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BACKGROUND: Primary ovarian insufficiency (POI) and diminished ovarian reserve are two conditions that affect women’s fertility.
Oocyte donation remains an option for these patients; however, the development of certain novel technologies, such as in vitro activation
of ovarian cortex (IVA), enables the possibility of activating the pool of resting primordial follicles, increasing the chance of pregnancy.

OBJECTIVE AND RATIONALE: Here, we review the main pathways (PI3K and Hippo signaling) that govern the activation of primor-
dial follicles and its application through the development of culture systems that support ovarian cortex for autologous transplantation. We
also review the available data from case reports regarding outcomes of pregnancy and live birth rates with IVA.

SEARCH METHODS: A PubMed search was conducted using the PubMed-NCBI database to identify literature pertinent to the path-
ways involved in the activation of primordial follicles and the outcomes of IVA techniques from 2013 to the present.

OUTCOMES: Women with POI have around a 5% chance of spontaneous pregnancy. Recently, novel techniques involving the activation
of primordial follicles through molecular pathways have been developed, thus increasing the odds of these patients. More recently, the in-
troduction of a drug-free IVA technique has shown to increase the number of antral follicles with successful oocyte maturation after gonad-
otropin treatment, reaching pregnancy rates over 30%, either through spontaneous conception or by the implementation of assisted repro-
ductive technology.

LIMITATIONS: The evidence of this review is based on a few small series, so data should be interpreted with caution, and only random-
ized controlled trials could estimate the real magnitude and success of the procedure.

REASONS FOR CAUTION : IVA technique remains an experimental strategy, with limited available data and the requirement of invasive
procedures. Moreover, possible carcinogenic effects not yet determined after transplantation require special caution.

WIDER IMPLICATIONS: In view of the results achieved, IVA could provide a promising option for the preservation of fertility in some
cancer patients and prepuberal girls where the only alternative is tissue cryopreservation.
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flicts of interest with respect to the research, authorship, and/or publication of this article.
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In mammals, oocytes are sequestered in primordial follicles before birth
and remain quiescent, often for decades, until recruited into the grow-
ing pool throughout the reproductive years (Choi and Rajkovic, 2006).

From birth onwards, the cohort of primordial ovarian follicles
decreases progressively, from approximately 2 million to just a few
thousand by the age of 40, with the subsequent advent of menopause
(Ferreri et al., 2020). It is estimated that ‘natural infertility’ occurs at an
average age of 41 years, while ovarian endocrine activity continues until
menopause, at an average age of 51 years. Even so, histological sam-
ples reveal that the pool of follicles will not be completely exhausted
until the entry into the eighth decade of life (Griesinger and Fauser,
2020). The main reason for this event is atresia; however, most of
them remain in a dormant state caused by certain inactivating factors,
while those selected to grow will develop toward the primary stage
under control of different signaling pathways (Dolmans et al., 2019).

Therefore, primordial follicles would take one of three alternatives:
to remain quiescent and preserve the length of the reproductive age;
to enter into apoptosis directly from the dormant state, contributing
to female reproductive aging; or to be activated from the recruited
pool, constituting primary and subsequent secondary follicles under
the influence of paracrine, autocrine and endocrine factors (Zhang and
Liu, 2015).

It is estimated that three out of four women with primary ovarian in-
sufficiency (POI) have dormant primordial follicles remaining in their
ovaries (Lee and Chang, 2019). The main goal of reproductive medicine
is to find a way to activate part of this remaining ovarian reserve, in or-
der to ensure an alternative to pregnancy, for these patients and also
for those patients who suffer from diminished ovarian reserve (DOR).
This knowledge could then be extended to more complex cases such
as oncological patients under surgical treatment or chemotherapy.

The aim of this review is to understand the basis of molecular
mechanisms and pathways that control primordial follicular activation,
and to analyze the efficacy of in vitro activation (IVA) methods applied
in POI and DOR patients, in terms of reproductive outcomes. The lat-
ter findings are based on case reports from literature.

In vivo and in vitro follicular
growth and development
Follicular growth in humans begins during the fourth month of fetal life,
constituting the total population of female germ cells. At birth, it is

estimated that the number of follicles is between 266 000 and
472 000; this pool will be exhausted throughout reproductive life, lead-
ing to an estimated stock of less than 100–1000 follicles with the ad-
vent of menopause (Fabbri et al., 2018).

While some of the developing follicles begin their growth almost im-
mediately during fetal life, most of them will remain in a resting state
until certain inhibitory signals are removed or activating signals pro-
mote their entry into the developmental phase. Normal development
will depend mainly on the communications between the oocyte and
the granulosa, produced by regulated cytoplasmic projections that ex-
tend from the granulosa membrane, across the pellucid zone and end
up near the oolema (Albertini and Barrett, 2003).

The so-called primordial follicles are the earliest, being composed of
a quiescent oocyte (arrested in Prophase of Meiosis I), and surrounded
by a single layer of flat somatic cells, probably progenitors of granulosa
cells. They represent a very important source of germ cells, which will
be recruited from rest to growth throughout the woman’s reproduc-
tive life (Fabbri et al., 2018). The resting follicles are found in three
types (primordial, intermediate and small primary), and it is well
known that a large proportion of them will enter into atresia, a hor-
monally regulated apoptotic process that depends predominantly on
the apoptosis of granulosa cells (Gougeon, 1996; Zhou et al., 2019). In
addition to hormones, other factors involved in this process have been
described in mammalian ovaries, such as FAS ligand (FASLG) and FAS
system, tumor necrosis factor-alpha (TNF-a), TNF-a-related apopto-
sis-inducing ligand (TRAIL) and B cell lymphoma/leukemia 2 (BCL2)
family members (Matsuda et al., 2012).

On the other hand, the activation of human follicles is also precisely
regulated and involves follicular growing from the primordial to the an-
tral stage, which is estimated to naturally take more than six months
(McGee and Hsueh, 2000). It consists of complex, regulated, and
time-prolonged events that occur sequentially: (i) onset of primordial
follicle growth and preantral follicle development; (ii) establishment of
the antral follicle, whose expansion to the preovulatory stage (Graaf)
is associated with granulosa cell proliferation and accumulation of an-
tral fluid; and (iii) rupture of Graaf follicle releasing the oocyte in re-
sponse to the LH peak (ovulation) (Telfer and Zelinski, 2013).

In recent years, certain novel technologies have been introduced to
promote the growth and maturation of primordial follicles in vitro, be-
coming a promising alternative approach to fertility restoration (Devos
et al., 2020). In order to achieve a complete development of oocytes,
a dynamic culture system that adapts to each stage of transition is re-
quired. These stages comprise: (i) activation of primordial follicles
through culture of ovarian cortex, (ii) isolation and culture of preantral

WHAT DOES THIS MEAN FOR PATIENTS?
This article summarizes the latest evidence on how the development of novel techniques could become an option for achieving pregnancy
in patients with early stages of primary ovarian insufficiency (POI) and diminished ovarian reserve (DOR).

Women with POI are those whose ovaries fail early in their functioning with a consequent compromised fertility before the age of 40,
while women with DOR are those with lower reproductive potential due to a reduction in their quantity of oocytes without reaching the
limit of insufficiency. Until now, the best alternative in both cases has been oocyte donation.

The introduction of certain techniques could allow the activation of some of the remaining ovarian reserve of these patients, through lap-
aroscopic surgery, manipulation of the ovarian tissue and finally autotransplantation. This knowledge arises from the extensive research of
molecular mechanisms that were primarily described in animals and then translated into humans using experimental models.
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follicles to achieve oocyte development and (iii) removal of the follicu-
lar environment and maturation of the cumulus-oocyte complex
(McLaughlin et al., 2018). Specifically, regarding autologous transplanta-
tion in humans, and in reference to contents of this review, it is vitally
important to develop the first of these steps.

The earliest in vitro experiments were performed by culturing the
entire ovary (Betteridge et al., 1989); which gave the advantage of
maintaining normal cell connections, but proved inconvenient in pre-
serving the perfusion of the organ as well as physical difficulties.
Subsequently, the culture of fragments of ovarian cortex was per-
formed. These basically presents three challenges: to avoid the damage
produced due to the harvesting process; to promote a complex sup-
port system that resembles the ovary itself; and last but not least, to
provide the biochemical control pathways capable of triggering the on-
set of follicular growth (Picton and Gosden, 2000).

Moreover, the greatest challenge is to achieve these goals in a short
period of time. Although it is known that under ordinary conditions,
most of the primordial follicles are at rest and gradually activated over
a long period of time, findings from in vitro cultures for a short period
of 2 to 6–10 days suggest that inhibitory mechanisms, which are re-
sponsible for maintaining latency, are also disturbed by just the re-
moval of the ovarian cortex from its environment (Bertoldo et al.,
2018).

Important factors contributing to the initiation of in vitro follicular
growth are tissue size and stromal density: solid cubes and strips
1 mm thick show less growth onset and a high proportion of atretic
follicles, compared to cortex culture as flattened ‘sheets’, where most
of the underlying stromal is also removed (Telfer and Zelinski, 2013).

Numerous studies have shown that the physical environment of fol-
licles within the ovarian cortex affects their response to either stimulat-
ing or inhibiting factors and influences their ability to grow (McLaughlin
and McIver, 2009). As mechanisms involved in achieving follicular
growth, the molecular pathways that governs follicular activation have
been discovered, mainly through the use of genetically modified mouse
models (Reddy et al., 2005). These pathways have allowed a better
understanding of the physiology of the human ovary for clinical
applications.

In vitro activation of ovarian
cortex

Primary ovarian insufficiency and
diminished ovarian reserve
POI is the depletion of ovarian follicles with cessation of menstruation
in women under 40 years of age. Its incidence is estimated at 1% and
it is classically defined as amenorrhea of at least 4 months duration, as-
sociated with persistently high FSH values (>25 IU/l) (Lee and Chang,
2019). Ninety percent of the etiology is idiopathic, while the remaining
cases are associated with genetic, autoimmune, toxic, chemotherapeu-
tic or radiation factors (Cordeiro et al., 2016).

Before POI, the ovarian follicle pool reduction begins at a clinical
stage known as DOR, a condition that affects 10% of women pursuing
pregnancy (Ferreri et al., 2020).

In recent years, new techniques have emerged with the aim of
regenerating, rejuvenating and activating ovarian germ cells; these
attempts include: artificial generation of gametes from ovarian stem
cells (Woods and Tilly, 2012), intra-ovarian injection of platelet-rich
plasma activated with calcium gluconate (Sills et al., 2018), in vitro au-
tologous mitochondrial transfer into oocytes (Labarta et al., 2019) and
androgen supplementation to increase the sensitivity of follicles to ex-
ogenous gonadotrophin stimulation (Nagels et al., 2015). However,
none of these techniques are performed routinely and the current evi-
dence is poor or questionable (Griesinger and Fauser, 2020).

In 2010, based on clinical trials in murine rodents and later in
humans, a new method for activating dormant follicles by in vitro cul-
ture of ovarian cortex fragments with stimulating agents was intro-
duced, based on the PTEN (phosphatase and tensin homolog deleted
on chromosome 10)-PI3K (phosphatidylinositol 3 kinase)-Akt (protein
kinase B)-Foxo3 (Forkhead box protein O3 transcription factor) path-
way. This technique would allow the rescue of residual follicles at pre-
ovulatory stages (Li et al., 2010).

Subsequent studies indicated that even simple fragmentation of the
ovarian cortex could interfere with the Hippo pathway and hence re-
store the growth of ovarian follicles (Fabregues et al., 2018; Ferreri
et al., 2020; Kawamura et al., 2020). In summary, the Hippo pathway
regulates cell proliferation and apoptosis and thereby organ size by
performing a negative growth control. The name comes from tissue
growth (a hippo-type phenotype) observed in the context of Hpo
gene mutations (Griesinger and Fauser, 2020).

In 2013, a trial combined both methods, and called it ‘in vitro ovarian
activation’ (IVA), in order to support patients with POI who are pur-
suing pregnancy (Kawamura et al., 2013).

Since patients with DOR, or at the initial stages of POI, have spon-
taneous activation of dormant primordial follicles reaching the second-
ary stage, subsequent follicular growth could be achieved using
simplified in vitro activation, by just performing ovarian tissue fragmen-
tation in a single surgical act, without the requirement of culture with
stimulant drugs. For patients with residual secondary follicles, sole frag-
mentation of the ovarian cortex (causing interruption of the Hippo
pathway) is likely to be enough to promote follicular growth
(Fabregues et al., 2018).

Molecular mechanisms and pathways
underlying the activation of primordial
follicles
The molecular mechanisms that govern follicular activation have been
extensively studied in animals, mainly from genetically modified mouse
ovaries, allowing the development of experimental mammalian models
of activation through in vitro culture of ovarian tissue (Castrillon et al.,
2003; John et al., 2008; Reddy et al., 2008). This molecular machinery,
which has not been fully elucidated in our species, is believed to reflect
the follicular activation in women since it has been demonstrated simi-
lar performance by in vitro culture of human ovarian follicles (Grosbois
and Demeestere, 2018).

The PI3K pathway
This pathway involves a group of molecules (such as kinases, phospha-
tases and transcription factors) which regulate cell proliferation, sur-
vival, migration and metabolism in the mammalian ovaries (Fig. 1). Its

IVA and autologous transplantation 3
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role was demonstrated by using ovaries and isolated oocytes from
postnatal mice and rats (Reddy et al., 2005), and from there it has
been actively studied in the context of cancer development (Cantley,
2002; Stokoe, 2005). Special mention is required for a human experi-
mental study in which the use of an IVA protocol that targets this
pathway in cryopreserved ovarian cortex from cancer patients in-
creased the pool of viable activated primordial follicles without delete-
rious effects, providing a useful instrument for fertility preservation
(Novella-Maestre et al., 2015).

The critical role in this pathway is played by PI3K (phosphatidylinosi-
tol 3-kinase), which is differentiated into three classes (I, II and III),
based on its structure and specific substrates. In mammals, PI3K IA is
activated by cell membrane tyrosine kinase receptors (RTK), which
are expressed on the oocyte surface of postnatal ovaries of mice, rats,
and humans; such as insulin and growth factor receptors. PI3K IA
members are heterodimers composed of a regulatory subunit (with
isoforms p85a, p85b and p55c) and a catalytic subunit (with isoforms
p110a, p110b and p110d) (Adhikari and Liu, 2009).

Kit ligand (KL) is a stem cell factor produced by granulosa cells
which has been shown to stimulate mouse oocyte growth when func-
tional FSH receptors are not yet expressed (Packer et al., 1994;
Adhikari and Liu, 2009); an increase in this factor in follicular fluid from
women undergoing IVF, has been correlated with successful

pregnancies (Smikle et al., 1998). KL binds to its RTK, so the receptor
is dimerized and thus it phosphorylates its own tyrosine residues,
which are capable of binding to Src homology 2 (SH2) domain-con-
taining molecules of the p85 regulatory subunit of PI3K. This allows
the p110 catalytic subunit to phosphorylate the 30-OH group of the
inositol ring of inositol phospholipids. Recruitment of PI3K from the cy-
toplasm to the inner cell membrane, enables the conversion of PIP2
(phosphatidylinositol-4,5-bisphosphate) to PIP3 (phosphatidylinositol-
3,4,5-trisphosphate). PIP3 then activates PDK1 (30-phosphoinositide-
dependent kinase-1), resulting in the activation of AKT (protein kinase
B). AKT within the nucleus, among other functions, phosphorylates
FOXO3 (member of forkhead transcription factors) and p27 (cyclin-
dependent kinase inhibitor). Both factors are involved in the avoidance
of primordial follicle activation and are exported out of the oocyte nu-
cleus and thereby the primordial follicles are activated (Cordeiro et al.,
2016). In addition, AKT phosphorylates and inactivates GSK-3 (glyco-
gen synthase kinase 3), which leads to increased glycogen synthesis,
and also prevents phosphorylation and degradation of cyclin D1
(Adhikari and Liu, 2009), a proto-oncogene whose amplification and
protein overexpression are often exhibited in tumor cells (Bates and
Peters, 1995).

The major effectors of this pathway, FOXO3 and p27, would likely
suppress follicular activation independently one from the other. The

Figure 1. The PI3K pathway. 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; AKT, protein kinase B; AP-1, activating pro-
tein-1; Cjun, proto-oncogene; FOXO3A, forkhead box protein O3 transcription factor; GSK-3, glycogen synthase kinase 3; JNK, c-Jun N-terminal ki-
nase; mTORC1, rapamycin-sensitive mTOR complex 1; P, phosphorylation; P110, PI3K catalytic subunit; P27, cyclin-dependent kinase inhibitor; P85,
PI3K regulatory subunit; PDK1, 3�-phosphoinositide-dependent kinase-1; PI3K, phosphatidylinositol 3-kinase; PIP2, phosphatidylinositol-4,5-bisphos-
phate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; PTEN, phosphatase and tensin homolog deleted on chromosome 10; rpS6, ribosomal protein
S6; RTK, tyrosine kinase receptor; S6K1, P70 S6 kinase 1-ribosomal protein S6; TSC2, tuberous sclerosis complex 2 or tuberin.

4 Devenutto et al.
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FOXO family is part of a large group of transcription factors, and in
mammals consists of three members: FOXO1, FOXO 3a and
FOXO4; all of them providing common sites for AKT phosphoryla-
tion. Suppression of the FOXO3a gene in a female mouse model
caused age-dependent infertility and abnormal development of the
ovarian follicle as a result of immediate global activation, which led to
ovarian hyperplasia, follicle exhaustion, premature ovarian failure and
infertility (Castrillon et al., 2003).

p27 belongs to the CIP/KIP family, inhibitors of CDK (cyclin-depen-
dent kinase); it is a negative regulator of cell cycle and growth, and
operates through inhibiting CDK2 kinase activity (Adhikari and Liu,
2009). A study in which wild-type mice model was used, demon-
strated that p27 suppresses follicle activation and induces follicle atre-
sia before sexual maturity, and furthermore showed that in case of
p-27 deficient ovaries, there would be a depletion of follicles in early
adulthood leading to POI (Rajareddy et al., 2007).

Another important role attributed to AKT is the inactivation of
TSC2 (tuberous sclerosis complex 2 or tuberin) by phosphorylation,
leading to lack of suppression of mTOR (mammalian target of rapamy-
cin). mTOR is a serine/threonine kinase that regulates tissue prolifera-
tion by diverse signals and is part of two protein complexes,
mTORC1 and mTORC2. mTORC1 promotes protein translation and
ribosomal biogenesis in oocytes, by phosphorylating S6K1-rpS6 (P70
S6 kinase 1-ribosomal protein S6) and 4E-BP1 (eukaryotic translation
initiation factor 4E-binding protein 1) (Adhikari and Liu, 2010). Studies
performed in mice and human models suggest that transient culture of
ovarian tissue with mTORC1 inhibitors, such as everolimus, partially
prevents spontaneous activation by limiting growing follicle counts,
without impairing the ability of growing follicles to develop and synthe-
size hormones (Grosbois and Demeestere, 2018; Grosbois et al.,
2019; Devos et al., 2020).

PTEN (phosphatase and tensin homolog deleted on chromosome
10), a tumor suppressor gene, is mainly described as the negative reg-
ulation mechanism of this pathway; it acts by dephosphorylating PIP3
and converting it into PIP2, which results in the suppression of PI3K
signaling (Cordeiro et al., 2016). It has been demonstrated from bo-
vine, swine and human-based models in vitro, that inhibition of PTEN
with BpV(HOpic) affects ovarian follicle development by promoting
the initiation of follicle growth and development, similar to that in ro-
dent species (McLaughlin et al., 2014; Maidarti et al., 2019; Raffel et al.,
2019), but this results in increased DNA damage and impaired DNA
repair capacity (Maidarti et al., 2019).

Germinal mutations of PTEN gene are related to the development
of certain diseases, such as Cowden disease (Liaw et al., 1997), an au-
tosomal dominant syndrome characterized by multiple hamartomas of
the skin, intestine, breast and thyroid, with an increased risk of breast,
thyroid or brain tumors (Eng, 1998). On the other hand, mice PTEN
deletion has been associated with overgrowth of immature oocytes
and premature activation of the entire pool of primordial follicle
(Reddy et al., 2008).

Another regulator, although less studied, is the c-Jun proto-onco-
gene, whose activity is regulated by the JNK (c-Jun N-terminal kinase).
Part of the role of c-Jun is to activate the transcription factor AP-1 (ac-
tivating protein-1), which plays a key function in cell proliferation, sur-
vival and apoptosis. It has also been reported that inhibition of the
JNK pathway suppresses the translocation of FOXO3a from nucleus
to cytoplasm in muscle cells; which, extrapolated to primordial follicles,

would result in the permanence of high levels of FOXO3a within the
oocyte, with the consequent inhibition of follicular activation (Clavel
et al., 2010) (Fig. 1).

Many growth factors, hormones and cytokines have also been
reported to participate in the activation of primordial follicles (Adhikari
and Liu, 2009). Among them, the Foxl2 gene (Forkhead box L2),
expressed in granulosa cells of primordial and growing follicles,
deserves particular interest. Mutations in this gene cause
Blepharophimosis, Ptosis and Epicanthus inversus Syndrome, a domi-
nant autosomal disorder with typical characteristics of eyelid dysplasia;
it has also been associated with risk of developed POI (De Baere
et al., 2003). There is evidence that Foxl2 has a significant role in the
differentiation of granulosa from pre-granulosa cells during follicular ac-
tivation; and that in case of its absence, the primordial oocyte pool is
activated prematurely and in an non-synchronized way with granulosa
cell division and differentiation, a process that culminates in follicular
atresia (Schmidt et al., 2004; Uda et al., 2004). Such transcription fac-
tor would therefore provide an inhibitory mechanism, keeping the pri-
mordial follicle in a resting state.

The set of mechanisms described suggest that suppression of the
AKT pathway allows to primordial follicles to be kept in a quiescent
state, necessary to preserve the pool during the reproductive years,
avoiding early exhaustion. Likewise, our knowledge allows the imple-
mentation of certain novel techniques designed to trigger oocyte
activation.

The incubation of small fragments of ovarian cortex (100 cubes of
1–2 mm2) from POI patients with PTEN suppressor drugs, such as
bpV(HOpic) and AKT stimulants, such as 740YP, for a short period of
time (usually 2 days), has been proposed as a mechanism of activation
of dormant follicles, after transplantation of these fragments beneath
the serosa of the fallopian tubes (Cordeiro et al., 2016).

However, to date, only a small number of pregnancies and births
have been reported in literature by using this method (Kawamura
et al., 2013; Suzuki et al., 2015; Zhai et al., 2016).

The Hippo pathway
This pathway is essential for maintaining optimal organ size, it is present
in all mammals and was first discovered in Drosophila (Lee and Chang,
2019). Based on the hypothesis that ovarian tissue damage with the
subsequent autotransplantation of its fragments could promote follicular
growth, several investigations in various species, mainly based on mice
models, have been developed (Kawamura et al., 2013). This concept
has emerged as early as in 1930, when wedge resection of the ovary
of polycystic ovary syndrome patients (Stein and Leventhal, 1935) fol-
lowed by ovarian drilling, was employed to induce follicular develop-
ment (Farquhar et al., 2012); an original strategy that was later
introduced for the preservation of fertility in cancer patients through
freezing and grafting of cortical fragments (Donnez et al., 2011).

Hippo signaling consists of several negative cell growth regulators
that operate in a kinase cascade, inactivating key effectors (Fig. 2).
These effectors, which are down-regulated by phosphorylation, belong
to the oncogenes YAP (YES-associated protein)/TAZ (transcriptional
coactivator with PDZ-binding motif) (Cordeiro et al., 2016).

YAP/TAZ are related to factors that regulate cell contractility, such
as Rho GTPase and ROCK (Rho-associated protein kinase). An in-
crease in the internal mechanical stress in the cells will probably result
in the expression of negative growth factors, that are expressed in

IVA and autologous transplantation 5
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murine and human ovaries, such as: serine/threonine mammalian Ste-
20 like kinases (MST 1/2), protein salvador homolog 1 (SAV 1) and
the large tumor suppressor 1 and 2 (LATS 1/2), through phosphoryla-
tion and consequent inhibition of nuclear translocation of YAP/TAZ,
under the influence of Rho GTPase and ROCK. Nuclear location of
YAP is necessary to bind TEAD transcription factors and activate tran-
scription of growth factors such as: cysteine-rich protein 61 (CYR61/
CCN1), connective tissue growth factor (CTGF/CCN2), nephroblas-
toma overexpressed (NOV/CCN3) and baculoviral IAP repeat con-
taining proteins (BIRC) (Shah et al., 2018) (Fig. 2).

Therefore, the Hippo signaling pathway seems to employ internal
mechanical stress as a cellular response to the external environment,
and causes signaling in order to keep the follicle in a dormant state,
inhibiting follicular activation.

In contrast, studies on mammalian ovaries showed that manipulation
of ovarian cortex by cutting tissue into small fragments interrupt this
signaling pathway, since it modifies intercellular tension, transforming
globular actin (monomer) into filamentous (polymer), thus altering the
cascade of involved genes (Reddy et al., 2013). The consequent de-
phosphorylation of YAP increases this protein in the cell nucleus,
which finally stimulates the expression of cell growth factors and apo-
ptosis inhibitors, previously described (Cordeiro et al., 2016). The
presence of YAP has been confirmed in the nucleus of human granu-
losa cells as well as in their cytoplasm in the growing follicles
(Grosbois and Demeestere, 2018).

Based on these findings, drugs have been developed to enhance ac-
tin polymerization, such as JASP (Jasplakinolide) and S1P (Sphingosine-
1-phosphate), with promising outcomes in mice and humans (Cheng
et al., 2015).

Other regulatory agents
Other factors involved in regulating the activation of primordial follicles
are: (i) growth factors and hormones that activate RTK such as NT
(neurotropins), insulin, bFGF (basic fibroblast growth factor), KGF
(keratinocyte growth factor) and PDGF (platelet-derived growth fac-
tor); (ii) TGF-B and Smads family members such as AMH (anti-
Müllerian hormone), BMP-7 and 4 (bone morphogenetic proteins),
GDF-9 (growth differentiation factor-9) and Smads 2 and 3; (iii) ligands
that activate cytokine receptors type 1 such as GH (growth hormone)
and LIF (leukemia inhibiting factor); (iv) ligands that activate GPCR
(G-protein coupled receptor) such as SDF-1 (stromal cell-derived fac-
tor-1); (v) steroid hormones such as estradiol and progesterone; and
(vi) specific transcription factors such as Nobox genes (newborn ovary
homeobox-encoding gene).

Drug-free IVA technique
The drug-free IVA technique is supported by the disruption of the
Hippo pathway to promote secondary follicle growth through ovarian
biopsying, fragmentation and autografting. It was first described in
mice, achieving promising results in oocytes retrieved and pregnancy

Figure 2. The Hippo pathway. BIRC, baculoviral IAP repeat containing proteins; CTGF/CCN2, connective tissue growth factor; CYR61/CCN,
cysteine-rich protein 61; LATS 1/2, large tumor suppressor; MST 1/2, serine/threonine mammalian Ste-20 like kinases; NOV/CCN3, nephroblas-
toma overexpressed; SAV1, protein salvador homolog 1; TAZ, transcriptional coactivator with PDZ-binding motif; TEAD, transcriptional enhanced
associate domain; YAP, YES-associated protein.
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rates (Kawamura et al., 2013). Later, human studies were conducted
in patients with POI and DOR. Two case reports that described the
performance of this novel technique on 11 patients with DOR
(Kawamura et al., 2020) and 14 patients with early stages of idiopathic
POI (Ferreri et al., 2020), showed an increase in antral follicle number
in multiple growth waves following FSH or HMG treatment and
reported successful oocyte retrieval and pregnancy rates of 36% and
28%, respectively.

Conversely, a prospective cohort study conducted in 20 patients
with DOR in which one ovary was biopsied and fragmented, keeping
the other ovary as intra-individual control, failed to obtain differences
in the number of antral follicles from the ovary that was biopsied ver-
sus the contra-lateral after 10 weeks of the procedure. Furthermore,
only 15% of the patients (3/20) showed ultrasound signs of ectopic
follicular growth on the graft side. However, a high percentage of
patients (60%; 12/20) achieved pregnancy (either spontaneously or
with assisted reproduction treatment) at an average of 177 days of fol-
low-up (Lunding et al., 2019).

In accordance with available evidence and in order to unify con-
cepts, the following is a brief description of the technique carried out
on 11 poor responder patients with DOR, adapted from one pub-
lished case report (Kawamura et al., 2020).

Prior to the procedure, hormone dosage was performed on each
patient, assessing FSH, estradiol and AMH levels. Hormone replace-
ment therapy with estrogens was prescribed to maintain serum estra-
diol values between 40 and 90 pg/ml, in order to suppress circulating
FSH and LH; followed by the administration of estrogen and proges-
terone for 10–14 days. Prior to surgery, LH values were monitored,
ensuring levels below 10 mIU/ml. Dual replacement therapy was with-
drawn before surgery with the objective of inducing deprivation a few
days following the intervention.

The initial surgery was introduced in mice in 2010 and it consisted
in the removal of the complete ovary in order to prepare small frag-
ments before vitrification, followed by its fragmentation into cubes and
culture with PI3K stimulant drugs during 2 days. Subsequently, the het-
erologous transplant was carried out (Li et al., 2010). This in vitro tech-
nique was then used in a clinical trial in humans.

The most recently employed drug-free IVA technique consisted of a
laparoscopic surgery for partial resection of the cortex of one or both
ovaries, performed under general anesthesia. The cortical fragments
were immediately transferred to the laboratory in an incubator at
37�C. For disruption of Hippo signaling, the ovarian cortex was dis-
sected to remove residual marrow tissue prior to fragmentation into
strips (10� 10 mm, 1–2 mm thick). After reservation of a small part of
the strips for histology to evaluate the presence of residual follicles
(5� 1 � 1 mm3 per strip), the remaining fragment was divided into
small cubes (1� 1 � 1 mm3) for transplant into the contralateral
ovary through a tunnel between the cortex and the marrow, or into a
peritoneal pocket, just below both fallopian tubes. This technique
might be facilitated through the use of an applicator designed for
laparoscopy.

After surgery, and once deprivation has been produced, hormone
therapy with a GnRH agonist (through nasal spray, such as buserelin)
was introduced to maintain LH concentrations below 10 mIU/ml, to-
gether with daily injections of recombinant FSH or purified urinary FSH
(at doses of 225–300 IU/day). Higher doses of HCG (10 000–
20 000 IU) were employed for the discharge once follicles reached

14–18 mm of diameter, and then either natural conception or artificial
insemination or oocyte retrieval for IVF (IVF) was chosen, according to
certain factors such as age. The administration of GnRH and FSH was
interrupted in the absence of increased levels of estradiol, and then re-
peated in subsequent cycles. Generally, the stimulation is prolonged
compared to the usual protocol, given the poor vascularization of the
graft.

Serum concentrations of FSH, LH and estradiol were recorded over
a year, complemented by ultrasound monitoring, during which time it
is estimated that the waves of follicular growth may continue. If follicu-
lar puncture was performed for IVF, the embryos that were obtained
after several cycles of stimulation were cryopreserved at cleavage stage
(Day 2 or 3) and subsequently transferred under optimal uterine
conditions.

Outcomes
The evidence about the outcomes of these techniques applied in
humans is limited and consists of a few uncontrolled series of cases, so
they should be interpreted with caution (Table I).

According to reports, pregnancy rates could increase with the im-
plementation of these procedures, especially considering drug-free
IVA, when compared with a 5% chance of spontaneous conception of
patients with POI, as reported in the literature (Nelson, 2009).

Discussion
Patients with POI are considered infertile due to the lack of follicular
growth and ovulation. Although the menstrual cycles of such patients
may cease, they still have dormant primordial follicles, which do not
produce enough circulating estrogen and progesterone to modulate
uterine functions. The chance of pregnancy that has been reported in
several reviews vary from 5% to 10%, although controlled trials found
only a 1.5% chance (van Kasteren and Schoemaker, 1999). Therefore,
the best alternative in these patients remains oocyte donation.

Follicle growth in patients with POI and DOR, who usually present
spontaneous activation of primordial follicles toward the secondary
stage, can be promoted through the application of in vitro ovarian acti-
vation technology. The conventional IVA technique that targets PI3K
pathway has yielded some progress but no quite enough, achieving
pregnancy rates of 7.8% with own oocytes, according to the series
reported (4 of 51 patients) (Kawamura et al., 2013; Suzuki et al.,
2015; Zhai et al., 2016). Moreover, its applicability has been criticized
in different aspects. First, it has been associated with a deleterious ef-
fect on the ovarian reserve because of a massive and premature follic-
ular activation compromising the development of growing follicles and
leading to atresia (‘burn out effect’) (Grosbois and Demeestere, 2018;
Dolmans et al., 2019). Second, the pathway that becomes activated
from this technique has been found altered in several cancers (Luongo
et al., 2019), and also showed an increase in DNA damage with a diffi-
cult repair when it was applied in bovine follicles culture (Maidarti
et al., 2019). Third, it is believed that the 2-day in vitro culture of ovar-
ian cortex may trigger tissue damage, necrosis and thus programmed
cell death (Griesinger and Fauser, 2020). So, in order to optimize cul-
ture systems, some strategies in the area of fertility preservation have

IVA and autologous transplantation 7
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been proposed, such as a transient incubation with mTORC1 inhibi-
tors to delay in vitro massive follicular activation while maintaining the
functional integrity of the follicle (Grosbois and Demeestere, 2018;
Grosbois et al., 2019).

Subsequently, a novel technique based on mechanobiology through
the disruption of the Hippo pathway has been introduced, in which
fragmentation of ovarian cortex induced by F-actin (filamentous) leads
to the nuclear translocation of YAP, developing in a cascade of activa-
tion of growth factors and antiapoptotic ones, ending in the resump-
tion of follicular growth. This procedure, which does not require the
culture of ovarian tissue, could offer a less invasive treatment with a
single surgical act and without the need of in vitro chemical activation.
According to our review, the chance of pregnancy was 34.6% (9 out
of 26 patients) (Fabregues et al., 2018; Ferreri et al., 2020; Kawamura
et al., 2020). Recently, an uncontrolled trial conducted in 20 women
under 39 years with DOR failed to detect increased activity of the frag-
mented ovarian tissue. In that study, the patients underwent laparo-
scopic biopsy of an ovary and transplantation of cortex fragments into
a peritoneal pocket, while the contralateral ovary was used as control
(Lunding et al., 2019). A later editorial suggested abandoning this pro-
cedure (Steiner, 2019), although the long-term results (after 10 weeks
and within one year of transplantation) found a 60% chance of preg-
nancy (12 of 20 patients) (Lunding et al., 2019). The main limitations,
we highlight of these studies are the small sample sizes, the lack of
untreated control groups, and the requirement of a randomized con-
trolled trial to be able to establish a real estimation of such effect.
Furthermore, the last study (Lunding et al., 2019) found no direct rela-
tionship between the procedure and the number of mature follicles in
the biopsied ovary or at the transplant site after ovarian stimulation;
whilst the first ones showed an increase in the number of oocytes re-
trieved but without an impact on the oocyte quality (Fabregues et al.,
2018; Ferreri et al., 2020; Kawamura et al., 2020).

Recently, a study conducted on human ovaries could not prove the
relevance of drug-free IVA technique, since it did not find a relation-
ship between the fragmentation of the ovarian tissue and actin poly-
merization, nor between the fragmentation and the effectors of the
Hippo pathway; also it did not show an increase in the number of
growing follicles from the fragmented tissue (Lunding et al., 2020).
However, this trial was limited to nine women and does not rule out
a transient effect on this pathway what is difficult to assay, as demon-
strated by other authors (Grosbois and Demeestere, 2018).

Prior to fragmentation technique, the effect of ovarian biopsy per se
or ‘scratching’ on the Hippo pathway has been described, suggesting
that possible ‘tissue damage and removal’ may induce an increase in
FSH levels that finally triggers follicular growth (Lunding et al., 2019).
One large trial that performed this strategy in 80 patients with POI,
showed less efficacy in terms of follicular activation (13.75%) and live
birth rates (1.25%) (Zhang et al., 2019).

In view of the results achieved, the IVA technique could also provide
not only a promising option for DOR and early stage of POI patients,
but also for fertility preservation in cancer patients and prepuberal girls,
where the alternative appears limited to tissue cryopreservation.

Since the evidence to date is based on small series of cases with lim-
ited numbers of patients, data should be interpreted with caution, and
only randomized controlled trials could estimate the real magnitude
and success of the treatment. Therefore, its application continues to
be experimental, with limited available data and the requirement of in-
vasive procedures.

In the future, a better comprehension of mechanisms underlying the
activation of the primordial follicle, the introduction of trials testing
new drugs or types of physical damage (laser drilling, scratching, wedge
resection, fragmentation, etc.) along with improvements in tissue cul-
ture and transplantation technology, may help to optimize this novel
technique, potentially providing better clinical outcomes for patients.

............................................................................................................................................................................................................................

Table I Pregnancy outcomes from case reports.

Study Procedure Patients
(n)

Inclusion Patients with
residual

follicles/total

Patients with
follicular

growth/total

Patients with
mature oocytes

(MII) /total

Pregnancy/
total

Live birth
rate: total

Kawamura et al. (2013) IVA with drugs 27 POI 13/27 8/27 5/27 2/27 (IVF) 1:27

Suzuki et al. (2015) IVA with drugs 10 POI 7/10 1/10 1/10 1/10 (IVF) 1:10

Zhai et al. (2016) IVA with drugs 14 POI 7/14 6/14 4/14 1/14 (IVF) 1:14

Fabregues et al. (2018) Drug-free IVA 1 POI 1/1 1/1 1/1 1/1 (IVF) 1 ongoing pregnancy

Kawamura et al. (2020) Drug-free IVA 11 POR 9/11 9/11 11/11 4/11 (3 IVF, 1 SC) 1:11

2 ongoing pregnancy

Ferreri et al. (2020) Drug-free IVA 14 POI 3/14 7/14 5/14 4/14 (IVF) 4:14

Lunding et al. (2019) Drug-free IVA 20 DOR 18/20 3/20 1/20 0/20 (within
10 weeks of
surgery)

12/20 (until the
year of surgery)

0:20 (within 10 weeks
of surgery)

10:20 (until the year
of surgery):

3/20 SC

5/20 IVF

2/20 IUI

DOR, diminished ovarian reserve; IUI, intrauterine insemination; POI, primary ovarian insufficiency; POR, poor ovarian response; SC, spontaneous conception.

8 Devenutto et al.
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Lotz L. The effect of bpV(HOpic) on in vitro activation of primor-
dial follicles in cultured swine ovarian cortical strips. Reprod Dom
Anim 2019;54:1057–1063.

Rajareddy S, Reddy P, Du C, Liu L, Jagarlamudi K, Tang W, Shen Y,
Berthet C, Peng SL, Kaldis P et al. p27kip1 (cyclin-dependent ki-
nase inhibitor 1B) controls ovarian development by suppressing
follicle endowment and activation and promoting follicle atresia in
mice. Mol Endocrinol 2007;21:2189–2202.

Reddy P, Deguchi M, Cheng Y, Hsueh AJW. Actin cytoskeleton regu-
lates Hippo signaling. PLoS One 2013;8:e73763.

Reddy P, Liu L, Adhikari D, Jagarlamudi K, Rajareddy S, Shen Y, Du
C, Tang W, Ha Ma la Inen T, Peng SL et al. Oocyte-specific dele-
tion of PTEN causes premature activation of the primordial follicle
pool. Science 2008;319:611–613.

Reddy P, Shen L, Ren C, Boman K, Lundin E, Ottander U, Lindgren
P, Liu Y-X, Sun Q-Y, Liu K. Activation of Akt (PKB) and suppres-
sion of FKHRL1 in mouse and rat oocytes by stem cell factor dur-
ing follicular activation and development. Dev Biol 2005;281:
160–170.

Schmidt D, Ovitt CE, Anlag K, Fehsenfeld S, Gredsted L, Treier A-C,
Treier M. The murine winged-helix transcription factor Foxl2 is re-
quired for granulosa cell differentiation and ovary maintenance.
Development 2004;131:933–942.

Shah JS, Sabouni R, Cayton Vaught KC, Owen CM, Albertini DF,
Segars JH. Biomechanics and mechanical signaling in the
ovary: a systematic review. J Assist Reprod Genet 2018;35:
1135–1148.

Sills ES, Rickers NS, Li X, Palermo GD. First data on in vitro fertiliza-
tion and blastocyst formation after intraovarian injection of calcium
gluconate-activated autologous platelet rich plasma. Gynecol
Endocrinol 2018;34:756–760.

Smikle CB, Dandekar PV, Schriock ED, Givens CR. Elevated ovarian
follicular fluid stem cell factor concentrations are associated with
improved pregnancy rates in in-vitro fertilization cycles. Fertil Steril
1998;69:70–72.

Stein IF, Leventhal ML. Amenorrhea associated with bilateral polycys-
tic ovaries. Am J Obstet Gynecol 1935;29:181–186.

Steiner AZ. Evidence that biopsying, fragmentation and auto-trans-
plantation of ovarian tissue should be abandoned as a treatment of
diminished ovarian reserve. Hum Reprod 2019;34:1853–1854.

Stokoe D. The phosphoinositide 3-kinase pathway and cancer.
Expert Rev Mol Med 2005;7:1–22.

Suzuki N, Yoshioka N, Takae S, Sugishita Y, Tamura M, Hashimoto
S, Morimoto Y, Kawamura K. Successful fertility preservation fol-
lowing ovarian tissue vitrification in patients with primary ovarian
insufficiency. Hum Reprod 2015;30:608–615.

Telfer EE, Zelinski MB. Ovarian follicle culture: advances and chal-
lenges for human and nonhuman primates. Fertil Steril 2013;99:
1523–1533.

Uda M, Ottolenghi C, Crisponi L, Garcia JE, Deiana M, Kimber W,
Forabosco A, Cao A, Schlessinger D, Pilia G. Foxl2 disruption

10 Devenutto et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..causes mouse ovarian failure by pervasive blockage of follicle de-
velopment. Hum Mol Genet 2004;13:1171–1181.

van Kasteren YM, Schoemaker J. Premature ovarian failure: a system-
atic review on therapeutic interventions to restore ovarian function
and achieve pregnancy. Hum Reprod Update 1999;5:483–492.

Woods DC, Tilly JL. The next (re)generation of ovarian biology and
fertility in women: is current science tomorrow’s practice? Fertil
Steril 2012;98:3–10.

Zhai J, Yao G, Dong F, Bu Z, Cheng Y, Sato Y, Hu L, Zhang Y,
Wang J, Dai S et al. In vitro activation of follicles and fresh tissue

auto-transplantation in primary ovarian insufficiency patients. J Clin
Endocrinol Metab 2016;101:4405–4412.

Zhang H, Liu K. Cellular and molecular regulation of the activation of
mammalian primordial follicles: somatic cells initiate follicle activa-
tion in adulthood. Hum Reprod Update 2015;21:779–786.

Zhang X, Han T, Yan L, Jiao X, Qin Y, Chen Z-J. Resumption of
ovarian function after ovarian biopsy/scratch in patients with pre-
mature ovarian insufficiency. Reprod Sci 2019;26:207–213.

Zhou J, Peng X, Mei S. Autophagy in ovarian follicular development
and atresia. Int J Biol Sci 2019;15:726–737.

IVA and autologous transplantation 11


	tblfn1



