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Abstract

In vitro follicle development (IVFD) is an adequate model to obtain basic knowledge of folliculogenesis and provides a tool for ovarian toxicity
screening. IVFD yielding competent oocytes may also offer an option for fertility and species preservation. To promote follicle growth and oocyte
maturation in vitro, various culture systems are utilized for IVFD in rodents, domestic animals, wild animals, nonhuman primates, and humans.
Follicle culture conditions have been improved by optimizing gonadotropin levels, regulatory factors, nutrient supplements, oxygen concentration,
and culture matrices. This review summarizes quality assessment of oocytes generated from in vitro-developed antral follicles from the preantral
stage, including oocyte epigenetic and genetic profile, cytoplasmic and nuclear maturation, preimplantation embryonic development following
in vitro fertilization, as well as pregnancy and live offspring after embryo transfer. The limitations of oocyte quality evaluation following IVFD and
the gaps in our knowledge of IVFD to support proper oocyte development are also discussed. The information may advance our understanding
of the requirements for IVFD, with a goal of producing competent oocytes with genetic integrity to sustain embryonic development resulting in

healthy offspring.

Summary Sentence

Although advances in current IVFD systems have greatly enhanced oocyte growth and maturation, further optimization is required to improve
oocyte competence with genetic integrity for proper embryonic development.
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Introduction

In vitro follicle development (IVFD) yielding a mature oocyte
is a complex process worth pursuing for many applications.
Because individual or groups of follicles can be monitored and
manipulated at specific developmental stages in controlled
environments, follicle culture is an adequate model to obtain
basic knowledge of folliculogenesis and oogenesis [1]. It also
provides a tractable system for screening potential ovarian
toxic compounds or endocrine disruptors [2, 3]. If mature
oocytes derived from in vitro-developed follicles are capable
of acquiring meiotic and developmental competence, as well
as maintaining genetic integrity, follicle culture may offer an
option for fertility preservation in women [4, 5], for pro-
duction of genetically important livestock breeds [6], and for
propagation of endangered species [7].

There are many excellent reviews on IVFD in mice
[8-11], domestic animals [9, 12], wild animals [7], nonhuman
primates, and women [1, 4, 13]. Recently, the numerous exper-
imental systems (media, matrices, hormone supplementation,
etc.) used to support ovarian follicle growth in vitro from a
variety of mammalian species has been thoroughly reviewed
[14, 15]. The present review will not describe primordial
follicle culture in-depth because the complete complement

of factors that activate and then propel the progression of
primordial follicles to the primary stage are not entirely
known, and the majority of studies only conduct culture
for short intervals that do not culminate in a mature oocyte
[16-19]. In vitro gametogenesis from induced pluripotent
stem cells is also being pursued as another avenue to obtain
competent oocytes; the current state of this rapidly developing
field has been recently reviewed [20] and will not be discussed
further herein. Organ culture followed by follicle isolation in
neonatal mice and culture of ovarian cortical tissue prior to
removal of primary or secondary follicles for further IVFD
are presented.

Oocyte developmental competence is typically defined as
the ability of an oocyte (1) to resume and complete nuclear
maturation with correct formation of the meiotic spindle and
chromosome trafficking that are necessary for normal fertil-
ization; (2) to undergo cytoplasmic maturation that includes
extensive remodeling of intracellular organelles, biogenesis
of maternal RNA, and establishment of epigenetic profile
necessary for supporting early embryonic events prior to
activation of the embryonic genome, as well as organization
of a specialized cytoplasmic lattice that assists with storage
of maternal RNA and important RNA translation events
needed for protein synthesis; and (3) to support embryonic
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development after fertilization, establishment of pregnancy,
and birth of live offspring [21]. Many of the paracrine mech-
anisms underlying the continuous dialog between the gamete
and somatic cells are known [22], but there are equally impor-
tant signaling mechanisms involving cell-cell interaction via
gap junctions, intercellular contact via transzonal projections
(TZPs) and oocyte-derived microvilli, and remodeling of the
oocyte cortical cytoplasm by receptor tyrosine kinases [23,
24]. The follicle with its enclosed oocyte is characterized by
highly specialized, adjacent cellular compartments that are
exquisitely metabolically coupled in ways that are absolutely
requisite for establishing developmental competence. Collec-
tively, these processes are extremely complex and our under-
standing of the biological function of many recently identified
factors required for coordinated development of the oocyte
and somatic cells within the ovarian follicle is incomplete
[22]. For the purposes of IVFD, maintaining this coordi-
nated signaling in a temporal fashion during the progression
of transitions from one stage of follicular development to
another is paramount for supporting oocyte competence, and
is challenging to achieve.

This review focuses primarily on the literature that
describes (1) the ability of oocytes enclosed in preantral
follicles grown in vitro to acquire meiotic and/or develop-
mental competence resulting in preimplantation embryos or
live offspring; (2) the limitations inherent in reprising the
various mechanisms underlying the coordinated interactions
between the oocyte and somatic cells within their given in
vitro environment to allow for production of competent
oocytes; and (3) the gaps in our knowledge of IVFD that,
when eventually filled, will have a great potential to advance
our understanding of the requirements for achieving oocyte
developmental competence to improve fertility in a number
of species, including humans.

MIl oocytes derived from in vitro-developed rodent
follicles are competent for producing live offspring
Multiple culture systems support growth of immature murine
follicles in vitro that have produced oocytes capable of mat-
uration and fertilization with subsequent development into
live offspring. Two major systems have been employed. With
two-dimensional (2D) culture, follicle integrity is not pre-
served; granulosa cell (GC)-oocyte complexes are grown on
a flat surface till oocytes are released for maturation in vitro.
In contrast, three-dimensional (3D) culture preserves follicle
architecture with resultant antrum formation. The follicle-
enclosed cumulus—oocyte complex (COC) is exposed to ovu-
latory stimuli in vitro to induce oocyte meiosis resumption. In
both systems, the close contact between the oocyte and its sur-
rounding somatic cells is kept intact as this is absolutely neces-
sary for folliculogenesis to proceed [25, 26]. Conventional in
vitro fertilization (IVF) is typically used to assess embryonic
development and in some cases, developmental competence
in vivo to live births. Table 1 depicts the development of 2D
and 3D systems for IVFD of preantral follicles from mice
that yielded competent oocytes that matured, fertilized, and
yielded embryos and/or live offspring. The efficacy of off-
spring production is indicated when available in the literature.
Early methods for derivation of oocytes from in vitro-
developed follicles included culture of GC-oocyte complexes
on collagen-coated membranes wherein 50% of two-cell
embryos developed to the blastocyst stage [27, 28]. In the
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protocol used to produce Eggbert, the first mouse born from
2D primordial follicle culture in the U.S. [29], less than
2% of two-cell stage embryos developed to the blastocysts.
Furthermore, oocyte competence from these early endeavors
was compromised since Eggbert developed late onset obesity
and neurological anomalies. The animal was later joined by
59 murine offspring derived from oocytes grown in vitro
from primordial follicles in a two-step protocol (Table 1)
[30]. Improvements to the protocol included the use of alpha
minimum essential medium («MEM) as well as omission of
follicle stimulating hormone (FSH) during the final 6 days
of culture and during the interval for oocyte maturation
that resulted in higher quality oocytes capable of nuclear,
cytoplasmic, and epigenetic maturation. Although the above
hallmarks of oocyte competence were lower in oocytes from
IVED than those derived in vivo, these experiments provided
the earliest proof that oocytes with full developmental
potential can be produced in vitro from primordial follicles.

Spears et al. obtained the first murine offspring from an
intact primary follicle grown in vitro in a low attachment
environment (Table 1) [31]. Despite the low birth rate after
embryo transfer, all of the two-cell embryos produced under
the tested experimental conditions developed to blastocysts,
indicating that high-quality oocytes were generated from pri-
mary follicles grown in vitro. However, the efficacy of this
system for consistent production of offspring had not been
rigorously tested. Optimal oocyte survival in preantral fol-
licles (presumably secondary follicles) grown in vitro under
2D conditions was sustained for 12 days. Oocyte meiotic
capacity on Days 6 and 8 of culture was enhanced with the
addition of luteinizing hormone (LH) to FSH throughout the
culture interval [32]. Exposure to an ovulatory stimulus of
human chorionic gonadotropin (hCG) in combination with
epidermal growth factor (EGF) increased fertilization rates
and blastocyst formation rates in vitro [33]. Live offspring
were reported, although the efficiency of offspring production
is unknown [34].

IVED then involved analyzing encapsulation matrices that
maintained the 3D follicle structure while allowing folli-
cles to grow. Multilayer secondary follicles from mice that
were encapsulated in an alginate hydrogel matrix for culture
displayed morphological and functional characteristics that
mimicked in vivo-derived follicles. Importantly, secondary fol-
licles embedded in alginate could produce competent oocytes
that underwent nuclear maturation, fertilization via IVF and
subsequent development to yield normal, viable offspring
after embryo transfer (Table 1) [35]. Furthermore, this early
report of live birth rates from alginate-encapsulated 3D folli-
cle culture was similar (20%) to those reported for 2D culture
systems. Extending these observations to two-layer secondary
follicles helped to identify the optimal and permissive concen-
tration of alginate for IVFD to support oocyte competence
[36]. Less rigid environments, while having no effect on follicle
survival per se, improved GC proliferation, antrum forma-
tion, and steroid production. Importantly, 0.25% alginate
supported the accelerated follicle growth from the preantral
to antral stage, a critical time for RNA and protein accu-
mulation necessary for subsequent oocyte maturation and
embryonic development. Oocytes obtained from secondary
follicles enclosed in 0.25% alginate retained the highest devel-
opmental competence that led to the highest two-cell embryo
and blastocyst formation rates (29%), though the capacity for
offspring production was not assessed in this study.
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In a robust experiment, Mainigi et al. compared maturation,
fertilization, and blastocyst formation rates in murine oocytes
derived from alginate-encapsulated and 2D secondary follicle
culture systems to those obtained in vivo via superovula-
tion (Table 1) [37]. Although nuclear maturation rates were
similar, oocytes obtained from alginate-encapsulated culture
had lower fertilization rates compared with those from 2D
culture. It could be due to differences in the final oocyte
maturation protocols. For example, oocytes were matured
within the follicle during the 3D culture, whereas COCs were
obtained for in vitro maturation (IVM) of oocytes after the
2D culture. There were also differences in serum supple-
ments and concentrations of EGF in the maturation media.
Nonetheless, the blastocyst formation rate after 3D culture
was similar to that observed in the original experiments in
mice [36]. No differences were noted between the 2D and
3D culture systems with regard to the oocyte transcriptome.
However, when compared with oocytes developed in vivo,
oocytes derived from follicles grown in either 3D or 2D culture
exhibited an increased incidence of spindle defects and chro-
mosomal misalignments that likely contributed to the subpar
developmental competence. The authors conclude that while
alginate-based systems are not efficient for maintaining oocyte
competence, they are still useful for investigating coordinated
interactions between GC and theca cells.

Organ culture of neonatal mouse ovaries followed by iso-
lation of secondary follicles was used to compare IVFD out-
comes after encapsulation in alginate alone or fibrin-alginate
(Table 1) [38]. As in prior studies tracking alginate-enclosed
secondary follicles, follicle growth in vitro was accompa-
nied by oocyte growth and steroid production, with oocytes
derived from follicles grown in fibrin-alginate exhibiting a
greater propensity for fertilization and development to two-
cell embryos, albeit at rates similar to previous reports using
alginate alone. This two-step system harkened back to the
earlier studies by Eppig and colleagues with the advantage
of starting from primordial follicles followed by subsequent
development of intact follicles to the antral stage [30], but did
not improve oocyte competence overall.

Using collagen gel as an extracellular matrix for IVFD
of murine secondary follicles, Mochida et al. reported that
a two-step system was necessary to support normal follicle
growth (Table 1) [39]. Follicles initially embedded in collagen
required to be released and cultured on a collagen layer
for antrum formation to support oocyte nuclear matura-
tion, fertilization, and developmental competence. Two live,
fertile offspring were obtained from this system. Recently,
polyvinylpyrrolidone (PVP) of differing molecular weights
was included in media for individual secondary follicle devel-
opment in vitro [40]. PVP of molecular weights less than
40 K significantly inhibited blastocyst formation of fertilized
oocytes derived from cultured follicles, while oocytes exposed
to PVP of higher molecular weights yielded blastocyst rates
(56-63%) comparable to those cultured without PVP.

Oocyte competence to support early cleavage or blastocyst
formation in mice was enhanced in 3D culture of secondary
follicles (with two layers of GCs), either isolated directly from
the ovary or from cultured ovaries, encapsulated in alginate,
with evidence of four live offspring. However, the highest
two-cell embryo formation rate to date was noted in sec-
ondary follicles embedded in collagen followed by culture on a
collagen membrane that resulted in a 4% live birth rate [39],
similar to that achieved in 2D culture [30]. Isolated secondary
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follicles cultured in the presence of PVP and low oxygen (O3)
yielded the highest blastocysts rates (60%) reported to date
[40], but offspring production was not attempted. Regardless
of the culture system used, clearly, the rates of embryo and
live offspring produced from oocytes that developed from
primordial follicles in organ culture or cultured secondary
follicles isolated from the ovary are meager at best when com-
pared with those of in vivo-produced oocytes. Understanding
why oocyte developmental competence is compromised is
paramount to establishing robust methods for IVFD and to
assurance that the basic follicle biology being studied can lead
to production of a competent oocyte.

MII oocytes derived from in vitro-developed
domestic animal follicles are competent for
generating embryos capable of implantation

IVFD of preantral and early antral follicles from cattle, goats
and sheep over the past 2 decades has been extensively
reviewed by Figueiredo and colleagues [6, 12]. Table 2
summarizes the current literature on oocyte competence under
various culture conditions in these species.

The majority of published studies on culture of bovine
preantral follicles do not include information on oocyte com-
petence [12]. However, an early report demonstrated that
COCs with parietal GCs from early antral follicles could re-
assemble into antral follicle-like structures when embedded
in collagen for culture (Table 2) [41]. Oocytes obtained from
these structures acquired full developmental competence in
the absence of gonadotropins in the culture media; one live
offspring was obtained after blastocyst transfer. A later study
also showed that bovine COCs derived from early antral
follicles could re-form an antrum when cultured on collagen-
coated membranes or wells [42]. The addition of PVP to the
culture media and IVM in the presence of FSH improved
oocyte competence to support blastocyst development, and
one live calf was born.

A novel feature of preantral follicle development in vitro in
goats and sheep employs a sequential exposure to increasing
concentrations of FSH during the 18-day culture interval. A
2D culture of caprine secondary follicles using media that
contained a combination of FSH, LH, and EGF resulted in
the first embryos reported from this species (Table 2) [43].
Gonadotropin-containing media that also included growth
hormone (GH) or vascular endothelial growth factor (VEGF)
improved nuclear maturation of oocytes derived from caprine
secondary follicles grown in either a 2D or a 3D culture
system [12]. Inclusion of GH or VEGF in subsequent exper-
iments was associated with embryo production from these
follicles; however, it is unknown whether they are the major
factors driving the improvement in oocyte competence. GH
supplementation improved oocyte meiotic resumption fol-
lowing both 2D and 3D (alginate-encapsulated) culture of
caprine secondary follicles, resulting in oocytes capable of
nuclear maturation as well as early embryogenesis of a few
embryos in each condition [44, 45]. When multilayered pre-
antral follicles isolated from caprine ovaries were cultured
individually in alginate and in groups of five in alginate, fibrin-
alginate or hyaluronate for 18 days, they developed to the
antral stage containing fully grown oocytes, but only those
grown in fibrin-alginate achieved oocyte nuclear maturation
[46]. Group culture in fibrin-alginate for 30 days increased
oocyte competence for both nuclear maturation and embryo
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development, and resulted in three parthenotes that devel-
oped to the eight-cell stage. The addition of anethole, an
antioxidant, to caprine early antral follicles cultured in 2D
system improved oocyte nuclear maturation and embryonic
development, resulting in the first pregnancy in goats after
embryo transfer [47].

Anakumari et al. exposed ovine secondary follicles to var-
ious concentrations of insulin, insulin-like growth factor 1
(IGF1), and GH in the presence of FSH (Table 2) [48]. A
synergistic effect of IGF1 and GH increased preantral follicle
growth, and thyroxine + FSH + IGF1 + GH supported both
oocyte nuclear maturation and early embryonic development.
The addition of transforming growth factor beta (TGF-p)
suppressed oocyte nuclear maturation. Oocytes that devel-
oped within ovine secondary follicles grown in vitro under
ideal hormone and growth factor conditions produced the
first reported morulae, but the rate (1%) was modest relative
to that of oocytes from antral follicles grown in vivo (50%).
Oocytes from ovine early antral follicles developed in vitro-
produced embryos with less than 16-cells after parthenogen-
esis or IVM/IVE, but very few embryos with greater than 16-
cells were obtained [49]. In this study, secondary follicles pro-
gressed to the early antral stage during 14 days of culture in
the presence of FSH. Ovine secondary follicles grown in vitro
under 2D conditions in the presence of FSH and leukemia
inhibitory factor (LIF) developed to antral follicles capable
of producing oocytes competent for nuclear maturation and
parthenogenetic activation [50]. Attributes of LIF included
maintenance of follicular viability, prevention of apoptosis,
as well as enhancement of antrum formation and GC/theca
cell proliferation. Using a similar culture system for ovine
secondary follicles, Cadoret et al. reported that LIF did not
alter follicle growth or antrum formation, but modulated
the differentiation of GCs in the absence of FSH [51]. The
presence of both LIF and FSH during follicle growth improved
oocyte meiotic competence (56%) compared with in vitro-
derived antral follicles of similar size cultured with FSH
alone (28%) or in vivo-developed follicles (9%). Embryonic
development was not assessed in this study. However, LIF
maintained or stimulated expression of genes necessary for
oocyte-somatic cell paracrine regulation (discussed below).
Lastly, one morula resulted from the addition of kit ligand
to the same culture system for ovine secondary follicles [52].

Rapid growth of porcine multilayer preantral follicles to
the antral stage (~500 um diameter) in media containing
FSH and serum was observed in 3—4 days. These 2D culture
conditions supported oocyte maturation and fertilization via
IVF or intracytoplasmic sperm injection (ICSI) with 13-21%
of zygotes reaching the blastocyst stage (Table 2) [53, 54].
Blastocysts maintained normal actin filament distribution dur-
ing fertilization and embryonic development.

When co-cultured with ovarian mesenchymal cells or cumu-
lus cells, multilayer preantral follicles from buffalo ovaries
grown in 2D system with FSH and serum produced antral
follicles in 100 days (Table 2) [55]. Oocytes were recovered
for IVE, and an 11-12% morula/blastocyst rate was reported,
but embryo transfer was not performed. Although 76-87%
of follicles survived this very prolonged culture, a low level of
oocyte competence was observed.

In contrast to mice, preantral follicles from cattle, goats
and sheep developed in vitro in either 2D or 3D culture
systems require a longer interval (18-30 days) to support
adequate growth and nuclear maturation of oocytes, but do
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not robustly improve oocyte competence to produce embryos.
Although embryos were derived from parthenogenetically
activated mature oocytes in goats and sheep, a single preg-
nancy in the goat provides some promise that oocyte com-
petence can be supported, at least from the early antral
follicle developed further in vitro. Porcine preantral follicles
achieved maximal antral size and oocyte competence within
4 days, perhaps due to the culture of multilayer follicles.
While blastocyst rates were highest in pigs relative to the
other species, embryo transfer was not attempted. None of
the current culture systems employing preantral follicles has
reported embryo production in cattle, or live offspring in cattle
or buffalo.

Ml oocytes derived from in vitro-developed
nonhuman primate follicles are competent for
preimplantation embryonic development

IVED has been performed in nonhuman primates, particu-
larly in Old World female monkeys that experience ~28-
day menstrual cycles like women, and the studies are sum-
marized in Table 3. Early stage nonhuman primate follicles
often require a 3D culture system to support their survival
and growth in vitro, maintaining the architecture similar to in
vivo-developed follicles. In an early study using olive baboons
(Papio anubis), multilayer preantral follicles (diameter = 260-
300 pum) were isolated following Liberase-DNase treatment
and embedded in a specialized fibrin-alginate-matrigel matrix
for individual culture [56]. Follicles grew to the small antral
stage (diameter =400-500 pum) in 10-14 days in « MEM-
based media supplemented with insulin and various doses
of recombinant human FSH (rhFSH). FSH supplementation
appeared to promote the growth of follicles, but not the
enclosed oocytes. When COCs were collected from in vitro-
developed antral follicles in the absence of rhFSH and under-
went 48 h of IVM, 2 out of 16 oocytes matured to the
metaphase II (MII) stage with typical meiotic spindle structure
and chromosome alignment as determined by immunofluo-
rescence staining and confocal microscopy. Because oocytes
were not inseminated, their developmental competence was
unknown.

The IVFD protocols in nonhuman primates are further
developed in rhesus macaques (Macaca mulatta) (Table 3).
The a MEM-based media supplemented with insulin are gen-
erally used to support follicle survival and growth in cul-
ture. The effects of gonadotropin supplementation, such as
rhFSH, recombinant human LH (rhLH) and hCG, on follicu-
lar growth and oocyte maturation were evaluated. Mechani-
cally isolated from the ovarian medulla, small antral follicles
(diameter > 0.5 mm) were cultured individually for 34 h [57].
While ~15% oocytes from follicles cultured in the absence of
hCG resumed meiosis, ~35% oocytes from follicles exposed
to hCG matured to the MII stage regardless of alginate embed-
ding. Following mechanical isolation, multilayer preantral fol-
licles (diameter = 220-380 um) survived 14 days of individual
2D culture [58]. The gonadotropin supplementation at a ratio
of rhFSH: rhLH = 2:1 enhanced follicle growth and supported
oocyte maturation. After IVM, 2 MII oocytes were obtained
from COCs of 24 in vitro-developed antral follicles. However,
only polar body extrusion was observed in MII oocytes from
these studies by light microscopy. Data on oocyte spindle
configuration or fertilization outcomes were not available.
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During the past 10 years, efforts have been made in
rhesus macaques to extend the initial developmental stages
of cultured follicles to the secondary and primary stages
(Table 3). Enzymatic methods were used to isolate follicles in
early studies, whereas mechanical follicle isolation is applied
to recent studies to minimize damages of the extracellular
matrix and cell membrane. Media supplements, such as
gonadotropins, steroid hormones, and environmental O;
levels were modulated with a goal of improving follicular
development in vitro to generate mature oocytes competent
for preimplantation embryonic development. Secondary
follicles (diameter =125-225 um) could be isolated from
the ovarian cortex after collagenase and DNase treatment
[59]. A relatively long culture period (40 days) was required
for these early stage follicles to reach the small antral stage
(diameter =400-500 um) when embedded in alginate for
individual culture. Low levels of rhFSH (0.3 ng/ml) and O,
(5%) appeared to promote follicle growth, whereas rhFSH
concentrations or O, tension had minimal effects on oocyte
maturation. When in vitro-developed antral follicles were
treated with hCG for 34 h, 3 MII oocytes were obtained from
dozens of follicles cultured under various combinations of
rhFSH and O;. The MII oocytes exhibited typical meiotic
spindle structure as shown by immunofluorescence staining
and confocal microscopy. After insemination by ICSI, 1
oocyte formed a two-cell embryo. In several subsequent
studies, the similar protocol was used to culture mechanically
isolated rhesus macaque secondary follicles (diameter = 125-
250 um), except that a medium dose (3 ng/ml) of rhFSH was
supplemented which was reduced to a lower dose (0.3 ng/ml)
after antrum formation in some cases [60-63]. In vitro-
developed small antral follicles acquired larger diameters
(500-800 um). Although the maturation rates were relatively
low (<10%), MII oocytes were consistently obtained from
cultured follicles, which were capable of zygote formation
and preimplantation embryonic development to the morula
stage after IVF or ICSI. Androgen and estrogen appear to
be essential for proper follicular development in vitro. The
detrimental effects of steroid depletion on follicle growth
and oocyte maturation could be limited or prevented by
androgen (testosterone and dihydrotestosterone) or estrogen
(estradiol) replacement [62, 63]. The metaphase stage oocytes
were also derived from in vitro-developed follicles exposed to
bioactive vitamin D after antrum formation [64]. However,
vitamin D supplementation did not seem to significantly
increase oocyte maturation rate, and oocyte competence was
not assessed. Mechanically isolated rhesus macaque primary
follicles (diameter =80-120 um) could grow to the small
antral stage (diameter =600-700 um) when embedded in a
fibrin—alginate matrix for prolonged (13 weeks) individual
culture [60]. To date, only 1 MII oocyte was obtained from
individual culture of nonhuman primate primary follicles,
which formed a zygote after ICSI without further embryonic
cleavage.

The culture system has been further modified in order to
increase the maturation rates and developmental competence
of oocytes derived from in vitro-developed rhesus macaque
follicles (Table 3). A matrix-free 3D system was adapted to
facilitate efficient diffusion of macronutrients and to prevent
physical restraint from embedding matrix, especially during
rapid growth of primate follicles after antrum formation.
Secondary follicles were mechanically isolated and cul-
tured individually in the 96-well round-bottom ultra-low
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attachment plate [65, 66]. Within the 5-week culture period,
cultured follicles developed to the small antral stage with
average diameters similar to those of alginate-embedded
follicles [65]. Notably, greater than 10% of the in vitro-
developed antral follicles had a diameter over 1000 um
[66]. After 34 h of hCG treatment, ~10% oocytes harvested
matured to the MII stage, which developed to the morula
stage after IVF or ICSI. Furthermore, paracrine factor
modulation has been considered to promote follicle growth
and oocyte maturation in vitro. For example, evidence
suggests that anti-Miillerian hormone (AMH) is highly
produced by rhesus macaque preantral follicles with a
greater potential of growth in vitro to yield mature oocytes
[67]. AMH promotes preantral follicle growth, but inhibits
antral follicle maturation in rhesus macaques [65, 68]. MII
oocytes were obtained from in vitro-developed follicles with
AMH supplementation at the preantral stage or AMH
depletion after antrum formation, which were competent
for fertilization and preimplantation embryonic development
in vitro. When secondary follicles (diameter =150-225 um)
were cultured in the matrix-free 3D system with stage-specific
AMH modulation, follicle growth was significantly increased
with 8% of the in vitro-developed antral follicles having
a diameter greater than 2000 pum [66]. More than 25%
oocytes derived from cultured follicles matured to the MII
stage and developed to morula stage after ICSI. One embryo
further developed to the blastocyst stage. In addition, matrix-
free group culture, in combination with AMH modulation,
improved primary follicle (diameter =110-120 um) growth
to the small antral stage within 7 week in vitro [66]. Although
the maturation rates remained low (<6%), 2 MII oocytes
developed to the morula stage after IVF indicating the
increased developmental competence. With increased MII
oocyte yield and quality, embryo transfer may be attempted
in future studies to generate offspring.

MIl oocytes derived from in vitro-developed human
follicles have typical meiotic spindle configuration
and ultrastructure

Knowledge gained from animal studies facilitates the protocol
development for human IVFD. Multistep culture systems have
been used to support human follicle growth in vitro. To date,
three research groups reported maturation of oocytes derived
from in vitro-developed human follicles, as summarized in
Table 4. Based on ethical principles, human oocytes cannot
be fertilized to determine their developmental competence.
Instead, oocyte morphology, spindle configuration, and ultra-
structure are usually assessed to evaluate oocyte quality.

The first cohorts of MII oocytes were generated from
individually cultured follicles starting at the secondary stage
(diameter =~200 um in average) (Table 4) [69]. Ovarian
tissues were collected from patients with a wide age range (5-
33 years old) who were diagnosed with cancer, aplastic ane-
mia, or beta-thalassemia. Mechanically isolated follicles were
first embedded in alginate and cultured in «MEM Glutamax
and F-12 Glutamax (1:1)-based media supplemented with
5 pg/ml insulin and 10 mIU/ml rhFSH. Once follicle diameters
reached 400-500 pum after antrum formation, follicles were
released from alginate for matrix-free culture in the low
attachment plate till 30-40 days. After 16 h of hCG and EGF
treatment, 4 out of 20 oocytes matured to the MII stage with
typical meiotic spindle structure and chromosome alignment
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as indicated by immunofluorescence staining and confocal
microscopy. Polar body fragmentation was observed, which
could potentially impair fertilization in vitro and subsequent
embryonic development [70]. In addition, fetal bovine serum
was used in the final step of culture, which limits the applica-
tion of this protocol in clinical settings.

In order to support survival and growth of human folli-
cles in the early developmental stages, such as primordial,
intermediary and primary follicles, ovarian cortical tissue
culture step was added to the protocol (Table 4) [71]. Ovarian
cortical biopsies from patients undergoing cesarean section
were cut into ~1 x 1 x 0.5 mm? fragments containing early
stage follicles (diameter <40 pm) and cultured for 8 days
in McCoy’s SA media supplemented with 10 ng/ml insulin,
50 pg/ml ascorbic acid, and 1 ng/ml rhFSH. Secondary fol-
licles (diameter =100-150 pwm) developed in cultured tissue
were mechanically dissected for individual matrix-free culture
in the 96-well V-bottom plate with additional activin A sup-
plementation for 8 days. COCs were then obtained from in
vitro-developed small antral follicles and group cultured on
the track-etched nucleopore membrane for 4-6 days in the
same follicle culture media. After IVM, 9 out of 32 oocytes
matured to the MII stage with typical meiotic spindle structure
and chromosome alignment as shown by immunofluores-
cence staining and confocal microscopy. Unusually large polar
bodies were observed, indicating possible abnormal spindle
position and/or inter-chromosomal spacing [72].

In a recent study, the optimized follicle culture protocol in
nonhuman primates was used to facilitate human follicular
development and oocyte maturation in vitro (Table 4) [73].
Small ovarian cortical tissue fragments (~1.4 x 1072 mm?)
from patients with benign or malignant gynecologic con-
ditions were cultured in « MEM media supplemented with
5 pg/ml insulin and 15 mIU/ml rhFSH. Secondary follicles
(diameter =125.0-198.4 um) developed in cultured tissue
were mechanically dissected for 6 weeks of matrix-free group
culture in the low-attachment round-bottom plate with AMH
modulation, i.e., AMH supplementation at the preantral stage
followed by AMH depletion after antrum formation. COCs
were then obtained from in vitro-developed small antral
follicles for 48 h of IVM at 5% O,. Three out of 14 oocytes
matured to the MII stage including the polar body and meiotic
spindle with normal size and position, as determined by
polarized microscopy and electron microscopy. The typical
chromosome alignment and ultrastructure were observed
by electron microscopy, including microvilli on the plasma
membrane, cortical granules below the plasma membrane, as
well as mitochondria associated with the smooth endoplasmic
reticulum and small vesicles. Because only five patients
contributed ovarian tissues to this research, future studies with
increased sample size are needed to investigate the efficacy
of yielding normal mature oocytes from in vitro-developed
human follicles using this protocol, and to improve oocyte
maturation rate.

Epigenetic and genetic assessment of Ml
oocytes and resulting embryos following IVFD

Currently, the quality of oocytes derived from in vitro-
developed follicles is generally evaluated by morphology,
fertilization capacity, preimplantation embryonic develop-
ment, and live offspring. In addition, epigenetic and genetic
assessment of oocytes and resulting preimplantation embryos
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has been attempted, particularly in mice, to provide deeper
analyses on possible alterations in genomic imprinting and
gene expression following prolonged in-vitro manipulation of
follicles and oocytes.

The majority of imprinted genes are epigenetically modified
during oogenesis, which is vital through both development
and adult life. In an early study, secondary follicles (diame-
ter =100-130 pum) from mouse pups (13-14 days old) were
cultured in a 2D system for 12 days followed by 18 h of hCG
and EGF treatment to generate MII oocytes [74]. MII oocytes
were also retrieved from adult mice (8 weeks old) after super-
ovulation. The methylation status of key imprinted genes,
including small nuclear ribonucleoprotein N (Snrpn), insulin-
like growth factor 2 receptor (Igf2r), paternally expressed
gene 3 (Peg3), and H19 imprinted maternally expressed tran-
script (H19), were compared between in vitro- and in vivo-
derived oocytes by limiting-dilution bisulphite sequencing.
The comparable DNA methylation patterns at the studied
regulatory sequences of genes suggested that the 12-day fol-
licle culture did not modify the establishment of imprinting
in the mouse oocytes. A similar study assessed quality of
MII oocytes obtained from in vitro-developed mouse follicles
after 8 or 14 days of culture, except that prepubertal mice
(25 days old) were used for superovulation to obtain in
vivo-derived oocytes [75]. DNA methylation was analyzed
for Snrpn, octamer-binding transcription factor 4 (Oct4),
and mesoderm-specific transcript (Mest). Data showed that
the shortened culture period did not induce aberrant DNA
methylation in genes studied, whereas the prolonged culture
period was associated with a low level (1 of 54 alleles)
oocyte epimutation in the imprinted Mest gene. Therefore,
oocyte meiotic maturation need to be induced timely when
in vitro-developed follicles reach the preovulatory stage to
avoid preovulatory oocyte aging [76]. The selected imprinted
genes (Snrpn, Mest, and H19) were also evaluated in preim-
plantation mouse embryos to examine the impact of IVFD
on the maintenance of DNA methylation [77]. Although the
embryo culture process resulted in a loss of imprinted DNA
methylation compared with embryos derived from natural
pregnancy, differences in methylation profiles of studied genes
were not identified between blastocysts derived from oocytes
following follicle culture and superovulation.

The genome-wide analysis of DNA methylation by
bisulphite sequencing was conducted recently in mouse MII
oocytes obtained in vitro and in vivo [78]. Secondary follicles
(diameter=110-130 pum) from mouse pups (13 days old)
were cultured in a 2D system for 9 days followed by 18 h
of hCG and EGF treatment to generate MII oocytes. In vivo-
derived MII oocytes were from prepubertal (23 days old)
and adult (10 weeks old) mice after superovulation, as well
as from adult (10 weeks old) mice after natural ovulation.
Data suggested that DNA methylation profiles were globally
similar between oocytes developed in vitro and in vivo, though
specific methylation differences existed. For example, 17
genes were identified in in vitro-derived oocytes to contain
multiple hypomethylated tiles. Most of these genes were
associated with nervous system development and/or neuron
differentiation, such as SRY-box containing gene 5 (Sox5) and
myosin XVI (Myo16).

In addition to DNA methylation analysis, the expression
of imprinting maintenance genes have been assessed by real-
time PCR in in vitro- and in vivo-derived MII oocytes in mice.
Secondary follicles (diameter=110-130 pm) from mouse
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pups (13-14 days old) were cultured in a 2D system for
12 days followed by 18 h of hCG and EGF treatment to
generate MII oocytes [75, 77]. MII oocytes were also retrieved
from prepubertal mice (25 days old) after superovulation.
The expression levels of genes that are essential for imprint-
ing establishment were comparable between in vitro- and
in vivo-derived oocytes, including DNA methyltransferase 1
oocyte-specific form (Dnmtlo), 3 alpha (Dnmt3a), and 3
like (Dnmi3l), as well as zinc finger protein 57 homolog
(Zfp57), methyl-CpG binding domain protein 3 (Mbd3), and
developmental pluripotency-associated 3 (Dppa3). It appears
that IVFD in a relatively short period of time does not lead
to significant alterations in DNA methylation landscape, at
least in mice. However, information is lacking in other species
in terms of epigenetic status of oocytes or embryos generated
from in vitro-developed follicles, especially follicles at early
developmental stages which require prolonged culture interval
to reach the antral stage.

Genetic assessment of in vitro-developed follicles
and enclosed germinal vesicle oocytes

Oocyte transcriptome profile changes dynamically during
follicular development from the primordial to preovulatory
stage. When the oocyte starts to grow upon primordial
follicle activation, RNA is actively transcribed for protein
synthesis and accumulation to achieve oocyte cytoplasmic
maturation. Concurrently, oocyte-originated factors control
gene expression in follicular cells for proper proliferation
and differentiation to support continuous development of the
follicle and enclosed oocyte. Therefore, studies have attempted
to determine whether transcriptomes are comparable between
in vitro- and in vivo-developed follicles and their enclosed
germinal vesicle (GV) oocytes, which can have impact on
the final oocyte nuclear maturation and developmental
competence.

Gene expression profiles of in vitro-developed follicles were
analyzed in multiple species. When secondary follicles (diame-
ter=150-180 um) from prepubertal mice (16 days old) were
cultured in an alginate-encapsulated system for 8 days, the in
vitro-developed preovulatory follicles expressed proper antral
follicle markers, such as inhibin beta A (Inhba) and vascular
endothelial growth factor (Vegf), as determined by microarray
and real-time PCR [79]. The expression of a particular gene
cartilage oligomeric matrix protein (Comp) was upregulated,
which was consistent with elevated COMP protein levels
in antral follicles preceding ovulation in cycling (>6 weeks
old) and equine chorionic gonadotropin (eCG)-primed
prepubertal (18 days old) mice. Under a similar experimental
setting, comparable expression profiles of genes involved in
cell cycle and various metabolic processes were also identified
in somatic cells isolated from in vitro- and in vivo-developed
mouse follicles [80]. In a study using prepubertal sheep (6—
8 months old), size-matched small antral follicles were isolated
from the ovary and were obtained from 20-day culture of
secondary follicles (diameter = 160-240 um) without matrix
encapsulation [81]. The expression of 40 genes critical for
the preantral-to-antral follicular transition was examined
using the dynamic array integrated fluidic circuits. The
altered expression levels were identified for genes involved
in GC proliferation, estradiol biosynthesis and signaling,
and oocyte maturation (e.g., KIT proto-oncogene receptor
tyrosine kinase/KIT and bone morphogenetic protein 15/
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BMP15), suggesting the accelerated follicular development in
vitro. Gene expression profiles were also compared between
in vitro- and in vivo-developed small antral follicles in rhesus
macaques by microarray [1]. While similarities were identified
between the two follicle cohorts, expression levels of certain
genes increased in cultured follicles due to prolonged FSH
exposure over 5 weeks, e.g., low-density lipoprotein receptor
(LDLR), EGF receptor (EGFR), and glutamate-cysteine ligase
catalytic subunit (GCLC). Therefore, extended time interval
of in vitro manipulation may increase the chance of gene
expression alterations in cultured follicles including the
enclosed oocyte.

To better elucidate oocyte transcriptome profiles following
IVED, GV oocytes are isolated from cultured follicles for gene
expression analysis. To date, researchers have obtained sec-
ondary follicles (diameter =100-130 pum) from prepubertal
mice (10-13 days old) for 8-12 days of culture to the preovu-
latory stage. Gene expression levels of GV oocytes from cul-
tured follicles were compared with those of in vivo-developed
GV oocytes from eCG-primed age-matched prepubertal mice
or adult (8 weeks old) animals. Real-time PCR data from
studies of the same research group suggested that, under
optimized culture conditions, mRNA levels of oocyte-specific
genes were comparable between GV oocytes derived in vitro
from a 2D follicle culture and in vivo, including Bmp1S5,
growth differentiation factor 9 (Gdf9), mater (Nlrp5), nucle-
oplasmin 2 (Npm2), and fibroblast growth factor 8 (Fgf8)
[82-84]. Similar gene expression patterns between GV oocytes
from preovulatory follicles developed in vitro on a membrane
insert and in vivo were also demonstrated by single-cell RNA
sequencing, including the expression of transcription factors,
e.g., NOBOX oogenesis homeobox (Nobox) [85]. Consis-
tently, microarray analysis showed minimal effects of alginate-
encapsulated follicle culture on GV oocyte transcriptome,
with only 50 genes exhibiting a greater than 2-dold difference
in mRNA levels when compared with in vivo-developed GV
oocytes [37]. However, the transcript integrity in GV oocytes
may not always correlate with cytoplasmic maturation status
after the resumption of meiosis or developmental competence
of the resulting MII oocytes. Differences in gene expression
levels were identified by real-time PCR between MII oocytes
matured in vitro following follicle culture and those matured
in vivo after superovulation [82]. It was also reported that in
vitro-derived MII oocytes had increased incidence of defects
in spindle formation, chromosome alignment, and cortical
granule biogenesis [37]. Thus, transcriptomics of MII oocytes
from in vitro-developed follicles and its association with the
subsequent embryonic development are warranted in various
species.

Folliculogenesis is a dynamic process with differential gene
expression patterns at specific developmental stages. Microar-
ray database search followed by computational analysis pro-
vided a landscape of inter- and intra-cellular signaling path-
ways with related ligands and receptors in mouse folliculoge-
nesis in vivo from primordial to antral stage [86]. Gene expres-
sion patterns in follicular cells were also studied recently
in in vivo-developed mouse follicles from the secondary to
ovulatory stage and human antral follicles using single-cell
RNA sequencing [87-89]. Data provide a basis for con-
tinued analysis of follicular remodeling that includes GC
differentiation, theca cell differentiation, and cumulus cell
formation during the transition between follicular develop-
mental stages. In addition, RNA profiling was conducted in in
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vivo-derived bovine GV oocytes and MII oocytes with normal
or poor developmental competence, and suggested that devel-
opmental competence is acquired by the oocyte throughout
folliculogenesis via fine-tuned gene regulation [90]. Single-
cell transcriptome profiling was also performed in cynomol-
gus macaque (Macaca fascicularis) and human GV and MII
oocytes obtained from the ovary, though oocyte competence
was unknown [91-93]. Databases generated from these stud-
ies provide references to follicular development regulation
and oocyte quality improvement. Comparing gene expression
of follicles developed in vitro and in vivo may facilitate
identifying regulatory factors needed for supporting proper
follicular development in vitro to achieve oocyte cytoplasmic
and nuclear maturation.

Metabolic evaluation of preantral follicles
developed in vitro

Because IVFD occurs in the absence of a circulating blood
supply, careful consideration of energy sources in the media
has led to the well-known fact that one of the major sources
for energy consumption by follicular somatic cells is glucose,
whereas pyruvate is required for the cumulus-enclosed oocyte
[9]. In addition to glucose, follicles utilize amino acids, fatty
acids and glycerol as other sources for adenosine triphosphate
(ATP) production via the tricarboxylic acid cycle (TCA) and
oxidative phosphorylation. The first detailed investigation of
carbohydrate metabolism in individual murine late prima-
ry/early secondary follicles, as well as matured and ovulated
oocytes, over a 13-day interval in 2D culture was reported
by Harris et al. who measured glucose, lactate, and pyruvate
production in the media [94]. Both glucose consumption
and lactate production increased in intact follicles through-
out culture. Likewise, glycolytic ATP production increased
throughout culture with a marked rise in energy production
after ovulation induction in vitro. A low level of non-oxidative
glucose consumption was noted early in the culture interval,
suggesting that glycolysis may not be a major source of
energy production in preantral follicles in vitro, but used
for other cellular processes. As follicle growth progressed in
vitro to the antral stage, glycolysis accounted for a greater
proportion of glucose consumption. Pyruvate production by
intact follicles was below the limit of detection. In vitro-
developed follicles with fewer theca cells produced COCs
with higher lactate formation, an indicator of cellular stress.
In both in vitro- and in vivo-derived COCs, glucose was
consumed, and pyruvate and lactate were produced, but in
vitro-derived COCs consumed more glucose. Differences in
rates of nutrient turnover between in vitro- and in vivo-
derived COCs may be one important factor that contributes
to the low oocyte competence observed in IVFD, and deserves
further investigation.

Seven years later, the metabolite profile of murine primary
and secondary follicles in serum-free 2D culture in different
O, environments was assessed using proton nuclear magnetic
resonance [95]. A high O, environment accelerated glucose
utilization of early preantral stage follicles, showing evidence
for up-regulation of the TCA cycle and oxidative phospho-
rylation. By Day 8, follicles in 20% O; exhibited a slower
glucose utilization, while maintaining high ATP production
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and oxidative phosphorylation. In contrast, the follicle was
relatively inactive with respect to glucose consumption on
Days 1-4 in the presence of 5% O, which agreed with
earlier observations [94]. Production of lactate on Day 8 via
glycolysis was observed in healthy follicles in 5% O;, with
half of the glucose directed to lactate and the other half to
either the TCA cycle or the pentose phosphate pathway (PPP).
Directing metabolism to the PPP results in the generation
of nucleotide precursors and NADPH (nicotinamide adenine
dinucleotide phosphate) for biosynthesis, as well as provision
of reduced glutathione, a key intracellular anti-oxidant. The
consumption and production of key amino acids indicated
that preantral follicles in 5% O, were metabolically active
during early culture, and the metabolic rate decreased in antral
follicles.

Lipid metabolism also contributes to the generation of ATP;
adequate intracellular ATP is required for optimal oocyte
developmental competence [96]. Fatty acids could be deliv-
ered to follicles in vitro through the media environment in the
absence of an in vivo circulation, or generated intracellularly
from lipid droplet stores [97]; the relative importance of each
has not been thoroughly examined in the oocyte or follicular
cells during IVFD. Regardless, fatty acid consumption to yield
ATP occurs in the mitochondrial matrix through the process
of B-oxidation. In COCs that mature in vitro compared with
those matured in vivo, B-oxidation reduced in many species
and was associated with dysregulation of genes involved in
the process [96]. The entry of long-chain fatty acids into
mitochondria for B-oxidation and ATP production requires a
co-factor, carnitine. While carnitine is also an anti-oxidant, its
beneficial effects on oocyte maturation are most likely due to
the support of lipid metabolism. Supplementation of culture
media with L-carnitine significantly enhanced both embryo
cleavage rates and the number of blastocysts generated from
oocytes derived from 2D culture of murine secondary follicles
(Table 1) [98]. Of all the media supplements evaluated in the
literature for all species, L-carnitine has had the most notable
effect on improving oocyte developmental competence during
IVED; whether this translates to more offspring awaits inves-
tigation.

During preantral development, follicles utilize a combina-
tion of glycolysis and aerobic glucose metabolism, but dur-
ing antrum formation glucose consumption is predominantly
driven by glycolysis. Metabolism differed between in vitro-
and in vivo-derived oocytes. Both GCs and theca cells, as
well as cross-talk between the somatic compartments and the
oocyte, are critical for normal folliculogenesis and oogenesis.
The structural and functional interactions between oocytes
and GCs/cumulus cells are essential for metabolic stability
within the follicle. Thus, the culture environment can con-
tribute significantly to altered metabolic profiles that will
impact oocyte quality. Therefore, a more careful, detailed
analysis of metabolism and nutrient availability during IVFD,
as has been studied in COCs during IVM [99], is greatly
needed in order to identify factors that promote oocyte devel-
opmental competence. Carnitine was beneficial to develop-
mental competence during IVFD of murine preantral follicles
[98]. Further studies are thus warranted to determine whether
the favorable effects of L-carnitine on oocyte competence in
IVED can be observed in other species.
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Future investigative frontiers for IVFD

Efficiency of embryo production from cultured
follicles is meager, but innovative culture systems
hold promise for improvement

Clearly, preantral follicles from many species, including lab-
oratory rodents, domestic animals, nonhuman primates, and
humans, can grow in vitro, produce a variety of hormones,
and yield mature oocytes. A plethora of studies conducted
over the past decades have investigated different culture con-
ditions and media supplementations in order to optimize
IVFD [12, 14]. The question still remains as to identification of
the specific culture condition for a given species that permits
both efficient and consistent production of competent oocytes
during IVFD that can eventually yield healthy offspring. While
a few offspring have been reported to show proof-of-concept
of the ability of IVFD to support oocyte competency, studies
describing the repeatability of this critical event are lacking
in the literature, most likely due to the inability of most
current culture systems and/or quality of the individual fol-
licle to sustain the proper coordination of both somatic and
gametogenic events in vitro. Mouse IVFD probably comes the
closest at the current time, but considerable room for improve-
ment remains, particularly for other mammalian species that
require longer intervals for folliculogenesis leading to com-
petent oocytes. Of interest is the potential for microfluidic
systems to more closely mimic in vivo conditions during
preantral follicular development in vitro [15, 100-102]. By
controlling the rate of media perfusion, autocrine/paracrine
factors could be maintained in the follicular environment like
in static culture, but with more dynamic exchange of nutrients
and oxygen during development of individual follicles, or co-
culture using groups of follicles. Indeed, solo, dual and multi-
platform microfluidic devices supported the growth and mat-
uration of murine primary follicles with physiological steroid
production [103]; however, oocyte harvest post-culture for
fertilization has not yet been reported. Whether microfluidic
follicle culture will be advantageous for enhancing oocyte
competence to allow increased efficiency of embryo produc-
tion leading to live offspring remains of considerable interest

in the field.

Selection of follicles for culture and their inherent
heterogeneity affect oocyte competence

In the mammalian ovary, a cohort of primordial follicles and
their enclosed oocytes are activated to periodically enter the
growth phase, but fewer undergo subsequent growth to the
preovulatory stage that precedes ovulation of a mature, com-
petent oocyte. The vast majority of follicles/oocytes undergo
atresia and degenerate at various times across the follicle
growth trajectory. Preantral follicle development in vitro has
been touted as a way to remove as many follicles as possible
from the ovary that would otherwise naturally degenerate. An
alternate view is that by starting with follicles at the primary
or secondary stages, rather than the primordial stage, may be
more advantageous in that these follicles have already passed
through one or two stages of selection in vivo, and as such
will increase the odds of successful IVFD thereby increasing
competent oocyte yield.

That preantral follicles of a given class with similar mor-
phology and survivability in culture are not equal with respect
to their developmental progression is an emerging theme that
must be considered, particularly in species wherein follicle
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selection in vivo takes place over years or decades. Evidence
of differing rates of follicle growth in vitro suggests some
inherent selection for the “best” follicles may already be in
play at the initiation of follicle culture. Variations in growth
rates of preantral follicles that survive during IVFD have
been noted in mice [31, 34, 104], goats [45, 105], cattle
[106], and macaques [59, 60, 107]. For example, macaque
secondary follicles encapsulated in alginate and cultured in
the presence of FSH revealed three distinct cohorts based
on follicle diameters at week 5 [59, 107]; “no-grow” folli-
cles remained similar in size to secondary follicles with no
change in diameter (<250 um); “slow-grow” follicles dou-
bled their diameters (250-500 pm); and “fast-grow” folli-
cles increased their diameters >3-fold (>500 pm, in some
instances >1000 um). Both slow- and fast-grow follicles
developed an antral cavity within 3-4 weeks of culture. The
first report of human secondary follicles in 3D culture did
not observe these differences in growth rates, but it was
noted that the majority of surviving follicles developed antrum
while a lesser cohort remained at the multilayer stage over
30 days of culture [108]. Likewise, no-grow and fast-grow
follicle cohorts were observed during months of culture when
macaque primary follicles were encapsulated in fibrin-alginate
[60]. Most notably, in macaques, fast-grow follicles are the
only cohort to yield mature oocytes and/or oocytes capable of
embryonic development (see Table 3). Faster growing murine
follicles also displayed increased fertilization rates and a live
birth [31]. In contrast, accelerated growth of caprine or bovine
secondary follicles inhibited survival and suppressed oocyte
meiotic resumption [105, 106]. Differences in growth rate
may reflect variable responses to FSH in vitro or the ability
to synthesize and respond to autocrine/paracrine factors that
modulate follicular growth. In this regard, AMH measured
in media was significantly elevated by week 1 of culture
in fast-grow compared to no-grow follicles [59, 60, 107].
This inherent heterogeneity is also evident in human early
antral follicles and is associated with the capacity for oocyte
maturation in vitro [109].

It may be impossible to “correct” a follicle in vitro that
might normally be passed up for future selection in vivo
due to inherent abnormalities that would normally defer it
down the pathway of atresia. Thus, noninvasive biomarkers
of follicle health and competency at the beginning of culture,
or shortly after culture begins, like AMH in primates [67],
COMP in mice [79] or perhaps GDF9 and/or BMP15 [110]
will be very useful for selecting a priori not only those that
are most likely to continue normal development, but also to
produce a competent oocyte. This will assist in determining
the maximum limit of efficient embryo production in a specific
culture system given the inherent heterogeneity of follicles that
are chosen for culture.

Antral follicles developed from the preantral stage
in vitro need to attain adequate diameters in order
to support oocyte competence

While this does not appear to be an issue for mice that
attain mature follicles with competent oocytes at diameters
of ~350 um, determining the largest follicle diameter nec-
essary to support oocyte competence is critical for species
that develop considerably larger preovulatory follicles during
normal reproductive cycles (i.e., macaques: 6 mm, cattle:
>12 mm, humans: >15 mm). These larger diameters may
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never be achievable in vitro, and perhaps they are not nec-
essary. Peluffo and colleagues determined that, for antral
follicles isolated from the ovarian medulla of adult macaques
during the early follicular phase of normal menstrual cycles,
the minimal diameter was 500 um to support oocyte devel-
opmental competence [111]. This diameter is easily attained
in the current culture systems; macaque follicles >1000 um
derived from matrix-free primary and/or secondary follicle
culture can yield mature oocytes capable of embryonic devel-
opment (Table 3) [66]. Human secondary follicles developed
in vitro to diameters of 500-1000 um [69, 73, 108]; however,
their ability to support embryonic development could not be
assessed. Nonetheless, aspiration of in vivo-developed antral
follicles with diameters <6 mm yielded COCs for IVM to
generate mature oocytes that resulted in births via IVF [112].
Continued improvements in IVM methods for human oocytes
to acquire developmental potential preclude the necessity
for completing all steps of final oocyte development during
IVED [113, 114]. Comparisons are needed between oocytes
matured within follicles grown in vitro and COCs extracted
from in vitro-developed follicles for more up-to-date IVM
to determine whether in follicle maturation or IVM can
contribute to enhancement of oocyte competence. Thus, opti-
mizing preantral follicle development in vitro is paramount
to set the stage for coordinated oocyte development that
will also support subsequent IVM as a means for obtaining
offspring.

Comparative “omics” of follicles developed in vitro
to in vivo as tools to aid acquisition of oocyte
competence

Current culture systems robustly support follicle growth to a
diameter necessary for oocyte nuclear maturation, steroido-
genesis, and production of paracrine factors, but fall far
short of providing the penultimate prize: a fully competent
oocyte. Some guidelines to establish “quality control” end-
points for developing the best follicle and its enclosed oocyte
are needed for each step of the trajectory of a preantral
follicle to an antral follicle capable of generating a compe-
tent oocyte. Comparisons between antral follicles obtained
from IVFD and the “gold standard” of those grown in vivo
with respect to transcriptomics [86, 87], epigenetic profiles
[75], metabolomics [99, 115], proteomics [116, 117], and
secretomics [118-120] are emerging areas of future focus
for unraveling the mechanisms necessary for establishment of
normal follicular development in vitro. “Omics” approaches
may provide some clues as to what may be missing in current
culture systems, what may be aberrantly produced to nega-
tively impact oocyte competence, or what mechanisms may
remain intact to allow the coordination of oogenesis with
folliculogenesis in vitro. Approaches used for detailed char-
acterization of the critical communication between the oocyte
and its surrounding cumulus cells for purposes of improving
IVM, including transcriptomics to identify functional gene
regulatory circuits [121] and metabolomics to understand
the co-dependent metabolic processes [99, 122, 123] that are
associated with oocyte developmental competence, can serve
as strategies in future follicle culture experiments. Likewise,
single-cell transcriptomic analysis of human antral follicle
maturation [88, 89] provides a basis for continued analysis
of in vitro follicular remodeling that includes GC and theca
cell differentiation, and may identify novel factors essential
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for oocyte-driven functions, such as cumulus differentiation
[124], and establishment of oocyte-somatic cell communi-
cation [125, 126]. A resident population of immune cells
was recently identified in murine follicles prior to the pre-
ovulatory stage using single-cell transcriptomics [87], which
raises questions as to their presence and/or absence in follicles
developed in vitro without a circulating blood supply. Age-
related changes in single oocyte gene expression from pre-
ovulatory human [92, 93] and nonhuman primate follicles
[91] are associated with decreased oocyte competence and
can be compared with that of oocytes derived from IVFD to
look for ways to improve follicle culture. Further studies in
the cellular compartmentalization of these molecular events
at each stage of follicular development in vitro, as has been
performed in murine ovaries ex vivo [127], will be an impor-
tant feature to include and critical to guide optimization of
IVFD methods. In the context of IVM, Richani et al. reviewed
in detail some new technologies of non-invasive imaging
to evaluate co-dependent metabolic processes in COCs that
could be considered for implementation in follicle culture
systems [99]. Proteomic analyses using matrix-assisted laser
desorption/ionization-mass spectrometry (MALDI-MS) and
mass spectrometry imaging (MSI) in murine follicles from
IVED, as well as single bovine primordial, primary and sec-
ondary follicles derived in vivo, identified, for the first time,
unique patterns of differential molecular profiles of preantral
follicles [116, 117]; comparisons between in vivo- and in
vitro-derived follicles within a species are warranted. Inno-
vative methods for mapping the secretome, such as TRan-
scriptional Activity CEllular aRray (TRACER) combined with
data-driven multivariate modeling, were used for the first time
to chart paracrine signaling across the trajectory of murine
folliculogenesis in vitro [118], which could be applied for
IVFD in other species and correlated to oocyte competency.

Dynamic oxygen levels during IVFD will better
mimic the ovarian microenvironment in vivo

Preantral follicles are located in the ovarian cortex, an avascu-
lar region without ready access to the circulation [128, 129].
The expression of minichromosome maintenance proteins
by preantral follicles is important for preventing cell cycle
inhibition by physiological hypoxia, and thus promoting GC
proliferation and follicle growth [130, 131]. Additionally,
creatine metabolism catalyzed by creatine kinases is essential
for energy production to support cell cycle progression of
GCs in preantral follicles [132], when ATP generated by
mitochondrial respiration is limited under hypoxic conditions.
In contrast, antral follicles reside in a highly vascularized
medulla region of the ovary and are surrounded by capil-
lary network [128]. The increased ambient oxygen levels in
this microenvironment and mitochondrial respiratory capac-
ity in GCs are important for active GC proliferation, steroid
hormone production, and oocyte development during antral
follicle maturation [128, 133, 134]. Therefore, maintaining
cell cycle progression and cellular energy homeostasis is a
fundamental process to match demands of follicles at different
developmental stages in their particular microenvironment.
For in vitro development of preantral follicles, the hypoxic
conditions could be mimicked using a low O, culture [59].
O;-dependent cellular adaptation for energy production
was demonstrated by a study, in which mouse preantral
follicles cultured at 5% O; had increased utilization of
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Figure 1. Bridging the gap to improving oocyte competence in IVFD. Follicles from early developmental stages can develop to the antral stage in vitro in
the optimized culture systems. Comparing follicles developed in vitro and in vivo will identify critical factors that can improve IVFD to produce mature
oocytes competent for embryonic development resulting in live offspring in various species. 2D, two-dimensional; 3D, three-dimensional; IVM, in vitro

maturation.

arginine and glycine (substrates for creatine biosynthesis)
and decreased utilization of branched-chain amino acids
(substrates for mitochondrial oxidative metabolism) [95].
Therefore, the IVFD protocol can be improved by controlling
cell cycle progression and cellular energy production to
support stage-specific follicular development with differential
oxygenation, which affects developmental competence of the
enclosed oocyte [135].

Cryopreservation of individual preantral follicles
with subsequent development in vitro will be
important for fertility preservation

In order to fulfill the promise of fertility preservation for
human patients and species propagation, a method for cry-
opreserving individual follicles will require development in
tandem with optimizing culture conditions as well as com-
plimenting emerging technologies that utilize bioengineered
matrices intricately designed to support the growth and mat-
uration of follicles and their enclosed oocytes [136-138]. Live
offspring in mice [139, 140] and embryos in cattle [141] have
been reported after slow-freezing and thawing of individual
preantral follicles subsequently cultured in vitro. Undoubt-
edly, this adds another layer of complexity to the entire process
of IVFD as cryodamage to TZPs would hinder subsequent
oocyte competence [142, 143]. However, the ability of cryop-
reserved follicles to resume growth and oocyte development
in vitro in mice [144-146], goats [147, 148], cattle [143], and
macaques [142] suggests that continued development of this
technology may be useful both experimentally and clinically,
contingent upon whether cryopreserved follicles can support

oocyte competence for pregnancy. For example, successful
cryopreservation of murine follicles exhibiting subsequent
growth and oocyte maturation during culture can provide a
basis for high-throughput testing of environmental toxicants
or screening of novel anti-cancer therapies with unknown
effects on ovarian function [145]. Importantly, cryo-storage
of a patient’s own follicles for subsequent use to restore
fertility after surviving cancers that are contraindicated for
ovarian tissue transplantation due to the risk of transmitting
malignant cells is one of the very few options available for
young patients. Likewise, preservation of endangered species
can benefit from the availability of cryopreserved follicles for
subsequent IVFD with the purpose of species propagation.

Conclusion

The advent of IVFD decades ago heralded a paradigm shift
in the ability to study discrete events of folliculogenesis in
a controlled environment. The lofty goal of using IVFD for
production of healthy offspring for a number of conditions
and uses has yet to be achieved in a consistent manner for
most species. Placing more emphasis on understanding the
basic physiological processes necessary for oogenesis and
folliculogenesis to proceed in a coordinated manner in vitro
toward production of competent oocytes will allow more
advancement in the field, as will interrogating the bioinforma-
tion arising from “omic” technologies into testable hypotheses
using intact follicles in vitro. Comparisons between antral fol-
licles and their enclosed oocytes produced via IVFD and those
derived in vivo will provide critical information as to which
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pathways are critical for cross-talk between somatic cells and
the oocyte and to identify those that may be deficient in vitro,
and importantly, those that are maintained (Figure 1). Opti-
mization of IVFD for the improvement of oocyte competence
to maximum efficiency will reflect more “authentic” follicle
biology. As with every technology that aspires to mimic events
in nature, continued investigations will eventually give way
to breakthroughs for improving oocyte competency during
IVED, leading to increased production of desired offspring as
well as optimization of IVFD systems for screening of agents
that may harm female reproduction. How exciting, albeit
challenging, it will eventually be to integrate findings from
modern “omics” and bioengineering approaches to create a
comparative ‘map’ of folliculogenesis as it occurs in vitro and
in vivo, and to chart the routes that will lead toward optimal
oocyte competence.
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