:GSTM1, DNMT3L and CYPIAIL;
asthenospermia:CATSPER1, CRISP2, SEPT4, TCTES3,
TEKT4, DNAHI1, and so on; teratozoospermia:DPY 1912
and AURKC?*, Metabolic and transcriptional abnormalities
have been observed in the semen of men with as then ozoo-
spermia. Studies have revealed that the expression levels of
the genes encoding fructokinase citrate synthase, succinate
dehydrogenase, and spermine synthase, which are associ-
ated with enzyme metabolism, were reduced in the semen of
patients with asthenospermia®>. Moreover, sperm motility
and viability are affected by the exosomes in the male repro-
ductive tract. Exosomes derived from individuals with nor-
mal sperms can increase sperm motility and trigger
capacitation®®, Varicocele with the etiology of intrinsic tes-
ticular impairment also induces testicular spermatogenesis
by damaging sperm DNA, such that the reproductive func-
tion in patients gets severely affected’’. Factors such as
infection, oxidative stress, smoking, and an unhealthy life-
style can also result in poor sperm quality.

Female Infertility and Therapeutic Strategies

Development of the ovarian follicles containing oocytes
(mature ova or egg cells) is regulated by the endocrine and
paracrine systems. Normal maturation of the oocytes is a pre-
requisite for a successful pregnancy. The hypothalamic-pitu-
itary-gonadal axis (HPG) plays a critical role in the regulation
of reproductive events’®. Paracrine and autocrine signals
between oocytes, cumulus granulosa, and mural granulosa
are responsible for ovulation. Many of the signaling mole-
cules involved in this process belong to the transforming
growth factor beta (TGF-f) super family. Eppig et al. reported
that, other than the bone morphogenetic protein 15 (BMP15)
and growth differentiation factor 9 (GDF9) belonging to
TGF-B, fibroblast growth factors (FGFs) derived from
oocytes are also involved in cumulus glycolysis for promot-
ing ovarian development***, The causes of ovarian dysfunc-
tion remain complicated and controversial. Hormonal
imbalances, such as primary or secondary hypergonadotropic
amenorrhea, and also cholesterol concentration physiologi-
cally affect the oocyte survival*!. Gene sequencing technol-
ogy has identified chromosomal abnormalities and genetic
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Figure 2. The common types of female infertility issues.

mutations as the cause of infertility in females. Infertility may
also be caused by immune system dysfunction, resulting from
innate/adaptive immune response to viral infection*>*.
Genetic and environmental factors can influence the rate of
loss of primordial follicles, but exposure to harmful stimuli
such as radiation, chemotherapy, cigarette smoking, and so
on, can accelerate this process*!. Furthermore, psychological
impairments, predominately low self-confidence, have also
been identified in cross-sectional research as one of the
causes®. The most common causes of female infertility are
premature ovarian failure, polycystic ovary syndrome
(PCOS), and endometrial dysfunction including intrauterine
adhesions and thin endometrium (Fig. 2). Females with
abnormal ovarian function and endometrial dysfunction nei-
ther become pregnant during their child-bearing age nor suc-
cessfully conceive through in vitro fertilization.

Potential therapeutic strategies might include targeting
the mechanisms that control the HPO axis, improving the
histological morphology of the uterus, and managing the
expression and failure of genes related to the regulation of
the nervous-endocrine-immune systems, and modulating the
signal pathway associated with infertility. Previous therapeu-
tic remedies, such as hormone replacement and psychologi-
cal support, have been applied in the treatment of female
infertility. Furthermore, in vivo fertilization treatment might
prove beneficial severalinfertile couples*. Although IVF has
a low risk of long-term adverse outcomes and involves lim-
ited usage of drugs, it requires mature oocytes of high qual-
ity*’. The stem cell-based transplantation technique might
effectively alleviate such problems and restore fertility.

Premature ovarian failure. Premature ovarian failure (POF) is
one of the most common causes of female infertility. It is a
heterogeneous disorder characterized by ovarian atrophy,
diminished ovarian reserve, menstrual disorder, and ovarian
dysfunction, along with elevated follicle stimulating hor-
mone (FSH) and relatively low estradiol (E2) levels in
women under 40 years of age**. Anti-Mullerian hormone

(AMH) is exclusively produced by the ovarian follicular
granulosa cells during the early stages of follicle develop-
ment and is a reliable method for diagnosing ovarian follicu-
lar dysplasia. The genetic causes of follicular dysfunction
include abnormal chromosomal structure and mutations in
specific genes related to the ovarian function or metabolic
regulation*®. Chemotherapy and radiation therapy could also
damage the DNA, leading to the loss of pre-antral follicles
and eventually disrupting ovarian function'*!. Granulosa
cells (GCs) dysfunction causes follicular atresia and has been
implicated as the main cause of premature ovarian insuffi-
ciency (POI)*. Duan et al. found that IncRNA LINC02690
or GCAT1 (granulosa cell-associated transcript 1) is down
regulated in the GCs of patients with biochemical POI
(bPOI), which is demonstrated as a novel form of IncRNA-
mediated epigenetic regulation of GC function that contrib-
utes to the pathogenesis of POI*’. Studies have shown that
stem cells from different sources play an important role in
ovarian recovery through multiple mechanisms such as
migration, anti-apoptosis, anti-fibrosis, angiogenesis, anti-
inflammatory, immune regulation, and oxidative stress. Sev-
eral articles have pointed out that MSCs can reduce cumulus
cell apoptosis and restore sex hormone levels, whereas germ-
line stem cells can produce new oocytes, showing female
imprinting patterns'*3"-52,

Polycystic ovarian syndrome. Polycystic ovary syndrome
(PCOS) is one of the most common reproductive and meta-
bolic dysfunctions in women of child-bearing age, with a
prevalence rate of up to 10%3. Environmental and genetic
factors play an important role in causing this disorder.
Patients with PCOS are infertile due to the poor quality of the
oocytes®*. A review of publications available on this subject
reveals that women with infertility are vulnerable to this con-
dition, and women with PCOS are more likely to develop
cardiovascular disease and metabolic disorders, such as dia-
betes, than the general population®*-®. Insulin resistance and
obesity associated with metabolic syndrome are prevalent in
PCOS but are not common. Besides, clinical trials have
shown that weight loss interventions before infertility treat-
ment initiation are beneficial for reproduction and metabo-
lism in obese women®’. Immune disorders may play an
important role in the pathogenesis of PCOS. Ingestion of
glucose and saturated fat triggers mononuclear cells (MNCs)
to secrete pro-inflammatory cytokines such as TNF-a, IL-6,
and IL-1f, which subsequently mediate insulin resistance
and hyperandrogenism in PCOS®*. Based on the analysis
of follicular fluid lymphocytes, the Thl response of PCOS
patients was significantly higher when compared with the
control group*. Human MSCs can suppress human Thl
response, which could influence the internal inflammatory
environment in PCOS®. The ovarian function may recover
after the cessation of autoimmune reaction and the regression
of concurrent endocrine disease in accordance with these
alterations. Human mesenchymal stem cells preserve the
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capacity to suppress human Th1 response that may influence
the internal inflammatory environment of PCOS®!. It is inter-
esting to note that stem-cell technology has the potential to
generate functional oocytes for treating patients with PCOS.

Endometrial disorders. The endometrium is a dynamic and
complex tissue composed of basal and functional layers, and
is vital for the implantation of the embryo and menstrua-
tion®2. A successful pregnancy involves a synchronized and
coordinated cross-talk between a high-quality embryo with
implantation capability and the endometrium. Repeated
implantation failure (RIF), as the name suggests, refers to the
process wherein good-quality embryos fail to undergo
implantation even after repeated transfers. Its cause might lie
in the embryo itself, the mother, or in some cases, both.
However, in recent years, it has been reported to be closely
related to abnormal endometrial function® 9. The temporal
and spatial variation of the endometrial function is influ-
enced by the circulation of the hormones produced by the
various cellular components of the endometrium, including
epithelial cells, stromal cells, local immune cells, and the
vascular system. These endocrine hormones are regulated
through the hypothalamic-pituitary-ovarian axis and para-
crine morphological factors, cytokines, growth factors,
etc® %8 Any paracrine- and autocrine-related changes can
cause endometrial dysfunction. Adhesions, a thin endome-
trium, as well as insufficient endometrial growth are the most
common uterine factors that affect the endometrial function
and decrease the chances of pregnancy®. The Asherman’s
syndrome(AS) is caused by intrauterine adhesions as a result
of injury to the basal layer, as well as endometriosis, and
occurs frequently during uterine cavity surgeries’’. In
patients with severe uterine adhesions, the viable endome-
trial surface may be reduced, leading to negative effects on
fertility and recurrent miscarriage. Stem cells can directly or
indirectly promote endometrial regeneration and have been
proven to be an effective strategy for the treatment of intra-
uterine adhesions. Tan et al. cultured the menstrual blood-
derived stromal cells (menSCs) of 7 patients with AS and
performed autologous transplantation back into the uterus’.
They observed that the morphology of the endometrium
returned to normal, and its thickness increased significantly.
Furthermore, three patients with refractory AS had success-
ful pregnancies after being transplanted with the menSCs®.

Application of Stem Cell Therapies in
Infertility

Stem cells have become a promising treatment option for
infertility due to their numerous remarkable characteristics
such as multi-directional differentiation, angiogenesis,
immune regulation, and paracrine stimulation. The proposed
mechanism of stem cells in the repair of reproductive dysfunc-
tion includes the following steps: stem cells migrate to the
injured reproductive tissues caused by chemokines, and then

differentiate and integrate somatic cells with non-tumorigenic
properties. These cells, especially in the GCs, participate in
follicle development and regulate ovarian physiology, includ-
ing ovulation and luteal regression’"”2, They may reside in the
reproductive tissue and help ameliorate the damaged microen-
vironment by producing paracrine factors. Subsequent stem
cell transplantations can restore the endocrine function by
secreting anti-inflammatory factors or increasing the number
of Treg cell population, leading to immune suppression’.
Adult stem cells are isolated from a variety of tissues, includ-
ing bone marrow, adipose tissue, Wharton’s jelly, umbilical
cord blood, human amniotic fluid, and peripheral blood.
Current reports have proposed that these stem cells could res-
cue unexplained infertility’*7%. MSCs, the most common
adult stem cells, have the highest multi-lineage differentiation
potential among human stem cells to date”’. Stem cells derived
from the bone marrow, amniotic fluid, embryos, iPSCs, sper-
matogonia, and oocytes can all be reprogrammed to generate
germ cells. Tissue-specific resident stem cells are sources of
regenerative gametes, which could assist future research in
reproductive medicine. In this section, we discuss the various
features of stem cells, including migration, anti-apoptosis,
anti-fibrosis, angiogenesis, anti-inflammation, immunoregula-
tion, and oxidative stress, which provide the theoretical basis
for further reproductive medicine research and clinical infer-
tility treatment (Fig. 3).

Bone Marrow Stem Cells

Bone marrow stem cells are rich in hematopoietic cells
(HSCs) and mesenchymal stem cells (BMMSCs). Both of
them were extensively used for specific clinical applications
in the fields of regenerative medicine and tissue engineering.
This section further discusses the role of these two types of
stem cells in the field of infertility. This will provide poten-
tial ideas for finding effective infertility treatments.

Haematopoietic stem cells. It is well know that hematopoietic
stem cells (HSCs) transplantation can cure leukemia. HSCs
have rarely been suggested, individually, to restore reproduc-
tion function by improving the local microenvironment.
Many studies have found that ovarian failure is a serious late
complication of allogeneic hematopoietic stem cell trans-
plantation””?, Sonoko Shimoji et al. have demonstrated
donor T-cell-mediated graft-versus-host disease (GVHD)
could target the ovary and impair ovarian function and fertil-
ity in mice after allogeneic hematopoietic stem cell trans-
plantation®. However, the pre-transplant conditioning
regimen has been appreciated as a cause of ovarian failure®!.
Mobilization of stem cells with G-CSF was found to
decreased apoptosis, and increased proliferation of sper-
matogenic cells, so that to maintain testicular histology at the
beginning of busulfan treatment®?. Thus, the safety and
effectiveness of HSCs for repairmen of reproductive organs
function and infertility needs more research evidence.
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Figure 3. Potential applications of Stem cells on various reproductive diseases. Infertility globally affects approximately 10-15%

of couples. Refractory infertility diseases, such as non-obstructive azoospermia (NOA), oligospermia, asthenospermia, severe
teratozoospermia, and female’s premature ovarian failure (POF), polycystic ovary syndrome (PCOS), intrauterine adhesions (IUA), and
thin endometrium, which bring great distress to both doctors and patients. The pluripotency, self-renewal and tissue repair characteristics
of stem cells are regarded as great prospects for the treatment of male and female infertility and have been used in research and
treatment of various infertility diseases. Various types of stem cells are isolated and cultured in vitro, which can regulate anti-oxidation,
anti-apoptosis, angiogenesis and maintain immune balance by secreting cytokines and exosomes to improve microenvironment and repair
the function of reproductive organs. In addition, these exogenous stem cells can differentiate into germline stem cells and participate in

improving reproductive capacity directly.

Bone marrow mesenchymal stem cells (BMMSCs). In recent
decades, the biomedical applications of mesenchymal stem
cells (MSCs) have attracted more and more attention. Since
MSCs are easily extracted from bone marrow, fat and
synovium, and differentiate into various cell lineages accord-
ing to the requirements of specific biomedical applications,
they are considered to have great potential in the treatment of
various diseases. Results obtained from completed and on-
going clinical studies indicate huge therapeutic potential of
MSCs-based therapy in the treatment of degenerative, auto-
immune, and genetic disorders. However, the ability to pro-
mote tumor growth and metastasis and overestimated
therapeutic potential of MSCs still provide concerns for the
field of regenerative medicine®’. Thus, we should be more
cautious in using the multi-differentiation potential of MSCs
in the field of reproductive medicine.

Bone marrow-derived MSCs are adherent and heteroge-
neous assembled fibroblasts, which may be involved in
angiogenesis, immunoregulation, and regeneration of gam-
etes®. It has been reported in animal models that BMSCscan
differentiate into hepatocytes, muscle cells, astrocytes,

neurons, and endothelial cells, while human-derived BMSCs
can differentiate into osteoblasts, adipocytes, chondrocytes,
cardiomyocytes, muscle cells, neurons, and gastrointestinal
CellSS3,85—88.

BMSC transplantation could improve folliculogenesis in
PCOS mice through anti-inflammatory, anti-oxidative, and
anti-apoptotic processes®®. Past researchers have reported
that miR-644-5p carried by BMSC-derived exosomes inhib-
ited the apoptosis of ovarian granulosa cells by targeting p53
of cells to treat POF and restore ovarian function®®. BMSCs
exert functions mainly by inhibiting apoptosis of granulosa
cells and promoting the activity of residual ovarian cells pro-
liferation’!. The Al-Hendy research group introduced the
FSHR (-/-) FOR KO mouse POF model, proving that MSCs
could restore follicular maturation and steroid hormone pro-
duction, which could reveal the signal pathway for the treat-
ment of female infertility!®. A pilot study investigated the
beneficial effects of the CD133" BMSCs integrated with
hormone replacement therapy in patients with endometrial
atrophy (EA). Among the 5 patients with EA, 4 cases
of endometrial thickness increased from 4.2 mm (2.7-5) to
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5.7 mm (5-12), and 1 case successfully delivered a baby®?.
BMSCs demonstrated the potential to trans-differentiate into
spermatogenic-like cells and enhance endogenous fertility
recovery in busulfan-induced azoospermia model®®. Thus,
bone marrow-derived MSCs serve as a treatment option for
both male and female infertility by improving the injured tis-
sue or forming germ cells.

Adipose-Derived Stem Cells

Adipose tissue-derived MSCs (ADSCs) can be applied in
future clinical therapy as are available in abundance follow-
ing liposuction or lipectomy, with very little donor site dis-
comfort’. ADSCs seem to improve vascular remodeling and
tissue recovery indirectly through the secretion of paracrine
cytokines or directly by differentiating into the injured
cells®®. Furthermore, autologous stem cells, the promising
strategies for future tissue engineering, are more immuno-
compatible than allograft substitutions related to clinical
use”. Autologous cells replacement of ADSCs was proven to
elicit low alloimmune reaction when transplanted into
patients without major histocompatibility complex-II
expression.

ADSCs have been successfully used in the clinical treat-
ment of traumatic calvarial defects, Buerger’s disease, and
cartilage/bone regeneration®® 8. They have been used to
address reproductive problems in animal models of infertil-
ity. It has been revealed that ADSCs can differentiate into
endometrial epithelial cells, thereby repairing the injured
endometrium in vivo®. In addition, studies have also shown
that autologous ADSC mitochondria can promote oocyte
quality, embryonic development, and fertility in elderly
mice, which could be a promising strategy for the treatment
of reduced fertility or infertility in elderly women!®. Yali Hu
and colleagues injected green fluorescent protein (GFP)-
ADSCs combined with collagen scaffolds, as degradable
biomaterials, into ovaries. GFP signals were mainly observed
in the ovarian interstitial cells and were retained longer with
collagen than without it. In the study, the microenvironment
constituting ADSCs and collagen aggregated in the ovary,
which elevated the estradiol levels and increased the number
and size of the antral follicles!!. In addition, ADSCs can pro-
duce a mass of exosomes. Studies have shown that exosomal
miR-323-3p was collected from modified ADSCs can pro-
mote cell proliferation and inhibit apoptosis in cumulus cells
(CCs) in PCOS'!. Moreover, ADSCs can be differentiated
into primordial germ cell (PGC)-like cells through several
treatment approaches!'%?. The activation of Integrin-B3-TGF-
B and MAPK pathways may be involved in the differentia-
tion of MSCs into germ-like cells!®®. These recent studies
could indicate the tendency of collagen/ADSCs to treat POF
in the future. Erdal et al. reported that after injecting ADSCs
into the seminiferous tubules in a rat model of azoospermia,
spermatogenesis was completely restored, and the succes-
sive generations continued to have normal spermatogenesis.

ADSC s initiate spermatogenesis in the testis and differenti-
ate into spermatogonial stem cells (SSC)>. ADMSCs co-cul-
tured with Sertoli cells (SCs) during retinoic acid and
testosterone treatment stimulated the generation of male
germ-like cells (MGLC) in vitro by activating theTGFp-
SMAD?2/3, JAK2-STAT3, and AKT pathways!%*. ADSCs are
considered to be effective and important candidate cells for
the treatment of male infertility as they contain pluripotent
stem cells that can differentiate into any cell of the three
germ layers.

Umbilical Cord Stem Cells

The umbilical cord is a promising mesenchymal stem cell
bank. UCSCs) are a sub-set of primitive stem cells with long-
term self-renewal ability. They are involved in restoring
injured tissues, and can be derived from the growing tissue
fragments of Wharton’s jelly, amniotic membrane, cord lin-
ing, and perivascular region'%. Human UCMSCs are recog-
nized by monoclonal antibodies, and are mainly positive for
CD29, CD44, CD90, CD105, and HLA-I surface markers,
but negative for antigen expressions associated to CD106,
CD133, hematopoietic stem cell CD34, leucocyte CD45, and
HLA-DR®1%, A large number of studies have reported that
human UCSC therapy can rescue the structure and function
of injured tissues. One of the underlying mechanisms is pro-
posed to be the activation of paracrine cytokines. Studies
have confirmed that the ovarian function in aging mice was
significantly improved after treatment with human UCSCs!'?’.
In female mice, superovulation and ozone inhalation were
used to establish an accelerated model in which the number
and quality of oocytes decreased. Another group of research-
ers observed that UCSCs survived in the testes for at least
120 days. They transplanted UCSCs into the tubules of germ
cells-deficient mice and noted that they showed characteris-
tics similar to sperms®. A phase I clinical trial enrolled 26
patients with ITUA, who met the treatment criteria, and
assessed the clinical characteristics following the transplan-
tation of UCSC/collagen scaffold into their uterine cavity
during a 30-month follow-up period. They reported that the
uterine cavity of 20 patients improved with no surgical com-
plications and § patients gave birth successfully*. These
studies show that UCSCs have strong application prospects
for the treatment of infertility.

Human Amniotic Fluid Stem Cells

The amniotic fluid is characterized by a light yellow trans-
parent liquid, which protects and cushions the fetus in the
amniotic sac throughout pregnancy'®. Human pregnancy is
generally divided into 3 phases, and the amniotic fluid con-
tains different types of cells in each phase. As amniotic fluid
stem cells (AFSCs) originated from the fetus of the same
individual undergoing treatment, they may be used for regen-
erative therapy with low immunogenicity. It is recommended
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to obtain AFSCs from amniocentesis during full-term preg-
nancy or delivery. The stem cells of the amniotic fluid during
mid-term and third term (full-term) pregnancy have a higher
differentiation potential. Several studies have shown that
AFSCs have surface markers (CD29, CD73, CD90, CD105,
and CDI17), pluripotent cell markers (Oct-4, C-myec,
Ssea4+), and other characteristics after immune selection'?.

In a study on the treatment of infertile mice with human
AFSCs (hAFSCs), it was observed that the medium contain-
ing germ cell maturation factor cocktail could induce embry-
onic bodies from hAFSCs into germ-like cells in vitro, which
showed elevated levels of meiotic germ cell markers Blimpl1,
Stella, Dazl, Vasa, Stra8, Scp3, and c-Mos but decreased lev-
els of stem cell markers Oct4 and Nanog!®. After transplant-
ing hAFSCs into the ovaries of chemically damaged mice,
immunohistochemistry was performed with human-specific
nuclei antigen which was observed to bemainly co-localized
with human follicle stimulating hormone receptor (FSHR) in
the antral follicles around the oocytes. As a result, AMH was
restored to normal levels 2 months after the hAFSCs treat-
ment. Transplanting AFSCs into an ovarian model of POF
caused by chemotherapy could save the reproductive ability
by maintaining healthy follicles and preventing follicular
atresia, but they could not differentiate into germ cells'2.
Gundacker et al. extensively discussed that AFSCs could be
used to study the genetic regulation of spermatogenesis and
screen male reproductive toxicity as they can be derived
from amniocentesis with pathogenic mutations and effec-
tively transfected?’. These results suggest that hAFSCs can
restore the morphology of chemically damaged follicles in
mice. However, further testing of indicators is needed to
determine its efficacy.

Embryonic Stem Cells

ESCs were first isolated and identified in mouse blastocysts
by Kaufman in 1981''°, In 1998, Thomson et al. studied the
effect of human ESCs on severe combined immunodefi-
ciency (SCID) mice and noted that both in vivo and in vitro,
they could produce trophoblast cells and three embryonic
germ layer derivatives'!!. ESCs have been developed as a
new clinical strategy, as they can exert their differentiation
potential to generate the required cells or reconstruct the
transplanted tissue in vitro''2. In vitro stem cell transplanta-
tion may provide effective treatment for severe diseases.
However, the immune barriers, side effects, as well as ethical
concerns usually limit the development and use of the ESCs
transplantation technique.

The differentiation of human and mouse ESCs into puta-
tive primordial germ cells (PGCs) has been confirmed by
multiple studies''3. Mouse ESCs can form spermatozoa, and
human ESCs have been successfully differentiated into
SSCs!'*#115 " Studies have shown that mouse ESCs can
develop into oocyte-like cells when cultured. These oocytes
undergo the first stage of meiosis and develop into a structure

similar to embryonic cells'®. Liu et al. reported in their study
that small extracellular vesicles derived from ESCs were
capable of improving the ovarian function in patients with
POF by regulating the PI3K/AKT signaling pathway!''.
These applications of ESCs in the field of reproduction are
beneficial for the study of fertility treatment and help to ana-
lyze the interaction and differentiation of germ cells and
somatic cells.

Induced Pluripotent Stem Cells

Differentiated cells can be reprogrammed to an embryo-like
state by transferring the nuclear contents into oocytes or fus-
ing with ESCs. Induced pluripotent stem cells (iPSCs) were
originally derived from mouse embryos or adult fibroblasts
and cultured in a medium expressing the transcription factors
Oct3/4, Klf4, Sox2, and c-Myc. The clones acquired ESC-
like properties and possessed three germ layers'!'’. Renee
et al. indicated in their study that compared with hESCs,
human adult and fetal somatic cell-derived iPSC lines have a
significantly increased expression of germ cell-specific
markers VASA in human spermatids''®. In addition, the
VASA and DAZL expression levels were increased in bone
morphogenetic proteins(BMPs) induced cultures via initia-
tion and progression to lengthen complex formations rather
than contribute to the number of meiotic cells directly. Yang
et al. reported that iPSC-derived male germ cells achieved
integration into seminiferous tubules but failed to undergo
meiosis as the germ cell marker SCP3 of EGFP-positive
germ cells was negatively expressed!''. Mouka et al. gener-
ated iPSCs by transducing erythroblasts, which were derived
from peripheral blood mononuclear cells purified from
patients with azoospermia, with Sendai viruses expressing
the four mentioned factors’. It has also been reported that
specific iPSCs of patients with POF successfully expressed
female germ cell markers'?. The patient-specific iPSCs
achieved the ability to differentiate into three germ layers
with pluripotency, which provides a potential method for
repairing spermatogenesis and oogenesis in patients with
complex chromosomal rearrangements.

Tissue-Specific Stem Cells (Resident Stem Cells)

A tissue has the natural ability to replace dead cells and heal
wounds. Stem cells support tissue maintenance by balancing
self-renewal and differentiation. This ability exists in resi-
dent stem cells, which renew themselves to preserve and
repair damaged tissues to maintain homeostasis and tissue
functions. In this section, we will explore the existence and
application of tissue-specific stem cells in reproductive
tissues.

Spermatogonial stem cells. SSCs, a type of pluripotent stem
cells, maintain spermatogenesis in the seminiferous tubules
over the entire reproductive life cycle of men. In the mouse
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testis, the most primitive sub-set of spermatogonia consists
of A-single (Ag,;.), which may have the greatest potential
with regard to function, A-paired (A ;). and A-aligned
(A, jignea)- However, the fate of the single spermatogonia pop-
ulation changed significantly during the regeneration process
after injury'?!. There is limited information about how it sup-
ports steady-state spermatogenesis within a sub-population
of single spermatogonia. Similarly, spermatogenic lineage in
humans contains A-dark(A,,) and A-pale®® spermatogonia,
which are considered to represent reserve and active stem
cells, respectively!?2. Sertoli cells from the blood-testis bar-
rier supply SSCs with hormones and growth factors. Further
studies have demonstrated that transplantation of Sertoli
cells with specific factors such as LIF, FGF, EGF, and GDNF
can revive the propagation of SSCs in azoospermic
patients'?*!24, SSCs from OA and NOA patients can prolifer-
ate in vitro and maintain their characteristics for more than
12 generations'?*. Hence, in immature testicular tissue, the
interaction between transplanted SSCs and the original
microenvironment is beneficial for long-term self-renewal
and complete spermatogenesis'?. Kyle et al. implanted
autologous and allogeneic SSCs through ultrasound guid-
ance into macaques that had undergone busulfan chemother-
apy in 2012. The results revealed that the allogeneic recipient
transplanted with SSCs from the donor successfully pro-
duced functional sperms and developed into an embryo,
which was proved by IVF and ICSI3. Further clinical research
aims to apply spermatogonial stem cell autotransplantation
technology to humans, especially in pre-puberty males who
suffer from infertility caused by radiotherapy or
chemotherapy.

Ovarian stem cells. The previously entrenched dogma of
reproductive biology that the generation of oocytes ceases
from birth due to the fixed oocyte reserves, has been chal-
lenged by several recent studies. Joshua et al. used immuno-
histochemical analysis of the combination of VASA and
Brdu to study the proliferation of germ cells and follicle
regeneration in post-partum mammalian ovaries. Their
results confirmed that after injecting GFP-positive ovarian
fragments into wild-type female hosts, the infiltrated trans-
genic germ cells and scattered wild-type somatic cells sup-
ported follicle formation'?®, During further investigation,
ovarian stem cells with the GFP virus were transplanted into
the ovaries of infertile mice. The transplanted cells under-
went oogenesis, and the mice produced normal GFP-labeled
offspring'*. Based on a previous study, Jonathan et al. stably
isolated DEAD box polypeptide 4(DDX4)-positive cells
from a donor ovary and introduced these mitotically active
oogonial stem cells (OSCs) with a GFP expression vector
into human ovarian tissue in vitro as well as NOD-SCID
female mice in vivo, both of which demonstrated discernible
follicles'. Although the results of using OSC xenotransplan-
tation to obtain offspring theoretically imply potential and
significant advancements in the treatment of age-related

infertility, iatrogenic POF, and infertile female xenogeneic
problems, their applicability is still controversial.

Endometrial progenitor cells. The human endometrium regen-
erates every month, which may be mediated by endometrial
stem cells/progenitor cells. The hypothesis that stem cells/
progenitor cells exist in the endometrium was proposed sev-
eral years ago, but it was not until 2004 that the first func-
tional evidence was published'?’. Several types of stem/
progenitor cells have been identified: CD140b + CD146 +
or SUSD2 + endometrial mesenchymal stem cells (eMSCs),
N-cadherin + endometrial epithelial progenitor cells (eEPs)
and lateral cells (SP). They are heterogeneous cells mainly
composed of endothelial cells'?®. Park et al. observed that the
Sonic hedgehog (SHH) pathway played a key role in stimu-
lating endometrial stem cells via FAK/ERK1/2 and/or phos-
phatidylinositol 3-kinase (PI3K)/Akt signaling pathways to
significantly enhance the in vivo differentiation and migra-
tion capabilities and subsequent therapeutic effects in an ani-
mal model of endometrial ablation'?. Stimulating the local
endometrial stem cells may play an important role in regulat-
ing the endometrial thickness. Endometrial stem cells are
expected to become an important intervention strategy for
promoting successful embryo implantation and improving
pregnancy outcomes.

Conclusion and Future Perspectives

General causes of infertility include failure in germ cells pro-
duction and transmission, psychological pressure and physi-
cal abnormalities, as well as environmental and inheritance
factors. Although with the development of ART technology
and innovations, over 8 million babies have been born fol-
lowing IVF; however, the impact of ART on the health of
both patients and their offspring continues to cause concern.
Here, we have described the pathological characteristics and
treatment strategies of various refractory infertility diseases
at present and focused on the application and prospects of
stem cells in the treatment of infertility. Considering their
advantages in pluripotent capacity, stem cells therapies are
considered as an alternative approach to ART to improve
infertility treatment outcomes in humans. In this review, we
discussed clinical translational research studies on stem cells
in the assistance of fertility, mainly indicating two mecha-
nisms the direct differentiation and indirect secretion of cyto-
kines to illustrate stem cell-based treatments in accordance
with different conditions. For age-related or irreversible
injured issues, researchers induced germ line stem cells to
retrieve meiotic active gametes in culture or in post-natal
mouse ovaries. Instead of GSCs, mesenchymal stem cells
predominantly play an instrumental role in the immunoregu-
latory function and the recovery of failing reproductive
organs. On the other hand, stemcells therapies remain largely
in the preclinical investigational phase, and several ethical
challenges created by new scientific developments in this
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field have aroused widespread conflicting opinions. The
progress of clinical practice of stem cell therapy requires fur-
ther long-term planning under strict evaluation and supervi-
sion to ensure accuracy, quality and safety. Since autologous
stem cells are more ethical, safe and non-immune, the clini-
cal application of autologous stem cells has more potential in
the future.
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