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Abstract
In assisted reproductive technology treatment, diminished ovarian reserve (DOR) is a condition of utmost clinical and scientific
relevance because of its negative influence on patient outcomes. The current methods of infertility treatment may be unsuitable
for many women with DOR, which support the need for development of additional approaches to achieve fertility restoration.
Various techniques have been tried to improve the quality and increase the quantity of oocytes in DOR patients, including
mitochondrial transfer, activation of primordial follicles, in vitro culture of follicles, and regeneration of oocytes from various
stem cells. Herein, we review the science behind these experimental reproductive technologies and their potential use to date in
clinical studies for infertility treatment in women with DOR.
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Introduction

Infertile women with diminished ovarian reserve (DOR) are
among the most challenging patients to successfully treat with
assisted reproductive technology (ART). DOR indicates a re-
duction in the quantity and/or quality of oocytes such that the
ability to reproductive potential is decreased [1–3]. Such pa-
tients are clinically defined by low levels of anti-Müllerian
hormone (AMH <0.5–1.1 ng/ml), low antral follicle counts
(AFCs <5–7), and/or elevated basal follicle-stimulating hor-
mone (FSH) levels among women of reproductive age group.
Typically, patients with DOR fulfill the Bologna consensus
criteria to characterize patients with poor ovarian responder
(POR) due to their reduced ovarian reserve [4]. The preva-
lence of DOR is reported to vary between 10 and 35%, de-
pending on differences in the definition of DOR [5–7].

Several possible causes for DOR have been identified and
include autoimmune diseases, inherited chromosome and ge-
netic disorders, environmental hazards, and iatrogenic causes.
However, most cases of DOR are still unexplained [8]. Lately,
there has been an increased tendency to delay pregnancy, for
social and/or economic reasons, resulting in an increasing
number of women seeking infertility treatment at an advanced
age. Advanced reproductive age is considered a major cause
of DOR. Upon aging, the decline in both ovarian reserve and
oocyte competence has been reported [9]. Moreover, as more
cancer patients are surviving after gonadotoxic treatments,
they are left with, typically irreversible, deleterious effects
on ovaries. Consequently, there is an increasing need for
methods to restore fertility in all women of ovarian impair-
ment who are seeking reproductive success.

Majority of infertile women with DOR need to undergo
ART and generally show lower oocyte yield, lower live birth
rates, and higher treatment discontinuation rates than those
with normal ovarian reserve [5]. The key problem is that
women with DOR have few recruitable follicles despite ag-
gressive gonadotropin stimulation. In the last 30 years, various
controlled ovarian stimulation (COS) strategies have been
proposed to improve outcome in patients with DOR and in-
clude mild ovarian-stimulation protocol which may include
low-dose gonadotropins with or without oral agents, luteal
phase gonadotropins, flare up agonist protocols, GnRH antag-
onists, estrogen priming in luteal phase, supplementation with
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LH, clomiphene citrate and letrozole co-treatment, double
stimulation (follicular and luteal phase), and the adjuvant use
of baby aspirin, low molecular weight heparin (LMWH), de-
hydroepiandrosterone (DHEA), or growth hormone (GH) [10,
11]. Unfortunately, because of the heterogeneity of DOR pre-
sentation in each patient, there is no specific or successful
gold-standard treatment for patients with DOR [12]. Oocyte
donation is the last treatment option for many DOR patients
due to a lack of follicle growth or good quality oocyte. The
pursuit of a healthy genetically linked offspring drives scien-
tists toward investigating ovarian function restoration ap-
proaches for these patients. Here, we discuss the present status
of restoration of reproductive function by providing both aug-
mented quality of oocytes (Fig. 1) and increased number of
oocytes (Fig. 2).

Mitochondrial transfer

Mitochondria play vital roles in mammalian oogenesis and
early embryogenesis [13]. Mitochondria provide cellular en-
ergy in the form of ATP and participate in several cellular
processes, including ion fluxes and management of

reduction-oxidation status, which in oocytes is essential for
successful meiotic spindle assembly, proper segregation of
chromosomes, maturation, fertilization, and preimplantation
embryogenesis. Mitochondria contain their own small ge-
nome in the form of mitochondrial DNA (mtDNA), which is
inherited exclusively from the mother. Defects in mitochon-
drial function as well as the increased level of mutation and
deletion in oocyte mtDNA have deleterious consequences on
chromosome segregation and on embryonic development,
which could potentially lead to aneuploid embryos and re-
duced embryo implantation [9, 13–15]. At present, various
mitochondrial supplementation techniques have been used to
exchange and enhance the integrity, activity, and number of
mitochondria in quality compromised oocytes. A scheme of
these techniques is shown in Fig. 1.

In the 1990s, ooplasmic transfer was reported in patients
who had previously experienced poor oocyte quality and re-
peated in vitro fertilization (IVF) failures. The procedure es-
sentially involved co-injection of 1–5% young donor ooplasm
into patient oocytes during intracytoplasmic sperm injection
(ICSI), which led to successful pregnancies with almost 50
live births [16, 17]. However, the procedure was suspended
by the United States Food and Drug Administration (FDA)

Fig. 1 Mitochondrial transfer techniques. Ooplasmic transfer involves
the transfer of mitochondrial from donor oocyte into patient oocyte (a).
Maternal spindle transfer involves the transfer of the patient’s meiotic
spindle into the enucleated donor oocyte followed by fertilization (b).
Pronuclear transfer involves the transfer of pronuclei from the patient

zygote into the enucleated donor zygote (c). Autologous germline
mitochondrial energy transfer (AUGMENT) involves the injection of
autologous mitochondria into the patient oocyte at the time of ICSI.
These mitochondria were isolated from egg precursor cells (EggPCs)
present in ovarian cortical tissue
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Fig. 1 continued.

Fig. 2 Current technologies and future prospects for increasing oocyte
quantity to restore or enhance fertility in women with diminished ovarian
reserve (DOR). Fully grown oocytes could be obtained by in vitro
activation (IVA) of ovarian cortical strips. Ovarian follicles may be iso-
lated and grown in vitro to obtain mature oocytes. Isolated follicles may
be placed inside a three-dimensional scaffold to develop an artificial
ovary for later auto-transplantation. Another future prospect lies in the

possibility of using oogonial stem cells (OSCs), which can be grown
in vitro or re-transplanted following treatment to produce mature oocytes.
Differentiating follicle somatic cells and oocytes from embryonic stem
cells or induced pluripotent stem cells can be used to assemble follicles de
novo for transplantation or in vitro growth and maturation to create ma-
ture oocytes
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due to the possibility of the heteroplasmy (the coexistence of
two mtDNA genomes, linked to the use of mitochondria or
ooplasm from a third donor) and chromosomal abnormalities
in the subsequent embryos which raised both ethical and ge-
netic questions [18–21].

Nuclear transfer (NT) techniques have been proposed to
provide a potential therapeutic option for women who suffer
from pathogenic cytoplasm related infertility. Briefly, these
technologies involve the transfer of the nuclear genome from
patient oocyte or zygote into an enucleated donor oocyte or
zygote. The nuclear genome can be transferred from unfertil-
ized oocytes using techniques such as the spindle transfer,
polar body transfer, and germinal vesicle transfer, or can be
transferred from fertilized oocytes (zygotes) using a technique
known as pronuclear transfer [22, 23]. Notably, pronuclear
transfer and spindle transfer are the most well studied to date,
with clinical application to confirm the potential of these NT
techniques to improve embryo quality or to prevent transmis-
sion of mtDNA disease [23–26]. However, such mitochondri-
al manipulations have come under criticism worldwide as
these techniques raise the risks of heteroplasmy. NT tech-
niques have therefore been ethically challenged and are cur-
rently considered controversial [27].

To solve concerns raised by the use of heterologous donor
mitochondria, autologous transfer of mitochondria has
attracted much attention as a possible new treatment to revi-
talize deficient oocytes. This observation was the basis of the
so-called autologous germline mitochondrial energy transfer
(AUGMENT), launched in 2014 by Ovascience. Briefly,
ovarian tissue is processed to obtain the DDX4-positive egg
precursor cell (EggPCs) population from a single-cell suspen-
sion, which is pelleted by centrifugation to release mitochon-
dria. During ICSI, ~1–2 pL of mitochondrial suspension with
sperm was co-injected into oocyte to improve oocyte quality.
As a result of this procedure, healthy live births or ongoing
pregnancies have been reported [28]. Although initial descrip-
tive studies seemed promising, a recent prospective study
could not demonstrate a clear improvement in either embryo
development or pregnancy rates [29]. In fact, biased study
design, methodological issues, and the lack of information
from animal models make it difficult to validate this technol-
ogy. Furthermore, it is not yet proven whether these germ
cell–derived mitochondria actually pass the genetic bottleneck
and are suitable to pass on to the next generation [30]. So
autologous mitochondria transfer is being proposed but re-
mains in very early stages. The search for an effective solution
for oocyte rejuvenation continues.

Activation of primordial follicle

DOR is characterized by a clinically significant reduction in
the pool of primordial follicles. Even more significant

reductions in follicle numbers are encountered in women with
primary ovarian insufficiency (POI; used to be known as pre-
mature ovarian failure, or POF). An important point is that
with DOR, the ovary contains residual dormant primordial
follicles that could theoretically be rescued and grown to in-
crease the final yield of oocytes. Primordial follicle activation
dictates individual primordial follicles leave their dormant
state and enter into folliculogenesis for the eventual selection
of one oocyte for ovulation. Although the molecular
autocrine/paracrine mechanisms that control primordial folli-
cle activation remain unknown, it is believed that the local
environment (niche) plays a fundamental role. The challenge
now focuses on activation and growth of these dormant pri-
mordial follicles to generate mature oocytes [31, 32].

To date, studies have attempted to regenerate the damaged
ovarian niche by offering an appropriate environment to wom-
en with impaired ovarian reserves. The successful use of
platelet-rich plasma (PRP) in regenerative medicine has led
investigators to study its effect in the DOR treatment [33].
PRP consists of a high concentration of platelets found in
plasma obtained after centrifugation of peripherally collected
blood [34]. PRP induces accelerated angiogenesis and anabo-
lism, inflammation-control, cell migration, differentiation, and
proliferation and has been suggested to promote the develop-
ment of isolated human primordial and primary follicles to the
preantral stage [35, 36]. Clinical studies showed that intra-
ovarian autologous PRP infusion increases the ovarian reserve
parameters resulting in increased mature oocyte yield, fertili-
zation rate, as well as the formation of good quality embryos.
These findings suggest that intra-ovarian injection of autolo-
gous PRP might be considered an alternative experimental
treatment option in women with DOR [37, 38]. High-quality
randomized controlled trials are needed to estimate its efficacy
in terms of clinical pregnancy and live birth rate. Also, there is
a need to identify an optimum level of serum AMH or another
markers of ovarian reserve for the success of intra-ovarian
PRP infusion and identify the subpopulation that would get
the most benefit from PRP [39].

As the first report of spontaneous pregnancies achieved
after bone marrow transplantation in oncologic women with
POI [40], many researchers have been attracted by autologous
stem cells derived from different tissues. Several mechanisms
have been proposed to achieve tissue regeneration by adult
stem cell therapy based on the ability of adult stem cells to
produce and secrete a variety of cytokines, chemokines, and
growth factors, which may be involved in tissue repair [41]. In
the context of ovarian tissue, paracrine actions should be eval-
uated for their ability to activate the preexisting quiescent
follicles. Some of these soluble factors are known to promote
follicular development, increase ovarian local vascularization,
increase follicle and stromal cell proliferation, and reduce cell
apoptosis and follicular atresia [42, 43]. Therefore, residual
quiescent follicles of aged or damaged ovaries might produce
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competent oocytes in an adequate ovarian environment [44].
Long-term fer t i l i ty rescue has been achieved in
chemotherapy induced mouse ovaries mimicking aging,
POR, or POI after infusion of adult stem cells from different
origins as well as several administration techniques, providing
scientific evidence to design new alternatives and therapies for
humans [45, 46]. Herraiz et al. have investigated the effects of
autologous stem cell ovarian transplant (ASCOT) on ovarian
reserve in poor responders. In their study, bone
marrow derived stem cells (BMDSCs) were mobilized to pe-
ripheral blood by granulocyte colony-stimulating factor (G-
CSF) treatment and subsequently collected by apheresis.
Cells were delivered into the ovarian artery by an intra-
arterial catheter. Seventeen women were treated, resulting in
increased number of antral follicles and oocytes. Five preg-
nancies were achieved, three of which were spontaneous, and
three healthy babies were born after the stem cell administra-
tion [44]. To date, clinical results indicate that stem cell trans-
plantation enhances ovarian function as evidenced by re-
sumed menstruation, regulated hormone levels, and the ability
to become pregnant [44, 47, 48]. Despite these promising
results, several factors influence the proposed ovarian regen-
erative therapies. One is the stem cell administration tech-
nique. Although animal studies show that direct ovarian infu-
sion is not required, human stem cells have been infused into
one or both ovaries by various methods. Further research is
needed to determine the most effective approach, although
less invasive methods are needed for both stem cell collection
and instillation. Stem cell source also appears to be an impor-
tant factor. Human studies propose BMDSCs, both mesen-
chymal and hematopoietic, which are feasible candidates to
promote ovarian rejuvenation [45]. This is a need to carefully
evaluate these results and to identify an optimum stem cell
source for clinical use. Currently, there are several ongoing
clinical trials in many countries registered in the NIH clinical
trial database. In order to accurately analyze the therapeutic
effects of stem cells, it is important to recruit the appropriate
participants, build a standard for quality control in clinical
application, and address legal regulations to ensure safety.

In vitro activation (IVA) is a method for controlling pri-
mordial follicle activation using a combination of biochemical
factors and mechanical signaling. The Akt pathway, or
phosphoinositide-3-kinase (PI3K)-Akt, is a signal transduc-
tion pathway that promotes survival, growth, and proliferation
in response to oocyte- and granulosa cell-derived factors.
Once activated, primordial follicles start growing and advance
to primary and secondary stages under the influence of para-
crine factors and, later, FSH [49, 50]. By contrast, develop-
ment of preantral follicles is curbed by the inhibitory Hippo
signaling pathway, so disruption of Hippo signaling promotes
secretion of downstream growth factors capable of stimulating
follicle growth [50–52]. In 2013, Kawamura et al. were the
first to combine these two methods to test IVA in a clinical

setting. In their study, ovarian tissues were collected from 27
women with POI through laparoscopic surgery and these
tissues were cut into strips. After Hippo signaling disruption
and Akt stimulation, small fragmented ovarian strips were
autotransplanted beneath the serosa of fallopian tubes. Their
results showed that follicular growth was observed in 8 of
these 27 women (29.6%). Retrieval of mature oocytes oc-
curred in 5 women (18.5%), resulting in a livebirth after em-
bryo transfer [50]. In a follow-up study from the same group,
37 women with POI were treated similarly, resulting in re-
trieval of mature oocytes from 6 women (16%), and 2
livebirths (5.4%) [53]. In 2016, Zhai et al. reported a live birth
in a series of 14 patients with POI after removal of one ovary,
2 days of IVA, and reimplantation beneath the serosa of one of
the fallopian tubes [54]. More recently, Kawamura et al. have
described a drug-free approach based on Hippo signaling dis-
ruption alone by performing partial ovarian cortical removal
in women with DOR and autografting back during the same
laparoscopic surgery. They treated 11 women with severely
DOR. In addition to one spontaneous pregnancy, embryo
transfer resulted in one live birth, and two ongoing pregnan-
cies [55]. These data suggest that IVA could offer new treat-
ment potential to women with DOR [56]. However, Dolmans
et al. used a xenotransplantation model to investigate the true
benefits of IVA and their results were not able to demonstrate
any significant benefits of IVA in human ovarian tissue
xenografted to SCID mice, and therefore consider it unlikely
that IVA improves follicle viability [57]. Lunding et al. did not
find any direct effect of the ovarian fragmentation in the num-
ber of mature follicles in the biopsied ovary or at the site of
transplantation after maximal ovarian stimulation [58].
Moreover, low pregnancy rates and possible carcinogenic ef-
fects following exposure to agents used in IVA require special
caution [59, 60]. Currently, good evidence for the safe use of
IVA in humans are lacking as only few studies on human
ovarian tissue have been performed and no randomized con-
trolled trial has been conducted yet. Thus, IVA needs to be
thoroughly investigated before drawing any firm conclusions
on its clinical value and safety [57, 61]. Finding a reliable and
safe method for the synchronous activation of the primordial
follicle cohort in vitro still remains challenging. In the future, a
better understanding of the mechanisms underlying primordi-
al follicle activation and development of safer physiologic
IVA drugs may help to optimize this new technology.

In vitro growth and maturation of oocyte

The development of technologies to grow oocytes from the
most abundant primordial follicles to maturity in vitro holds
many attractions for clinical practice. Culture systems for
in vitro gametogenesis/growth (IVG) need to support all
stages of oocyte development from activation of dormant
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primordial follicles to a stage where oocytes can undergo mei-
otic maturation and be fertilized. Initial attempts at primordial
follicle growth in vitro focused on the growth of isolated fol-
licles [62, 63]. However, isolation and culture of primordial
follicles are difficult tasks in humans, due to the small size, the
limited connections between the granulosa cells and oocytes,
and the complex extracellular matrix environment in which
they develop [64]. Due to the fibrous nature of human ovarian
cortex where the majority of primordial and primary follicles
reside, the most effective way of obtaining a high follicle yield
is usually based on a combination of mechanical and enzy-
matic tissue digestion [65–67]. A major problem facing
in vitro culture of isolated primordial follicles is the break-
down of basementmembranematerial and other intrafollicular
components during enzymatic isolation from the stroma. This
erosion causes the pre-granulosa cells to round up and detach
from the oocyte, which is an irreversible process that produces
oocytes incapable of further development [64].

An alternative approach that has consistently proved suc-
cessful for primordial follicle culture in human is to grow
these early stage follicles in situ within fragments of the ovar-
ian cortex until they have developed to a stage at which they
can be isolated as granulosa-oocyte complexes for continuing
growth. Telfer’s lab has shown that human primordial follicles
grow well within mechanically loosened cortical pieces,
which contain primordial and primary follicles with the un-
derlying stroma tissue removed, and then can develop to
multilaminar preantral (secondary) stages within 6–8 days.
Multilaminar preantral follicles grown within human ovarian
cortical strips can be isolated and further cultured to antral
stage of development if cultured individually within a total
culture period of 8–10 days [68]. However, it is assumed that
complete follicle development from primordial to the pre-
ovulatory stage in human takes up to 8 months and
Gougeon calculated the time needed for a follicle to grow
from the primary to the pre-ovulatory stage to be 84 days
[64]. Whether this altered growth rate in vitro affects subse-
quent oocyte development is a question that needs to be ad-
dressed [69].

Isolated secondary follicles can be cultured in two-
dimensional (2D) or three-dimensional (3D) systems.
Different from traditional 2D culture on flat tissue culture
surface, 3D culture system can use natural (e.g., collagen)
and synthetic (e.g., alginate) hydrogels that provide sufficient
support to maintain the 3D structure of the follicle [69].
Several reports have found that 3D culture systems are more
appropriate than 2D culture systems with regard to maintain-
ing the follicle structure, cell-cell interactions, growth rate,
and gene expression patterns associated with normal oocyte
development [69, 70]. Secondary human follicles have been
able to grow, produce fluid-filled antral cavities, and produce
meiotically competent oocytes in 3D culture system [65, 71].
Once follicles reach the antral stage, a further period of growth

of the isolated oocyte–granulosa cell complex is required.
Finally, cytoplasmic and nuclear maturation is induced in de-
rived oocytes to reach metaphase II [68].

In 2018, Telfer’s group proved that primordial follicles
could be grown up to a stage where the oocyte can reinitiate
meiosis, which makes the complete in vitro development of
oocytes from human tissue a practical and viable prospect.
However, a relatively low number of oocytes reached meta-
phase II with large polar bodies highlights the need for com-
prehensive testing of human oocytes derived by in vitro
growth and maturation [72]. The testing of the health of hu-
man oocytes and the embryos they produce is fraught with
technical and ethical challenges that must be overcome before
in vitro derived human gametes can be used safely to treat
patients. Until further extensive research has been conducted,
the potential of in vitro oocyte growth and maturation tech-
nologies remains to be realized.

Growth and maturation of oocytes in vitro from the
primordial follicle stage is a major technical challenge
for reproductive science. Although major steps have been
taken over the last two decades, improvements and re-
finements are still needed before in vitro folliculogenesis
can be considered for clinical use. The current challenges
for follicle culture are numerous and include optimiza-
tion of culture media and the tailoring of culture envi-
ronments to match the physiological needs of the cell
in vivo; the maintenance of cell–cell communication
and signaling during culture; and the evaluation of the
epigenetic status, genetic health, and fertility of
in vitro derived mature oocytes. It is important to pro-
foundly investigate the molecular and biochemical char-
acterization of follicle development and oocyte matura-
tion in vivo to better define the in vitro environmental
conditions. Research also needs to evaluate the metabolic
requirements that support acceptable rates of somatic and
oocyte growth in vitro and how these demands change as
oocyte and follicle development progress [73]. More so-
phisticated in vitro systems are being designed using the
most recent knowledge from the omics, bio-printing
technologies, and microfluidics. Continued advances in
follicle culture protocols to support the production of
high-quality, meiotically and developmentally competent
oocytes may one day provide an additional fertility pres-
ervation and restoration option for women facing dis-
eases or treatments that threaten their reproductive health
[71, 74, 75].

Artificial ovary

Patients undergoing treatment regimens that eradicate their
disease, such as cancer, may be left with diminished ovary
function, including the inability to undergo puberty, early

2512 J Assist Reprod Genet (2021) 38:2507–2517



menopause, and infertility. Ovarian tissue cryopreservation
and transplantation after cancer remission is a promising fer-
tility restoration strategy that has already led to more than 130
live births worldwide [76, 77]. Unfortunately, with some types
of cancer, there is a risk of reimplanting malignant cells to-
gether with the frozen-thawed tissue [78]. The potential pres-
ence of malignant cells in cryopreserved ovarian tissue led us
to conceive and develop a procedure that avoids the risk of
reintroducing malignant cells back to the patient. With a view
to offering these women future alternatives allowing them to
conceive, in recent years, the scientists have been developing
a transplantable artificial ovary. The main objectives of an
artificial ovary are to safely transplant isolated primordial
and primary follicles, avoiding inadvertent contamination by
malignant cells, and to support follicle survival and develop-
ment after transplantation, restoring ovarian endocrine and
reproductive functions [79].

A number of key conditions must be met in order to bio-
engineer an artificial ovary. The first requirement for the cre-
ation of an artificial ovary is isolation of a large number of
intact primordial and primary follicles. At the same time, it is
essential to prevent any possible malignant cell contamination
during follicle pick-up and embedding [67, 80]. It is well
known that early follicle survival and growth requires the
participation and interaction of the oocyte itself, the granulosa
and theca cells, and the surrounding cells and matrix of the
ovarian connective tissue. Ovarian stromal cells are involved
in activation of primordial follicles and some will be recruited
to differentiate into theca cells [81, 82]. Endothelial cells are
responsible for vascularization in ovarian tissue, and essential
for transportation of paracrine factors, oxygen, and nutrients,
as well as metabolic waste removal [83]. Integration of ovar-
ian cells (stromal and endothelial cells) into the artificial ovary
could thus serve to better simulate the ovarian micro-
environment and potentially improve follicle growth and sur-
vival. Ovarian cells could be isolated from ovarian cortex
cryopreserved before chemotherapy. In this case, stromal cells
would have to undergo malignant cell purging before they
could be safely used. An alternative is to take a fresh ovarian
biopsy (cortex and/or medulla) just before transplantation of
the artificial ovary, once the patient is disease free. These cells
isolated from fresh ovarian tissue would then be combined
with follicles obtained from cryopreserved cortex and would
not require malignant cell purging [84].

To support survival and growth of follicles, the transplant-
able artificial ovary should have a 3D physical structure for
the isolated follicles. The choice of which scaffold structure to
use is one of the most challenging and critical elements in the
development of an artificial ovary. The proper scaffold would
be responsible for maintaining the original structure of folli-
cles, ensuring proper communication between follicles and
surrounding ovarian cells, preserving their interaction with
the extracellular matrix (ECM), and supplying factors

involved in follicular survival and development [79].
Initially, plasma clots were used as the supporting matrix for
implantation into immunodeficient mice. Although follicular
development to antral stages was obtained, plasma clots were
found to have an inconsistent composition and degrade quick-
ly, thereby potentially promoting follicle loss [85]. Therefore,
researchers turned to 3D biomaterial based scaffold, including
agarose, alginate, gelatin, and fibrin, which have been devised
aiming to recreate an environment similar to the natural hu-
man ovary [86, 87]. Among all these candidates, fibrin formu-
lations with high concentrations of fibrinogen and thrombin
were found to be promising choices as a matrix for the con-
struction of an artificial ovary. This is probably because their
ultrastructure and rigidity resemble the human ovarian cortex
[88]. A bioengineered ovary can also be generated by the use
of a decellularized scaffold in which cells and cellular compo-
nents are removed. This approach retains the ECM that offers
the complex milieu that facilitates the necessary interaction
between ovarian follicles and their surroundings to ensure
their growth and development [89]. In future years, 3D print-
ing can be used to create a human bioprosthetic ovary. The 3D
printed bioprosthetic scaffold can be repopulated with ovarian
tissues (either native or stem cells derived) [90, 91].

Isolated follicles in a delivery scaffold need to be finally
transplanted to the patients. After transplantation, follow-up
and evaluation of graft’s functions are essential for reproduc-
tive planning and patient health. Several studies have demon-
strated the feasibility of artificial ovary. Dolmans et al. showed
that human follicles were able to reach the antral stage after
5 months of xenografting [85]. Paulini et al. demonstrated that
a fibrin formulation incorporating fibrinogen and thrombin
created an environment that supported follicle and oocyte de-
velopment. Follicle recovery rates were low (22%), but via-
bility was high (100%) after 7-day xenotransplantation [92].
Pors et al. reported that decellularized human ovarian tissue
was able to support survival of human preantral follicles and
growth of murine follicles, of which 39% grew to antral
stages. The follicular recovery rates after 3-week grafting
was low but similar for both human (25%) and murine folli-
cles (21%) [89]. Formation of an ovary-like structure, which is
necessary for further follicle development, was also demon-
strated in several studies [67, 92].

Although challenging, the current results show that artifi-
cial ovary technology open the door to new therapies in the
field of fertility preservation and restoration. Ongoing re-
search should now be directed at identifying a viable matrix
that could mimic the multiple roles of the native ECM to
produce an artificial ovary in order to improve oocyte recov-
ery rates. Clearly, there is still a long way to go toward the
development of an artificial human ovary. The technological
developments at the interface of reproductive biology, tissue,
and organ engineering will foster the development of an ef-
fective artificial ovary.
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Making new oocytes from stem cells

The starting material for the in vitro growth systems described
above is the primordial follicle that has been formed in vivo at
birth. There are more futuristic sources for producing in vitro
derived oocytes, from embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs) or from endogenous cells with-
in the ovary that have the potential to become oocytes, often
called as germline or oogonial stem cells (OSCs). Creating
oocytes from stem cells may have seemed near impossible a
decade ago, but advances in the last 10 years have reopened
the conversation surrounding the possibilities and challenges
of neo-oogenesis.

Both iPSCs and ESCs could be used to generate granulosa
cells and oocytes might provide an additional route for fertility
restoration. These oocytes and granulosa cells could then be
used to build new follicles that could subsequently be
transplanted back into the ovary or combined with in vitro
maturation and IVF/ICSI protocols to create embryos
[93–96]. Currently, iPSCs and ESCs have been differentiated
into oocytes, and follicles have grown to maturity culminating
in the successful birth of offspring in mice [96]. In humans,
Yamashiro et al. reported the differentiation of human iPSCs
into cells that resemble oogonia–immature oocytes in the hu-
man fetus. These findings establish the germline competence
of iPSCs and provide a critical step toward human in vitro
gametogenesis [97]. Yang et al. demonstrated that the iPSCs
were successfully generated from POI patients’ fibroblasts.
The formed iPSCs clones have the same characteristics of
human ESCs [98]. However, there are no reports that human
ESC or iPSC can be converted into competent oocytes yet
[99].

In 2004, a study was published that identified the existence
of mitotically active germ cells in postnatal mouse ovaries
which were capable of supporting de novo oogenesis and
folliculogenesis during adult life [100]. Subsequently, puta-
tive human OSCs were isolated from adult human ovaries
and these cells showed the ability to spontaneously initiate a
differentiation program into oocytes following either culture
in vitro or transplantation into ovarian tissue in vivo
[101–104]. White et al. reported the isolation of cells from
human ovary that were capable of forming oocyte-like struc-
tures and those cells became incorporated into follicles under
specific in vitro and in vivo conditions [101]. Silvestris et al.
demonstrated that OSCs collected from fresh ovarian cortical
fragments of non-menopausal and menopausal women are
able to differentiate into large haploid oocyte-like cells and
enter meiosis under appropriate culture conditions [102].
The concept that women are born with a finite number of eggs
has been challenged by the possible existence of OSCs within
the adult ovary that may have the potential to form mature
oocytes. The existence of OSCs may hold some degree of
regenerative potential for the ovary. However, currently, only

very few groups have successfully isolated OSCs; others have
been unable to identify and isolate such cells from adult mam-
malian ovaries [105]. A recent study on single-cell analysis of
human ovarian cortex has suggested that cells captured by
DDX4 antibody may be perivascular cells, rather than the
oogonial stem cells [106]. Clearly, the debate regarding the
existence of OSCs is far from settled, with compelling evi-
dence supporting both sides [107]. Further research is needed
to focus on the interactions between OSCs and the wider
ovarian environment. This will provide the greater under-
standing and context needed to definitively prove the exis-
tence, function, and potential usefulness of these elusive cells
[108]. Time will tell whether OSCs provide any advantage
over other approaches for obtaining germs cells for infertility
treatment, such as through the use of iPSCs or ESCs
technologies.

Conclusion

The field of fertility preservation and restoration has made
tremendous strides over the years in bringing new hopes to
infertile women with DOR that they can have genetically re-
lated children. Oocyte rejuvenation by mitochondrial supple-
mentation has been achieved at varying success rates follow-
ing approaches that include heterologous or autologous mito-
chondrial. Activation of primordial follicle, in vitro culture of
follicles and oocytes have been attempted. Regeneration of
oocyte-like structures from different stem cells, especially
OSCs, is surrounded by controversies and skepticisms.
Although there is a very long way to go before the emerging
experimental reproductive technologies discussed here may
have clinical applications, it seems likely that these novel
treatments, coupled with those in other exciting areas of re-
productive medicine and bioengineering, may offer hopes for
infertility treatment in women with DOR in the future.
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