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Can oocyte quality be augmented?

One of the great challenges in reproductive medicine today
is the management of cases with poor-quality oocytes, a
problem compounded by the falling ovarian reserve towards
extinction as the menopause approaches. Donor eggs and
embryos can bypass the problem, but not everyone accepts
third-party genetic involvement. Preimplantation genetic
screening to avoid aneuploid embryos is another option, and
some young women now pin hopes on oocyte cryopreservation
for preserving fertility to advanced reproductive ages, but
neither procedure guarantees a good outcome. An ideal so-
lution would be to repair or “rejuvenate” patients’ own
oocytes, but success with this approach has been elusive
because the factors responsible for cellular health and com-
petence are poorly understood.

Almost two decades ago, investigators tested whether
transfer of cytoplasm from donor oocytes or zygotes can
improve human oocyte quality (Barritt et al., 2001), an ap-
proach tried following evidence of reversal of the 2-cell block
by a similar means during mouse embryo culture (Pratt and
Muggleton-Harris, 1988). There were no confirmed candi-
dates for the cytosolic factors or organelles supposed to be
deficient, although mitochondria were chief suspects (Jansen,
2000) and it was hoped that a successful programme would
lead to more specific treatment. At least 30 babies were born
after IVF with cytoplasmic transfer by the time the proce-
dure was suspended after coming under the purview of the
US Food and Drug Agency (FDA) which said “any further
ooplasm transfer protocol should be done under Investiga-
tional New Drug (IND) exemptions and an IND submission to
the agency would be required to treat additional patients”
amid concerns about biological safety and the ethics of cre-
ating children who inherit DNA from three parents, albeit only
the tiny fraction of donor mitochondrial DNA (mtDNA)
(http://www.fda.gov/ohrms/dockets/ac/02/briefing/3855b1
_01.pdf). Two unexpected 45,XO conceptuses occurred in this
small series, and unanticipated abnormalities emerged from
animal studies of mitochondrial heteroplasmy (Lane, 2013).
The developers of cytoplasmic transfer were rightfully cau-
tious, acknowledging its experimental character and discour-
aging widespread application until more data were available,

saying that “at present, there is insufficient evidence to dem-
onstrate that any of these techniques is effective by itself”
(Barritt et al., 2001).

A new technology called AUGMENTSM that owes some of its
rationale to cytoplasmic transfer has recently been launched
by OvaScience, a company based in Boston (http://www
.ovascience.com), which is also developing other fertility-
enhancing technologies. Their product offers to “augment”
oocytes with mitochondria transferred from putative ovarian
stem cells (OSC; also called oocyte precursor cells) ob-
tained from biopsies of the patient’s ovarian cortex. After
cryopreservation, thawing and enzymatic disaggregation, the
mitochondria are isolated from OSC for injection into oocytes
by an ICSI-like technique. According to the rationale, this in-
fusion may boost ATP or reduce harmful reactive oxygen
species (ROS) because the donor organelles are presumed to
be better-preserved during their long dormancy.

OSC were discovered by a company founder and were an-
nounced triumphantly as ushering in a “paradigm shift in re-
productive biology” (Woods and Tilly, 2013). They represent
the kernel of the patent-protected technology, their use
happily avoiding the potential hazard of heteroplasmy en-
countered previously in cytoplasmic transfers in animals. Nev-
ertheless, the FDA reacted similarly to augmented oocytes,
making the technology unavailable at this time in the USA and
thereby unintentionally encouraging reproductive tourism to
countries where it is licensed, including Canada where the
first AUGMENTSM baby was born recently (http://www.first
stepsfertility.ca/services/augment/). Currently, an applica-
tion to the Human Fertilisation and Embryology Authority
(HFEA; http://www.hfea.gov.uk) seeks permission to open a
clinical trial in Britain.

The commercial launch of AUGMENTSM mostly received posi-
tive reviews in the media, has been welcomed by some phy-
sicians and undoubtedly raises the hopes of patients waiting
for news of a breakthrough. On the other hand, voices in the
reproductive science community have urged caution and ex-
pressed anxiety when the brand-new fertility treatment leapt
suddenly from the laboratory to the clinic. The technology
has two distinct parts, each of which we consider in turn.
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What evidence supports the existence of OSC
and their physiological role?

Since publication of a classic paper by Solly Zuckerman in 1951
(Zuckerman, 1951), it was almost universally agreed that mam-
malian oogenesis is completed before or shortly after birth,
depending on the species. Over the following five decades
many studies confirmed the theory. It was therefore a shock
when Johnson et al. (2004) at the Tilly Lab in Boston claimed
that, rather than becoming extinct, oogonia (or OSC) persist
in adult mouse ovaries and can restore follicles lost by atresia
and ovulation. Nevertheless, these stem cells must have only
limited durability because there was never any doubt that the
follicle stock declines with age. In another astounding claim
the following year, the same group presented evidence that
the OSC are derived from bone marrow and circulate in the
bloodstream from where they “seed” the ovaries (Johnson
et al., 2005). Since these claims struck at the root of ovarian
biology and had clinical implications, independent investi-
gators designed rigorous studies involving transplantation, mo-
lecular phenotyping, genetic modification, oocyte tracing and
mathematical models to verify or falsify Zuckerman’s theory.
Most studies found no signs of follicular renewal or deriva-
tion of germ cells from the circulation (Begum et al., 2008;
Bristol-Gould et al., 2006; Eggan et al., 2006; Faddy and
Gosden, 2007; John et al., 2007; Zhang et al., 2014), al-
though it was hard to dismiss the possibility that a residue
of stem cells hangs on through the lifetime of the ovary. There
was, however, one Chinese study that appeared to have evi-
dence for the existence and role of OSC after birth. Thus, using
OSC isolated from postnatal mice and multiplied in vitro, Zou
et al. (2009) claimed to have produced baby mice, but un-
answered technical questions remain, the study has not been
replicated independently and final proof of their physiologi-
cal role is awaited (Grieve et al., 2015).

Bukovsky et al. (2005) proposed that new oocytes are
formed in adult human ovaries based on observations in
culture using germ-cell markers. But it was another paper
from the Boston group that provided experimental evidence
for the existence of OSC in postnatal human ovaries (White
et al., 2012). They used anti-DDX4 (VASA) antibodies, to
extract the alleged stem cells from the ovarian cortex,
which were closely matched to the molecular phenotype of
oogonia in fetal ovaries. Since the cells were rare they had
to be multiplied in culture before xenografting to human
ovarian tissue where they formed structures resembling
primordial follicles. Since genuine follicles require granu-
losa cells, these results implied, again contrary to conventional
scientific wisdom, that both oocyte and granulosa cell pre-
cursors survive to adult ages.

What conclusion can be drawn from these dramatic and
sometimes conflicting studies? The balance of evidence
strongly denies that new follicles are formed continuously after
birth, but the survival of a population of stem cells of uncer-
tain potency cannot be summarily dismissed. Indeed, their
existence is not particularly surprising since stem cells are now
known to be almost ubiquitous and provide many contempo-
rary puzzles in biology. We need to know more about the
lineage and potency of OSC.

OvaScience places OSC at the centre of their technology
for improving oocyte health without needing a presumption

of germline competence. However, and unfortunately, many
technological details are proprietary information, and we
have to deduce protocols from White et al. (2012). The
cells were isolated from disaggregated tissue using antibod-
ies to DDX4, a protein that is not required for oocyte
development but specifically marks the germline as well as
embryo stem cells, although the inability to form teratomas
tends to confirm a germline rather than pluripotent charac-
ter (White et al., 2012). Among many questions about the
protocol, we wonder if enzymatic treatment of cells altered
surface epitopes that would not otherwise recognize the
anti-DDX4 antibody, and how the procedure isolates DDX4+
cells when the protein was thought to be intracellular
(Albertini and Gleicher, 2015).

We urge the company to release details to fill knowledge
gaps. We need to know if OSC are a residue of the canonical
germline that differentiated in the fetal ovary or if they
have an independent lineage (Baker, 1963). Could OSC be a
sub-population of germ cells that failed to make the grade?
And if a scattered distribution has prevented them from
making syncytial relationships as in the founder population,
does it matter? Finally, we ask whether OSC mitochondria
really are more vigorous than in oocytes. The hypothesis is
grounded on presumptive developmental quiescence, some-
thing that is not strictly equated with biochemical quiescence
that is more likely to be protective. It is possible that the
theoretical advantages of using undifferentiated, non-
growing cells are lost when specimens are passed through a
series of treatments for preparing the intact tissue and
subsequently as the isolated cells adapt to culture condi-
tions and multiply. Under such circumstances, might the
phenotype change?

Can an infusion of mitochondria from OSC
reverse poor oocyte quality?

While biological ageing evidently has pleiotropic causes, mi-
tochondrial dysfunction is one of the strong candidates because
the organelles are responsible for efficient generation of
energy by oxidative phosphorylation (OXPHOS) and are exposed
in the process to potentially genotoxic ROS. Their genes have,
moreover, a much higher risk of mutation than the nucleus,
the DNA of which is better protected by repair mechanisms
and is cloaked in histone molecules (Wallace, 2010). Besides
a key role in aerobic respiration, mitochondria are involved
in other cellular processes, including calcium homeostasis and
apoptosis.

There is experimental support for a mitochondrial hypoth-
esis and therapy as a prescription for improving oocyte health
and survival (Van Blerkom, 2011). For example lower levels
of ATP are associated with changes in mitochondrial mor-
phology, distribution and polarity in oocytes from older ovaries
(Ben-Meir et al., 2015; Simsek-Duran et al., 2013; Van Blerkom
et al., 1995). Since spindle assembly and function are energy-
demanding processes, a deficiency of ATP might affect chro-
mosome behavior leading to aneuploidy during meiosis and
chaotic karyotypes during mitotic cleavage, perhaps tipping
the important balance between ROS and oxidative defence
in the cell (Eichenlaub-Ritter et al., 2011). The redox state
of cells, as signaled by Sirt1 expression, affects vulnerable
mitochondrial targets for oxidative damage, and resveratrol
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