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Abstract

Stem cell-based strategies for ovarian regeneration and oocyte production have been proposed as
future clinical therapies for treating infertility in women. However, utilization of embryonic stem
cells (ESCs) or induced pluripotent stem cells (iPSCs) to produce oocytes has had limited success
in vitro. A recent report of the isolation and characterization of endogenous oocyte-producing or
oogonial stem cells (OSCs) from ovaries of reproductive-age women describes the first stable and
pure human female germ cell culture model in which a subset of cells appear to initiate and
complete meiosis. In addition, purified human OSCs introduced into adult human ovarian cortical
tissue generate oocytes that arrest at the diplotene stage of meiosis and successfully recruit
granulosa cells to form new primordial follicles. This overview examines the current landscape of
in vitro and in vivo gametogenesis from stem cells, with emphasis on generation of human
oocytes. Future research objectives for this area of work, as well as potential clinical applications
involving the use of human OSCs, are discussed.
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INTRODUCTION

Some improvements in clinical outcomes for women with fertility problems associated with
primary ovarian insufficiency (POI), premature ovarian failure (POF) and age-associated
ovarian dysfunction have been made over the past decade or so through expansion of
assisted reproductive technologies (ART) (1, 2). However, the often prohibitive number of
in-vitro fertilization (IVF) cycles required for success and the low numbers of live births,
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particularly for older women, remain major hurdles. Both the clinical management of
problems associated with ovarian insufficiency and failure, as well as basic research into
new therapies, have largely been restricted by a decades-old belief that women are born with
a pool of oocytes that is not amenable to replacement or renewal (3). In 2004, this traditional
thinking was challenged by a study in mice suggesting that ovarian oocyte and follicle
formation is not restricted to the fetal or perinatal period, but rather extends well into
adulthood (4). The stark contrast of these findings and conclusions to previously held views
in the field resulted in considerable skepticism by some members of the scientific and
medical communities (5-8; reviewed in 9, 10).

Nonetheless, a rapidly growing number of highly-compelling independent studies have
subsequently confirmed that ovaries of adult mice contain a rare population of mitotically-
active germ cells that can be isolated and propagated in culture for months, and that give rise
to oocytes in vitro and upon transplantation into ovaries of recipient mice in vivo (11-16).
While the role of these newly-discovered cells in adult ovarian function and fertility under
normal physiological conditions is yet to be been determined, prior studies of adult ovaries
in other animal models, such as Drosophila (17-21) and the teleost medaka (22), show that
OSCs are active contributors to the adult oocyte pool used for reproduction. In mice, 5-
bromo-2'-deoxyuridine (BrdU) incorporation into DNA in combination with the germ cell
marker, Ddx4 (DEAD-box polypeptide 4, also referred to as mouse vasa homolog or Mvh),
has been used to demonstrate the presence of actively dividing germ cells within the ovary
(4, 12). Although interesting from a basic science perspective, these findings have little, if
any, clinical implication unless reproductive-age women possess a comparable population of
germline stem cells capable of generating new oocytes. To this end, we recently reported
that ovaries of women in their twenties and early thirties contain a rare population of OSCs
which generate oocytes in defined cultures in vitro and following introduction into human
ovarian tissue in xenografts in vivo (16). The use of stem cell-based strategies as fertility
treatment options are often viewed as being clinically applicable only in the distant future;
however, these new findings in the area of human ovarian biology bring stem cell-based
approaches for treating infertility in women one significant step closer to reality.

ISOLATION OF HUMAN OSCs

The procedure used for the isolation of human OSCs from adult ovary tissue was adapted
from a protocol carefully validated using adult mouse ovaries as a model (16). A previous
report had demonstrated that mouse OSCs can be isolated using an immunomagnetic bead-
based isolation approach that targets a cell surface-expressed domain of the germ cell-
specific protein, Ddx4 (12). After attempting for months to repeat this work, our laboratory
was able to finally achieve isolation of OSCs from adult mouse ovaries using
immunomagnetic beads; however, the resultant cell preparation was contaminated with
small oocytes (16). We therefore re-developed and refined this protocol for use with
fluorescence-activated cell sorting (FACS), which offers four major advantages over the
magnetic bead-based approach used previously. First, OSCs isolated from adult mouse
ovaries by FACS are free of contaminating oocytes. Second, FACS permits inclusion of a
fluorescent cell viability dye, such as propidium iodide or 4',6-diamidino-2-phenylindole
(DAPI), which allows exclusion of dead or dying (membrane compromised) cells from the
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final viable cell pool obtained. Third, FACS allows one to verify that a relatively uniform
population of cells, based on size, is isolated. Lastly, multiple markers can be
simultaneously explored as a means to confirm specificity of the approach used to isolate
OSCs.

Freshly-isolated mouse OSCs purified by FACS possess a gene expression signature fully
consistent with that of primitive germ cells and these cells can be expanded in vitro for
months without loss of these identifying markers (16). During culture, a subset of mouse
OSCs regularly form what appear to be oocytes based on morphology, size, and expression
of classic oocyte markers, including Nobox (newborn ovary homeobox), Ybx2 (Y-box protein
2, also referred to as Msy2), Lhx8 (LIM homeobox protein 8) and Gdf9 (growth
differentiation factor 9), as well as Zp1, Zp2 and Zp3 (zona pellucida glycoproteins 1, 2 and
3). In addition, using viral transduction to generate mouse OSCs with stable expression of
green fluorescent protein (GFP) for cell tracking, such cells returned to ovaries of adult
female mice by direct injection differentiate in vivo into GFP-positive oocytes that
orchestrate de-novo follicle formation. Importantly, exogenous gonadotropin hormone
stimulation of female mice receiving intraovarian transplantation of GFP-expressing mouse
OSCs results in ovulation of fully mature GFP-positive eggs that fertilize to produce viable
blastocysts (16).

This rigorous validation using mouse ovaries provided a strong impetus to then test this
protocol for isolation of OSCs from ovaries of reproductive age women. Using de-identified
cortical tissue obtained from ovaries surgically removed from women in their twenties and
thirties as part of sex reassignment with written informed consent, human OSCs were
successfully purified by FACS (16). This same FACS protocol has since been applied to
routinely isolate OSCs from de-identified ovarian tissue samples obtained from women,
with written informed consent, in their forties and fifties undergoing gynecologic surgeries
for various benign reasons (D.C. Woods and J.L. Tilly, unpublished data). The cells
obtained are indistinguishable from those reported just recently which were purified from
ovaries of younger women (16). As is the case for mouse OSCs, freshly-isolated human
OSCs express a primitive germline gene expression profile that is maintained during ex-vivo
expansion of the cells in culture. In addition, human OSCs maintained in vitro
spontaneously generate oocytes with all of the same attributes identified for oocytes
produced by mouse OSCs cultured in parallel under identical conditions (16). To evaluate
the ability of human OSCs to participate in oogenesis and follicle formation, GFP-
expressing human OSCs were first aggregated with dissociated adult human ovarian cortex
and monitored for the onset of follicle formation following in vitro culture for up to 72
hours. As early as 24 hours after aggregation and culture, large ovoid GFP-positive cells
surrounded by a tightly compact layer of somatic cells closely resembling small follicles can
be detected. This rapid onset to follicle formation observed in vitro was then used to set the
time frame for testing the ability of OSCs to participate in follicle formation in adult human
ovary tissue in vivo (16).

Due to the obvious limitations of studying human organ function in vivo, a xenograft model
was employed in which human GFP-expressing OSCs were directly injected into adult
human ovarian cortical tissue pieces. These tissues were then transplanted subcutaneously
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into immunocompromised adult female mice as hosts. Within 1-2 weeks after
transplantation, GFP-positive oocytes can be found in the xenografted tissue, surrounded by
flattened somatic cells enclosed by a clearly visible basement membrane in histologically
normal primordial follicles (16). The oocytes contained within these newly formed follicles
express both LHX8, an oocyte-specific transcription factor in the ovary (23), and more
importantly YBX2, which marks oocytes at the diplotene stage of meiosis (24, 25). As
expected, both of these markers are present in the same spatial localization pattern in
oocytes of existing follicles present in the ovarian tissue prior to human OSC injection (16).
This significance of these findings is two-fold. The first is that human OSCs spontaneously
give rise to what appear to be normal diplotene-stage oocytes in adult human ovarian cortex
within only a week or two after their introduction back into the tissue. Although
xenografting of human ovary tissue is not equivalent to a physiologically normal
environment per se, this approach has been used previously by us and others to study human
oocyte and follicle development in an in-vivo setting (26-28). The second point of
significance is that human OSCs were directly injected into ovarian cortical tissue from
reproductive-age women, and de-novo follicle formation spontaneously occurred in a fairly
rapid time-frame (16). This indicates that human ovaries are fully capable of supporting
folliculogenesis during adulthood, similar to what has been reported for animal models (3,
12, 16). Accordingly, it is now imperative to more clearly define the contribution of these
cells to adult ovarian function under physiological conditions, and how the existing
mechanistic framework for age-related ovarian failure may need to be adjusted to account
for the existence of OSCs and their potential support of oogenesis during adulthood as
variables.

OOGENESIS: A COMPARISON OF HUMAN OSCs VERSUS HUMAN ESCs

The prospect of using human OSCs to produce developmentally-competent oocytes in vitro
has enormous clinical potential. For many infertile women, oocyte or embryo donation is the
only viable option to achieve a successful pregnancy, although the child is not biologically
her own. As such, much effort has been put forth to generate oocytes in vitro from cellular
sources other than those normally used to produce oocytes, such as embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs), with the goal of the latter being to
generate patient-specific oocytes for IVF procedures (29-31). However, despite nearly a
decade of work since the first description of mouse ESC-derived oocytes was published
(32), progress has been limited and there has not been a single report of a fertilizable oocyte
produced from ESCs or iPSCs of any species.

In mouse models of in vitro oogenesis, ESCs are specified into germ cells in essentially
undefined conditions amidst a milieu of differentiating cell types and their respective
secreted factors (29-32). The heterogeneity of differentiating ESC cultures has made the
study of in-vitro primordial germ cell (PGC) specification and oogenesis challenging. As
one example of the hurdles faced, scientists in this field rely heavily on reporter assays to
trace these cells, since ESC-derived germ cells are not readily distinguishable based on
morphology and differential surface marker expression until they reach the oocyte-like
stage, which occurs approximately 20 days into the differentiation process (31, 33). Using
lineage-specific reporter assays, early germ cell specification from ESCs occurs within the
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first 5 days of the initiation of differentiation following removal of leukemia inhibitory
factor and feeder cells (usually mitotically-inactive mouse embryonic fibroblasts or MEFs),
in either adherent monolayer or embryoid body (EB) cultures (34-36). While both
methodologies can lead to the formation of oocyte-like cells and follicle-like structures in
vitro, it has been postulated that differentiating EBs actually favor production of male germ
cells (36, 37). Subsequent commitment to meiosis occurs between days 5-10 of culture (31,
33, 38), and oocyte-like cells can be distinguished from more primitive germ cell precursors
based on morphology and genetic markers between days 16-40, depending on culture
conditions (32, 39-41). Thus, a prolonged culture time is required to actually identify and
isolate oocyte precursor cells or oocyte-like cells from differentiating ESCs (31-33). During
this time, however, key signaling events required for the proper differentiation of oocytes
from PGCs go astray, resulting in an “in-vitro block' of normal meiotic progression (33).

The extended time frame for germ cell specification from ESCs presents an additional
problem, that being a high propensity for the PGCs that form to acquire characteristics
similar to ESCs as they transform into embryonic germ cells (EGCs). This artifact of a
prolonged differentiation process not only reduces the number of germ cells available for
commitment to meiosis but also, and more importantly, represents a significant clinical risk
for transplantation strategies as EGCs, like ESCs, give rise to teratomas after transplantation
(33, 42, 43). Additionally, as mentioned earlier ESC-derived oocyte-like cells are
meiotically defective, and completion of meiosis in germ cells derived from ESCs in vitro
has yet to be demonstrated. For example, Novak et al. (44) reported that oocyte-like cells
derived from mouse ESCs in vitro actually lack a full complement of meiotic proteins and
fail to progress through meiotic prophase I. While the meiotic marker Sycp3 (synaptonemal
complex protein 3) is detectable in mouse ESC-derived oocyte-like cells, these cells exhibit
aberrant nuclear morphology and chromosomal alignment (44). The inability of ESC-
derived oocyte-like cells to progress through meiosis has also been confirmed by Nicholas et
al. (33) as well as by Tedesco et al. (45), who reported abnormal nuclear distribution of
Sycp3 and the related meiotic protein Sycpl.

Far less is known of the derivation of germ cells and oocytes from human ESCs and iPSCs.
This may be due, at least in part, to differences in the innate properties of mouse and human
ESCs to differentiate into germ cells. Despite unique global gene expression profiles, many
of the same markers expressed by early-stage mouse PGCs are also expressed in mouse
ESCs, leading some to believe that these properties reflect a common origin from germ cell
precursors (46, 47). Undifferentiated human ESCs, on the other hand, express a limited
number of germ cell markers, and may be more closely related to the epiblast (31, 48). As
such, human ESCs may have a very different inherent germ cell differentiation potential
than their mouse counterparts. In any case, spontaneous and induced specification of PGCs
has been documented in human ESC cultures (49-55).

The use of OSCs could circumvent many of the issues encountered by researchers studying
human in-vitro oogenesis (Fig. 1). For example, unlike differentiating ESCs, the OSCs
obtained following FACS purification represent a pure germ cell population, and these cells
continue to maintain their germ cell identity and homogeneity following prolonged culture
(16). Additionally, whereas ESC-derived oocyte-like cells fail to progress through meiosis,
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OSC-derived oocytes unenclosed by follicular cells or lacking as-yet undefined endogenous
factors appear to complete meiosis in vitro, as evidenced by the formation of haploid cells in
both mouse and human OSC cultures (16). While intraovarian transplantation studies using
mouse ESC-derived germ cells have shown that the ovarian somatic microenvironment can
help direct the differentiation of such germ cells into oocytes contained within immature
follicles (33; D.C. Woods and J.L. Tilly, unpublished observations), there has not been any
evidence to date describing maturation, ovulation or fertilization of these oocytes. In fact,
follicles containing mouse ESC-derived oocytes fail to progress past the primary to
secondary stage of development in vivo, and instead undergo atretic degeneration (33; D.C.
Woods and J.L. Tilly, unpublished observations).

In stark contrast, mouse OSC-derived oocytes formed following intraovarian transplantation
of purified OSCs not only orchestrate proper folliculogenesis but also mature within follicles
to the point of producing a metaphase-11 egg after ovulation. In addition, through either
natural mating trials or I\VVF protocols, the developmental competency of mouse OSC-
derived eggs to fertilize and generate viable embryos and healthy offspring has been
independently confirmed (12, 15, 16). While oocytes differentiated from OSCs maintained
in vitro have not yet been reported to mature to a fertilizable state, it is clear that oocytes
formed from ESCs versus OSCs, at least in vivo, possess a completely different
developmental potential to make an egg. With the latter in mind, further investigation into
ex-vivo maturation of OSC-derived oocytes is warranted.

Before closing this section, it should be mentioned that the approach employed to track the
fate of transplanted mouse ESC-derived germ cells (33) and mouse OSCs (12, 16) is the
same, that being the use of green fluorescent protein (GFP) expression in the cells to be
transplanted. For Reijo-Pera and colleagues in studies of mouse ESCs, their conclusion that
transplantation of “ESC-derived oocytes into an ovarian niche to direct their functional
maturation and, thereby, present rigorous evidence of oocyte physiologic relevance and a
potential therapeutic strategy for infertility” is based entirely on monitoring the fate of GFP-
expressing cells in ovaries. Given this, it is surprising that Reijo-Pera then criticized recent
findings of in-vivo oocyte formation from GFP-expressing mouse and human OSCs based
on the approach utilized by White et al. (16), stating that “even the green oocytes [derived
from transplanted GFP-expressing OSCs] should be viewed with caution, as GFP-tagged
cells can fuse with unrelated cells” (56). If such experimental approaches “present rigorous
evidence of oocyte physiologic relevance” in the context of mapping ESC-derived germ cell
fate in vivo (33), it is unclear why Reijo-Pera would subsequently infer that a different
standard be placed on interpretation of comparable outcomes obtained by others using OSCs
isolated from adult ovaries as the cells for intraovarian transplantation studies (16).

EGG FORMATION FROM HUMAN OSCS EX VIVO: FACT OR FICTION

Although progress towards development of competent eggs from human ESCs or human
iPSCs over the past decade has been disappointing, the recent isolation and characterization
of OSCs from ovaries of reproductive age women open the prospects that such a goal may
indeed be achievable if cells that serve as a natural precursor for oogenesis are used as
starting material (16). Several pieces of evidence already in hand support this proposal. At a
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very basic level, one can simply draw a parallel between human OSCs and their adult mouse
ovary-derived counterparts, the latter of which yield fully competent eggs if the oocytes
formed are enclosed by granulosa cells as follicles (16). This finding, when considered with
observations that every other aspect of OSC biology, including the spontaneous formation of
haploid cells ex vivo in pure germ cell cultures, is conserved between mouse and human
OSCs, supports that the primary if not exclusive function of these cells is to produce oocytes
(16). This is entirely consistent with what is known of the role of OSCs in maintaining egg
production in adult ovaries of less evolved species, such as Drosophila and medaka (17-22).

A second key piece of evidence comes from studies of how human OSCs respond once
recombined with adult human ovarian somatic cells either in vitro or in vivo. Specifically,
aggregation of human OSCs with dissociated adult human ovarian cortical tissue leads to
formation of what appear to be immature follicles containing human OSC-derived oocytes
within 24 hours in vitro. These data, along with findings that direct injection of human OSCs
into adult human ovarian cortex followed by xenografting results in formation of follicles
containing OSC-derived oocytes that express the meiotic diplotene-stage marker YBX2
(16), demonstrate that human OSCs have a strong propensity for oogenesis and
folliculogenesis within adult human ovary tissue. A more technologically-advanced strategy
will, however, be required to test the complete developmental competency of human OSC-
derived oocytes. While in-vitro maturation of primordial and early primary follicles, and
their enclosed oocytes, is now a relatively straightforward approach in mice (57, 58), culture
technologies that support the advancement of human primordial follicles to mature antral
stages have only recently been established (59, 60), with in-vitro development of human
metaphase Il oocytes not yet reported.

If achievable, such an outcome would have clear clinical applicability as a potential new
source of developmentally competent oocytes for ART. To date, the most convincing and
promising strategy for in-vitro maturation of human ovarian follicles is a two-step process in
which micro-thin ovarian cortical strips containing primordial follicles are cultured under
serum-free conditions (59, 60). Following primordial follicle activation and growth,
preantral follicles are dissected out of the cortical strips and cultured individually in the
presence of activin-A, which supports a further increase in follicle growth and development
of an antral cavity. Bearing in mind that human in-vitro follicle growth in this particular
system is initiated at the primordial stage, this is a striking achievement (60). Should this
emerging technological advance in the field become a reality for the generation of functional
metaphase Il eggs, not only would it open new dimensions in the treatment of human
infertility through ART, but it would also lay the framework needed to test the
developmental potential of human OSCs and the oocytes these cells produce. Importantly,
the latter goal is closer than some may think, in that GFP-expressing human OSCs have
already been shown to generate oocytes that participate in the formation of primordial
follicles in vitro and in vivo (16). Since human primordial follicles represent the starting
point for the protocol used by Telfer and colleagues to develop antral follicles in vitro (60), a
simple marriage of the two procedures at this common juncture point would be all that is
required (Fig. 2). Given the ability of mouse OSC-derived oocytes, when contained inside
follicles, to mature successfully into fully functional eggs (16), it is certainly reasonable to
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envision that ovarian follicles containing human OSC-derived oocytes could one day be
developmentally advanced in vitro.

It should also be mentioned that while cultured mouse and human OSCs appear to be largely
homogeneous with respect to germline markers, only a few cells at a time undergo what
appears to be a random and spontaneous differentiation process that triggers the formation of
an oocyte in vitro (16). This event is restricted to only a subset of cells despite the fact that
all of the cells in culture are continually exposed to essentially identical conditions. Why
neighboring OSCs exposed to the same conditions fail to activate differentiation, whereas
others in close proximity exit the mitotic cell cycle and enter meiosis, remains to be
determined. It is also unclear how the fate of such cells, once differentiation and oocyte
formation has occurred, is affected by local (microenvironmental) cues within the cultures,
and whether or not this fate determination can be modified to more closely mimic an in-vivo
environment. Identification of the factors contributing to the initiation or repression of this
differentiation event is critical to further defining the parallelism between de-novo oogenesis
occurring in vivo and in vitro. The use of human OSCs could therefore provide be a valuable
screening approach for discovery and evaluation of factors that influence human oocyte
yield and quality in vivo.

HUMAN OSCS: MORE TO THE STORY THAN JUST EGG FORMATION

Finally, although much is still to be learned about human OSCs from both basic science and
clinical perspectives, the possible generation of eggs from human OSCs in vitro represents
only one of several technologies of relevance to the clinical management of the ovarian
reserve and fertility in women (Fig. 3). For example, with protocols now established to
purify and culture human OSCs, and to evaluate their oogenic potential in vitro (16),
experiments can be designed under defined conditions ex vivo to systematically uncover the
critical signaling pathways that regulate the ability of human OSCs to generate oocytes.
Given the unique function of OSCs in the body, it is highly likely that these cells will utilize
hormones and factors that preferentially, or perhaps even exclusively, target these cells. In
turn, the identification of such factors may then facilitate development of new therapies to
enhance oogenic activity of OSCs in adult human ovaries in vivo as a means to maintain or
rebuild the oocyte reserve, with minimal if any off-target effects. In addition to targeting
OSCs in vivo, there is the obvious possibility of isolating human OSCs from a small ovarian
biopsy for ex-vivo expansion and subsequent return to the ovaries to generate new oocytes
and follicles. While proof-of-principle for this already exists in the recent report of human
oocyte formation from OSCs in xenografted adult human ovary tissue (16), we echo the
recent views of Telfer and Albertini that any clinical application of ex-vivo egg formation
from human OSCs will take years of additional investigation (61). Nonetheless, the work
required will proceed at a much faster pace if the “tone of future discourse” on the existence
and function of mammalian OSCs by the scientific community can indeed move from one
historically rooted in skepticism toward one of “measured enthusiasm” (61).

Finally, human OSCs may hold yet another value for clinical development in the form of
cellular energy production. For many years, a common belief in the I\VVF field has been that
the decline in egg quality with advancing maternal age is due, at least in part, to a
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progressively impaired energetic capacity in oocytes (62—64). This energy deficit leads to
reduced fertilization potential and poor embryonic developmental competency, if the eggs
are successfully fertilized; however, the resultant embryos are still compromised, resulting
in much higher rates of implantation failure. In the late 1990s, it was reported that transfer of
a small amount of ooplasm from donor eggs of young women into eggs of women with a
history of repeat IVF failure resulted in a remarkably high rate of IVF success, with live
birth rates nearing those normally observed in much younger women undergoing IVF for the
first time (65-68). Despite the apparent clinical success, heterologous ooplasmic transfer
was quickly stopped by the U.S. Food and Drug Administration since mitochondria, each
one of which in humans contains DNA encoding 37 genes, were present in the donor
ooplasm that was transferred. These “foreign' mitochondria, being maternally derived from
eggs, underwent normal replication during embryogenesis and fetal development, leading to
the birth of children containing mitochondria from two different sources (heteroplasmy) (67,
68). Accordingly, the presence of a “foreign' source of genetic material in these children,
arising from the introduction of heterologous oocyte mitochondria at fertilization, represents
an example of genetic manipulation of human germ cells for the purpose of reproduction. In
other words, the most probable source of the “rejuvenating' factor in the transferred donor
egg ooplasm was also the source of the reason why the procedure was prohibited from
further use in human IVF protocols in 2002.

What if, however, the apparent clinical success of heterologous ooplasmic transfer for
improving I\VF outcomes could be reproduced in such a way that removes the “foreign'
aspect of the female germline mitochondrial source that rejuvenates failing eggs? Human
OSCs may indeed offer such an advantage. Being natural precursor cells for oocytes in adult
mammalian ovaries (4, 12, 15, 16), a new strategy we term AUGMENT (autologous
germline mitochondrial energy transfer) has been devised, which seeks to use the natural
energy-producing potential of a woman's own OSCs as a means to reinvigorate that same
woman's eggs for improved IVF success. Such delivery of autologous OSC-derived
mitochondria into human oocytes during intracytoplasmic sperm injection (ICSI) may
provide the energy boost needed to overcome existing mitochondrial deficits due to aging or
other factors that negatively affect either fertilization outcome or post-fertilization
embryonic competency. Considering the clinical success already reported from transfer of
heterologous female germ cell mitochondria into eggs of women with a history of IVF
failure (65-68), along with related studies using animal models showing improved
embryonic developmental potential of fertilized eggs after mitochondrial transfer (69, 70),
AUGMENT may hold considerable promise for clinical development and testing in the
near-term.
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FIGURE 1.
A representative oocyte derived in vitro from human OSCs. Adult human ovary-derived

OSCs, engineered to express GFP for cell tracking, spontaneously generate large GFP-
positive oocytes during in vitro culture (see ref. 16 for more details).
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Proposed steps for testing development of fully mature metaphase 11 (M) eggs from human
OSCs ex vivo. Oogonial stem cells isolated from ovarian cortex differentiate into oocytes in
vitro; however, the oocytes formed do not arrest at M1, likely due to a lack of normal
interaction with follicular somatic cells. This can be overcome by introducing OSCs into
adult human ovarian cortical tissue ex vivo, which leads to the formation of new oocytes
contained within primordial follicles (see ref. 16 for more details). After incubation of these
micro-thin human ovarian cortical strips in vitro, primordial follicles within the strips
activate and progress to primary and preantral stages. Preantral follicles are dissected out
and further matured the antral stage, at which time oocytes are isolated for in-vitro
maturation to the MII phase (see ref. 60 for more details). To distinguish OSC-derived
oocytes from those present in the host tissue, human OSCs are transduced to express GFP
prior to injection into the cortical tissue strips. This permits tracking of OSC-derived oocyte
formation, primordial follicle assembly and activation, and growth maturation in vitro. If
successful, resultant GFP-positive MII eggs derived from human OSCs could then be
studied in more detail, including spindle appearance, chromosomal integrity and

developmental competency.
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Proposed technologies for future clinical testing and development based on human OSCs. 1:
Once isolated, human OSCs could be cryopreserved and stored for future use. This could be
done directly following isolation (fresh cells) or after expansion in vitro to establish a much
larger cell pool. 2a: Through the AUGMENT procedure, mitochondria from a woman's
OSCs could be isolated and injected into that same woman's oocytes at the time of ICSI to
restore bioenergetic potential and enhance IVF success. 2b: As an alternative strategy to
overcome mitochondrial or ATP deficits in eggs, human OSCs could serve as a unique
screening model for identification of novel bioenergetic activators for female germline cells,

which could then be tested for improvements in egg quality or embryo competency. 3:

Because of their ex-vivo proliferative potential, human OSCs could serve as an essentially
unlimited source of oocytes for generation of mature eggs using step-wise in-vitro organ and

follicle culture systems. 4: Human OSCs, following storage without or with ex-vivo

expansion, could be autologously returned to the ovaries as a means to increase the size of

the ovarian reserve in vivo. 5: High-throughput screening of human OSCs ex vivo for

factors, both man-made and natural, that enhance the oocyte-forming activity of these cells
could lead to identification of new therapeutics designed to target these cells in vivo as an

alternative means to increase the size of the ovarian reserve.
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