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Abstract
Recent advances in assisted reproduction treatment have enabled some couples with severe
infertility issues to conceive, but the methods are not successful in all cases. Notwithstanding the
significant financial burden of assisted reproduction treatment, the emotional scars from an
inability to conceive a child enacts a greater toll on affected couples. While methods have
circumvented some root causes for male and female infertility, often the underlying causes cannot
be treated, thus true cures for restoring a patient’s fertility are limited. Furthermore, the procedures
are only available if the affected patients are able to produce gametes. Patients rendered sterile by
medical interventions, exposure to toxicants or genetic causes are unable to utilize assisted
reproduction to conceive a child – and often resort to donors, where permitted. Stem cells
represent a future potential avenue for allowing these sterile patients to produce offspring.
Advances in stem cell biology indicate that stem cell replacement therapies or in-vitro
differentiation may be on the horizon to treat and could cure male and female infertility, although
significant challenges need to be met before this technology can reach clinical practice. This
article discusses these advances and describes the impact that these advances may have on treating
infertility.
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Current treatment options for infertility
In recent years, several advancements have been made in assisted reproduction treatment
such that now more than 80% of couples experiencing infertility issues can conceive a child
(Schlegel, 2009). Infertility is a global phenomenon that affects up to 15% of couples, with
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male infertility as the sole cause, representing up to 30% of these cases (Schlegel, 2009).
Approximately 40% of couples are affected by combined male and female factors (http://
publications.nice.org.uk/fertility-cg156). In cases of male infertility contributing to a
couple’s inability to conceive, there are limited and some invasive procedures that can be
implemented. For patients able to provide a sperm sample, IVF can be achieved by either
incubation of the sperm sample with a partner’s oocyte or by intracytoplasmic sperm
injection (ICSI) of the oocyte with a single spermatozoon (Palermo et al., 2009). In cases
where functional spermatozoa or elongated spermatids for ICSI are rare, three invasive
procedures can be used to obtain samples suitable for ICSI: testicular biopsy, testicular
sperm extraction or percutaneous sperm aspiration (Esteves et al., 2011). Testicular sperm
extraction, which involves a needle biopsy, has been widely successful for isolating
testicular spermatozoa capable of fertilizing a partner’s oocyte by ICSI for even highly
azoospermic cases, including men with Klinefelter syndrome (Schiff et al., 2005, Silber,
2010).

For couples diagnosed with infertility, all assisted reproduction options are highly invasive
and often involve hormone therapies for stimulating ovulation, which can lead to ovarian
hyperstimulation syndrome due to increased vascular permeability mediated by vasoactive
substances from ovary stimulation, often leading to additional health concerns (Gomez et al.,
2010; Prakash and Mathur, 2013). These concerns underscore that current infertility
treatment options for women are invasive and potentially present health risks,
notwithstanding the financial burden of these treatments. Current infertility treatment
options include intrauterine insemination, ovarian drilling and ovulation induction for IVF/
ICSI, which carries the ethical and financial dilemma of the implantation of too many
blastocysts post IVF/ICSI, resulting in potentially undesired multiple pregnancies and births
(Van Voorhis and Ryan, 2010).

For both male and female patients experiencing infertility, current treatment options rely
solely on the premise that both partners produce functional haploid gametes. For those
couples where one partner is unable to produce a functional gamete (oocyte or
spermatozoon), no treatment options are available other than use of donor gametes. Several
factors contribute to a patients’ infertility that may result in a loss of gamete formation.
These include genetic factors resulting in primary ovarian insufficiency/premature ovarian
failure in females and sterility/failure to produce spermatozoa through spermatogenesis in
males, exposure to environmental and industrial toxicants and medical interventions such as
chemotherapies and immune suppressant treatments (Bahadur, 2000, Deutsch et al., 2007,
Schlegel, 2009, Skrzypek and Krause, 2007, Wallace, 2011). For these patients, there are no
cures for their infertility/sterility and they are unable to conceive a child with their partner.

Preserving fertility following medical therapies
Previously, medical professionals were focused on treating cancers in prepubescent boys
and girls to extend their lives with little concern over preserving patients’ fertility. As cancer
survival rates in adolescents have risen (Bahadur, 2000, Wallace, 2011, Woodruff, 2010,
Wyns et al., 2011, Wyns et al., 2010, Jahnukainen et al., 2011, Keros et al., 2007, Levine et
al., 2010, Orwig and Schlatt, 2005), the focus has shifted to preserving fertility. One of the
benevolent goals of the Oncofertility Consortium is to preserve fertility in patients
undergoing rigorous cancer treatments such as high dose chemotherapies (Woodruff, 2010).
However, fertility preservation can be extended to any medical treatment that impacts
fertility, such as immune suppressant treatment which has been shown to cause permanent
sterility in some male patients (Deutsch et al., 2007, Skrzypek and Krause, 2007). For
female patients, cryopreservation of oocytes (Cobo et al., 2011) or ovarian tissue (Amorim
et al., 2011; Andersen et al., 2012) prior to medical treatments is an option. Oocytes can be

Easley et al. Page 2

Reprod Biomed Online. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://publications.nice.org.uk/fertility-cg156
http://publications.nice.org.uk/fertility-cg156


later utilized for IVF. For adult male patients, cryopreservation of a sperm sample is the
least invasive procedure, but for prepubescent patients or those patients unable to provide a
sperm sample, cryopreservation of testicular tissue has become the latest innovation
(Wallace, 2011) to preserve a patient’s fertility. Several studies in mouse models have
shown the ability to reintroduce spermatogonial stem cells (SSC) obtained from testis
biopsies to restore fertility in sterilized mice (Brinster, 2007, Brinster and Avarbock, 1994,
Brinster and Zimmermann, 1994, Nagano et al., 1998, Oatley and Brinster, 2006, Ryu et al.,
2003). Recently, this work has been extended to non-human primates (Hermann et al.,
2012), which showed that isolated rhesus macaque SSC obtained from biopsies taken prior
to busulphan-mediated chemosterilization can be retransplanted back into the testis to
recolonize the testes, resulting in the production of functional spermatozoa. This outstanding
breakthrough now paves the way for reintroducing isolated human SSC from tissue biopsies
taken from adolescent male patients prior to high dose chemotherapy.

This method of fertility preservation carries the concern of reintroducing cancer cells after
chemotherapy. While improvements have been made to separate SSC from cancer cells
(Hermann et al., 2011), the risk must still be considered. Furthermore, SSC recolonization
requires that the somatic environment of the testes must remain intact after the medical
intervention. For patients with damaged somatic environments (Zhang et al., 2007) or
genetic defects in the somatic environment that prevent SSC expansion and differentiation,
this type of strategy is ineffective at curing a patient’s infertility.

Pluripotent stem cell treatment options
Recent evidence reported by several independent groups has shown the ability of human,
non-human primate and mouse pluripotent stem cells to differentiate into primordial germ
cells (Buaas et al., 2004, Eguizabal et al., 2011, Geijsen et al., 2004, Kee et al., 2009, Kee et
al., 2006, Ko et al., 2010, Nayernia et al., 2006, Panula et al., 2011, Park et al., 2009,
Teramura et al., 2007, Tilgner et al., 2008, Toyooka et al., 2003, Yamauchi et al., 2009,
Hayashi et al., 2011), precursor cells that contribute to gametogenesis in both males and
females. Studies with mouse embryonic stem cells have even shown the ability to make
functional spermatozoa (Nayernia et al., 2006, Zhao et al., 2010). The recent work by
Hayashi et al. (2011) demonstrates that stem cells can be differentiated into a primordial
germ cell-like state and then transplanted into a sterile mouse testis for recolonization and
the generation of functional haploid sperm cells. While primordial germ cells have shown a
limited capacity to recolonize sterile testes in rodents, this technique has not been fully
examined in other mammalian models, including non-human primates. Thus, the possibility
exists that pluripotent stem cells can be differentiated into a germ cell lineage more suitable
for recolonization and restoration of spermatogenesis. In fact, the current study group
recently published that human embryonic stem cells (ESC) and induced pluripotent stem
cells (iPSC) can be differentiated into SSC-like cells (Easley et al., 2012), and this germ cell
stage has been shown in several animal models to be capable of recolonizing the testis
(Brinster, 2007, Hermann et al., 2012). With the recently shown ability to generate GMP
(good manufacturing practice) human iPSC for potential clinical uses (Karumbayaram et al.,
2012, Okita et al., 2012), it may become possible to generate iPSC from patients sterilized
by medical interventions, environmental or industrial toxicants or injury. Advances in the
current study group’s protocol to GMP/animal-component-free conditions, combined with
the work of Hermann and colleagues, could lead to the first stem cell replacement therapy
for male infertility, whereby iPSC differentiation into SSC-like cells followed by
transplantation of these SSC-like cells into the patient’s testes restores fertility (Figure 1).

As mentioned above, one limiting step for stem cell replacement therapy is the testis somatic
environment. If the somatic environment is damaged and not receptive to SSC transplant,
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then SSC from iPSC would not be able to restore a patient’s fertility. However, complete in-
vitro differentiation into functional spermatids could be a possible workaround solution
(Figure 1). This study group recently demonstrated that human ESC and human iPSC can be
differentiated in vitro into advanced spermatogenic stages, including round spermatids
(Easley et al., 2012). While round spermatids have not been successful in fertilizing oocytes
in higher-order mammals, the results indicate that it is at least feasible to differentiate
pluripotent stem cells into haploid spermatids. Improvement in the differentiation strategy
could lead to the maturation of round spermatids into elongated spermatids, which are
capable of fertilizing an oocyte in IVF clinics. Future potential cures for infertility/sterility
could target in-vitro differentiation into functional spermatids and thus not necessitate testis
cell transplantation.

In-vitro germ cell models for deriving novel cures for infertility
Previously mentioned uses for stem cells and the treatment of male infertility have focused
on those patients rendered sterile by exposure and not due to a genetic component. In-vitro
differentiation may alleviate some patients with genetic root causes for their infertility, such
as those patients that experience defects in the somatic environment or possibly Sertoli cell
only syndrome patients, but may not be useful for those with spermatogenic defects such as
DAZ family deletions and Klinefelter syndrome. However, development of in-vitro
spermatogenic models is critical for understanding and identifying root causes for known
and idiopathic infertility cases. These models could then be adapted for high-throughput
screening to identify novel compounds capable of restoring spermatogenesis in vitro to
generate functional haploid spermatids or spermatozoa for fertilizing a partner’s oocyte in
IVF clinics. These types of models are critical for uncovering novel underlying problems
that contribute to infertility. This study group’s recent work highlighted the ability to
differentiate human ESC and iPSC into various cell lineages found in spermatogenesis,
including SSC, premeiotic spermatocytes, post-meiotic spermatocytes and round spermatids,
although it has not yet shown whether individual cells track through all stages of
spermatogenesis (Easley et al., 2012).

Stem cell therapies for infertile women
Until recently, most of the major advances involving germ cell differentiation into haploid
cells have been in male stem cells. To date, work in human pluripotent stem cells has
generated haploid female cells but nothing that resembles an oocyte nor is predicated to
possess a functional ooplasm capable of being fertilized (Eguizabal et al., 2011). However,
the recent work by Hayashi et al. (2012) showed that mouse stem cells could be
differentiated in an in-vitro/in-vivo system into oocyte-like cells that are capable of being
fertilized by spermatozoa and generating normal progeny. This outstanding advancement
further shows the ability of pluripotent stem cells to differentiate into all cells of the adult
organism. Whether the work by Hayashi and colleagues can be adapted for human stem cells
remains to be seen, but this advancement is a critical step forward in generating functional
de-novo oocytes from human iPSC from female patients rendered sterile by medical
interventions, exposure to toxicants or by premature ovarian failure (Figure 1).

Mutations in mitochondrial DNA (mtDNA), inherited maternally, have been linked to severe
human disorders including myopathies, neurodegenerative diseases, diabetes, cancer and
even infertility (Solano et al., 2001, Tachibana et al., 2009). If severe enough, these mtDNA
mutations are capable of preventing a woman from producing an offspring with her partner.
Recently, Tachibana et al. (2009, 2012) showed, using a non-human primate model, that
mtDNA defects can be circumvented by spindle–chromosomal complex transfer from a
mature metaphase-II oocyte into an enucleated mature donor oocyte. These oocytes are
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capable of being fertilized and giving rise to offspring that lack the deleterious mtDNA
mutation, but maintain the maternal genomic DNA signature (Tachibana et al., 2009, 2012).
This novel approach, while currently not confirmed in human oocytes, has the potential to
remove deleterious mtDNA mutations that contribute to infertility and would enable affected
women to produce healthy offspring with their partner.

Recently, the work by White et al. (2012) has identified a rare population of mitotically
active germ cells in human ovaries that can be purified and cultured in vitro to
spontaneously form oocytes. This work highlights a unique potential to generate oocytes in
vitro from isolated cells in reproductive-aged women who may have a depleted follicle pool
from such genetic defects as Fragile X-associated primary ovarian insufficiency. This recent
advance, along with those described above, highlight the unique methodologies being
developed to combat female-factor infertility.

Conclusions
The novel innovation by Yamanaka and others of reprogramming adult somatic cells into
embryonic stem-like cells has revolutionized patient-specific stem cell therapies in
medicine, especially as GMP protocols for deriving iPSC are being established. Recent
advances have shown the ‘promiscuity’ of stem cells to differentiate not only into somatic
lineages but also into gametic lineages (Schatten, 2012). The ability to differentiate a
patient’s iPSC into functional haploid products is an important step not only for providing
material suitable for IVF, but also for developing a model system for chemical screens to
identify novel compounds capable of curing a patient’s infertility. The generation of
functional haploid products from patient-specific stem cells is a noble quest, but one that
needs to be rigorously examined in non-human primate models before being utilized in a
clinical setting. Long-term studies will need to be conducted to examine whether healthy
offspring can be generated from pluripotent stem cell-derived gametes. The best short-term
uses for human research will be to develop in-vitro models for spermatogenesis and
oogenesis for use with drug screens evaluating whether new medical treatments impact
gametogenesis or to design novel contraceptives.
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Infertility is a condition that affects an estimated 15% of couples worldwide. Recent
advances in assisted reproduction treatment have enabled some couples with severe
infertility issues to conceive, but the methods are not successful for all cases.
Notwithstanding the significant financial burden of assisted reproduction treatment, the
emotional scars from an inability to conceive a child enacts a greater toll on affected
couples. Stem cells represent a future potential avenue for allowing sterile patients to
produce offspring. Advances in stem cell biology indicate that stem cell replacement
therapies may be on the horizon to treat and possibly cure male and female infertility,
although significant challenges need to be met before this technology can reach clinical
practice. Here, we discuss these recent advances and describe the impact that these
advances may have on treating infertility.
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Figure 1.
Using human pluripotent stem cells to treat infertility. Male (top) and female (bottom)
infertility could be treated by deriving patient-specific induced pluripotent stem cells (iPSC)
from patient somatic cell samples. For males, these iPSC can be differentiated into
spermatogonial stem cells (SSC) for transplantation into the testis to recolonize and generate
spermatozoa in vivo. iPSC can also be differentiated in vitro into haploid cell products
capable of fertilizing an oocyte by IVF. Similarly, female iPSC can be differentiated in vitro
into oocytes capable of being fertilized by a partner’s spermatozoa to produce offspring by
IVF.
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