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Abstract Objective: To summarise the current state of research into spermato-
gonial stem cell (SSC) therapies with a focus on future directions, as SSCs show
promise as a source for preserving or initiating fertility in otherwise infertile
men.

Materials and methods: We performed a search for publications addressing
spermatogonial stem cell transplantation in the treatment of male infertility.
The search engines PubMed and Google Scholar were used from 1990 to
2017. Search terms were relevant for spermatogonial stem cell therapies. Titles
of publications were screened for relevance; abstracts were read, if related and
full papers were reviewed for directly pertinent original research.

Results: In all, 58 papers were found to be relevant to this review, and were
included in appropriate subheadings. This review discusses the various techniques
that SSCs are being investigated to treat forms of male infertility.
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Bcl6b, B-Cell CLL/
Lymphoma 6B;
BMP4, bone morpho-
genetic protein 4;
CD(24)(34), cluster of
differentiation (24)
(34);
c-Kit, KIT Proto-
oncogene receptor tyr-
osine kinase;
FGF2, Fibroblast
growth factor 2;
FISH, fluorescence
in situ hybridisation;
GDNF, glial cell line-
derived neurotrophic
factor;
ICSI, intracytoplasmic
sperm injection;
ID4, inhibitor of dif-
ferentiation 4;
KS, Klinefelter syn-
drome;
PGC, primordial germ
cells;
PLZF, promyelocytic
leukaemia zinc finger;
PRISMA, Preferred
Reporting Items for
Systematic Reviews
and Meta-Analyses;
RA(R), retinoic acid
(receptor);
SSC, spermatogonial
stem cell;
SPG, spermatogonia;
Stra8, stimulated by
RA 8;
ZBTB, zinc finger and
broad complex/
Tramtrack/bric-a-brac
Conclusions: Evidence does not yet support clinical application of SSCs in
humans. However, significant progress in the in vitro and in vivo development
of SSCs, including differentiation into functional germ cells, gives reason for
cautious optimism for future research.

� 2017 Production and hosting by Elsevier B.V. on behalf of Arab Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction: the unaddressed need in male infertility

Infertility is defined as an inability to achieve pregnancy
despite 12 months of unprotected intercourse at regular
intervals [1]. This occurs in �15% of couples [1]. The
prevalence of male factor contribution to infertility is
difficult to estimate, probably because of under-
reporting. Estimates for male factor-only infertility
range from 6.4% to 42.4%, and estimates of male factor
contributing to infertility range from 18.8% to 39% [1].

The causes of male infertility include varicoceles,
medications, obstruction, and genetic disorders [2].
Treatments currently fall into several categories for the
male: relief of obstruction, optimisation of sperm pro-
duction, and surgical extraction of sperm [3]. Obstruc-
tion can be relieved through microsurgical techniques,
obviating the need for stem cell therapy. Varicocele
repair improves rates of pregnancy with assisted repro-
ductive technologies (ART) for oligospermic and
azoospermic men [4]. Although controversial, varicocele
repair may even improve semen analysis in selected cases
of azoospermic men [5].

For men who are unable to improve their semen anal-
ysis adequately for natural conception, ART are avail-
able. The most drastic of these is intracytoplasmic
sperm injection (ICSI), a micro-manipulation technique

http://creativecommons.org/licenses/by-nc-nd/4.0/
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wherein a single spermatozoon is inserted into an oocyte
[6]. This has allowed for successful pregnancies in cases
where male factor infertility has drastically reduced
sperm counts below the levels that would be successful
with traditional in vitro fertilisation (IVF) [6].

Sperm retrieval techniques include epididymal or tes-
ticular microsurgical sperm retrieval [3]. These can
obtain sperm for use in ART. However, all these treat-
ments require that the male produces his own sperm,
even at dramatically decreased levels. Barring the find-
ing of sperm on effective dissection/exploration, the
patient is currently considered unable to produce his
own genetic offspring. Stem cell therapy using spermato-
gonial stem cells (SSCs) is an emerging field that aims to
rectify this.

The basic premise of SSC therapy is to induce sper-
matogenesis from the man’s own non-functioning,
poorly functioning, or undifferentiated SSCs. These
spermatogonia (SPG) may be supported in vivo within
the patient’s testis or in xenograft or other ex vivo cul-
ture. The sperm obtained from this could then be used
for fertilisation, with or without ART.

SSC therapy has the potential to have wide clinical
applications, e.g. in degenerative diseases of the testes,
such as Klinefelter syndrome (KS) [7]. In KS, progres-
sive hyalinisation occurs in the testes and SPG lose the
ability to replenish themselves, especially at and beyond
puberty [7]. This may eventually lead to complete
absence of SPG. Although SPG from men with KS
may behave differently than SPG from men with a nor-
mal karyotype, preserving SPG for differentiation in the
future could help address the 30% of men with unsuc-
cessful surgical sperm retrieval [7].

The purpose of the present review is to provide an
update on the research in the field of SSCs as it relates
to the clinician.

Methods and results

We performed a search for publications addressing SSC
transplantation in the treatment of male infertility. The
search engines PubMed and Google Scholar were used
from 1990 to 2017. The search terms included: ‘sper-
matogonial stem cell’, ‘spermatogenesis’, ‘stem cell’,
‘in vitro’, ‘xenograft’, ‘autologous transplantation’, ‘allo-
graft’, ‘fertility preservation’, ‘pluripotent’, ‘pluripo-
tency’, and ‘embryonic stem cell’. Papers titles were
screened for relevance, and abstracts were read for per-
tinent papers. Original relevant research articles were
included, and review articles were included for new
insight, to provide an in-depth reference of a tangential
literature, or used to identify complimentary primary
research articles. Representative articles were selected
in the case of similar publications. Papers publishing
incremental modifications to basic science techniques
were omitted. Overall, 701 unique records were screened
and 58 articles were included in this review. These were
comprised of 16 reviews and 42 original research arti-
cles. The synthesis of these articles was qualitative in
nature and can be found in the corresponding subhead-
ings below. This is represented graphically using the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) format in Fig. 1 [8].

SSCs: a brief overview

Stem cells are defined as cells with the ability to make
copies of themselves indefinitely (self-renewal), and also
with the ability to differentiate into other cell types [9].
Totipotent stem cells can differentiate into all cell types
including extra-embryonal cells, whilst pluripotent cells
can differentiate into every cell in the human body but
not extra-embryonal cells [9]. Multipotent cells can dif-
ferentiate into multiple cell types within one germ layer,
and unipotent cells can differentiate into several or only
one cell type [10].

SSCs are a type of undifferentiated spermatogenic
cell [11]. SSCs have pluripotent potential [12], but fre-
quently progress into progenitor SPG that eventually
differentiate into spermatozoa [11,12]. They maintain
their own population through self-renewal [11]. An in
depth overview of SSC differentiation and renewal can
be found in a review by Phillips et al. [12]. Briefly, SSCs
are diploid, and are found on the basement membrane
of seminiferous tubules. SSCs undergo a mitotic division
resulting in two Type A SPG. Type A SPG do not con-
tain heterochromatin in the nucleus, which indicates a
less differentiated state. Type Adark SPG are the self-
renewal population, and replenish the SSC population.
TypeApale SPG go on to transition into Type B SPG
and commit to the differentiation process. These Type
B SPG progress to become primary spermatocytes,
undergo meiosis, and eventually form spermatozoa
[12,13].

This complex self-renewal and differentiation process
is under regulation by intrinsic and extrinsic factors, and
is not fully elucidated [11]. Extrinsically, self-renewal is
modulated by glial cell line-derived neurotrophic factor
(GDNF). GDNF is secreted by Sertoli cells, and
decreased expression leads to loss of SSCs with age in
mice [11]. Fibroblast growth factor 2 (FGF2) is also
required in culture, although its function may partially
overlap with the GDNF pathway [11]. FGF2 and
GDNF exert their effect through the mitogen-activated
protein kinase (MAPK)1/3 [synonymous with extracel-
lular signal-regulated kinase (ERK)1/2] signalling induc-
ing G1 to S transition [14]. GDNF stimulation of
GDNF family receptor a1 (GFRa1) also co-signals acti-
vation of RET (REarranged during Transfection) recep-
tor leading to upregulation of Src family kinase (SFK)
activating several transcription factors [B-cell CLL/lym-
phoma 6B (Bcl6b), inhibitor of differentiation 4 (ID4),



Fig. 1 PRISMA flowchart describing search and inclusion process for articles.
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ETS variant 5 (Etv5), LIM homeobox (1Lhx1)] [15]. In
the presence of GNDF, IGF-1 produced by Leydig cells,
promotes SSC proliferation via stimulating G2/M pro-
gression [16,17]. Further contributors to extrinsic signals
for self-renewal include colony stimulating factor 1
(CSF1) and WNT family member 5A (WNT5A) [11].
Intrinsically, some self-renewal factors are induced by
GDNF. Bcl6b is a transcript induced by GDNF that
is of importance [11]. GDNF-independent factors
include promyelocytic leukaemia zinc finger (PLZF), a
zinc-finger protein [11]. Octamer-4 (OCT4) and zinc fin-
ger and broad complex/Tramtrack/bric-a-brac (ZBTB)
promote self-renewal [18].

Differentiation of SSCs require a different set of
pathways. Retinoic acid (RA) is integral to inducing
meiosis via the RA receptor (RAR) [11]. This induces
differentiation, and down-regulates factors such as
PLZF [11]. The receptor KIT proto-oncogene receptor
tyrosine kinase (c-Kit) can be bound by stem cell factor
(SCF) secreted by Sertoli cells, which initiates a



Fig. 2 Flow chart describing the various directions of investigation and therapeutic translation of stem cell differentiation to ultimately

become spermatozoa amenable to achieving pregnancy. (Left) Somatic cells may be de-differentiated into induced pluripotent stem cells

(iPSCs), and then re-programmed to differentiate through germ cell lineage via transplantation into the testis seminiferous tubules,

xenografting or germline stem cells in culture. (Right) SSCs may be harvested from the testis and kept as a tissue biopsy or processed into a

single cell suspension. The tissue biopsy may be treated as an organ culture, autologous graft or xenograft to proliferate and differentiate

SSCs to spermatozoa. Cell suspensions may be grown in culture and xenografted, autotransplanted into the testis seminiferous tubules, or

differentiated in culture to harvest spermatozoa. (m) TESE, (microdissection) testicular sperm extraction.
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signalling cascade for differentiation [11]. Bone morpho-
genetic protein 4 (BMP4) works in synergy with RA sig-
nalling, whilst the antagonist to BMP4, Noggin,
functions to prevent RA-induced expression of c-Kit
and stimulated by RA 8 (Stra8) [19]. Intrinsic factors
involved in differentiation include neurogenin 3
(Ngn3), whose downstream effect is not yet known [11].

SSCs interact with their surrounding environment in
the seminiferous compartment, but also receive signals
from the testicular interstitium that may influence sper-
matogenic function [20]. The androgen receptor protein
is expressed by foetal gonocytes and is thought to
respond to Leydig cell secreted testosterone to suppress
proliferation [20]. Testicular macrophages may influence
SSCs through direct or indirect signalling pathways [20].
Peritubular myoid cells may also play a contributory
role, possibly through androgen receptor activation
and GDNF signalling to SSCs [20].
This self-renewal and differentiation capacity allows
the organism to produce sperm as long as there are func-
tioning SSCs. Methods to encourage SSC function out-
side of the normal host are being researched (Fig. 2).

In vitro growth of SSCs to sperm

As discussed above, SSCs rely on signalling from a sur-
rounding microenvironment or ‘niche’ within the testis.
These signals help to balance the self-renewal and differ-
entiation of SSCs to ensure that adequate sperm is cre-
ated, whilst maintaining the underlying SSC
population [12]. Recreating the necessary signals
in vitromay be difficult. However, for many years mouse
SSCs have been able to be grown in vitro for short peri-
ods [21], and more recently functional mouse SSC lines
have been maintained in vitro with successful fertilisa-
tion [22]. Research is ongoing into methods to simulate
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the SSC niche in vitro and to optimise SSC growth,
including through use of nanofibre scaffolds and culture
environment optimisation [23,24]. The original culture
media from Nagano et al. [21] was a standard medium
containing Dulbecco modified Eagle medium (DMEM),
fetal bovine serum (FBS), penicillin, and streptomycin.
The niche may have been partially maintained as donor
testis cells were grown together, without isolating SSCs
specifically. Supplementation of the media has since
included addition of GDNF, FGF2, lipid mixtures,
and co-culture with cells such as testicular stroma [24].

Successful propagation of human SSCs has also been
performed in vitro, often by culturing testis cells all
together rather than isolating SSCs. Testis material from
human orchidectomies for prostate cancer were cultured
in media over multiple passages, and the presence of
SSCs were confirmed at 28 weeks by fluorescence
in situ hybridisation (FISH) [25]. PLZF was used as
the marker for FISH. Total RNA was also assayed with
PCR to ensure expression of spermatogonial genes
throughout [25]. This was also repeated with prepuber-
tal SSCs, including transplantation of the cells into mice
where the cells remained present for 8 weeks [26]. Func-
tion of these SSCs was not assayed, although they con-
tinued to display the appropriate markers at the
endpoint.

Functional success has meanwhile been achieved for
animal SSCs. Testis tissue from neonatal mice, which
would not contain sperm but simply primitive SPG,
was cultured in vitro for 2 months and sperm were
observed [27]. Green fluorescent protein (GFP)-hybrid
proteins specific for meiosis were used to identify sper-
matogenesis in vitro [27]. These sperm were then used
for micro-insemination and live offspring were obtained,
who themselves were fertile [27].

Success of spermatogonial culture has been found
in vitro for larger animals as well. Rat spermatogonial
cells were differentiated into cells that had the properties
of spermatids under morphological examination after
staining [28]. A similar study in goats was able to pro-
duce blastocytes for 7 days [29].

However, an ongoing challenge in SSC culture is sort-
ing and isolating SSCs. Numerous identification tech-
niques for SSCs are used, including morphology,
surface markers, and functional identification [30]. Mor-
phology is assessed via microscopy, evaluating cells for
location and structure. SSCs are located at the basal
membrane, and have an ovoid shape. However, types
of immature SPG cannot be differentiated using mor-
phology alone, and require other adjunct markers [30].

Currently there is no single unique marker for SSCs,
so multiple markers together must be used to confirm
their isolation. SSCs are surface marker positive for inte-
grins a6 and b1, cadherin 1 (CDH1), GFRa1, ID4,
ZBTB16 (synonymous with PLZF), ret proto-
oncogene (RET), thymus cell antigen 1 (Thy-1), and
cluster of differentiation 24 (CD24), whilst negative for
major histocompatibility complex class I (MHC-I), c-
Kit, and CD34, and stimulated by RA (Stra8) expres-
sion amongst others [12]. This helps to differentiate
SSCs from the surrounding testicular cells [30]. Future
research on identifying unique markers would simplify
this process [30].

Another way to identify SSCs is a functional assay.
SSCs are known to propagate in recipient testes, and
their presence can be approximated by evaluated recipi-
ent testicles after transplantation. However, this method
takes significant resources including time [30].

Concerns about genetic and epigenetic stability in
preserved and cultured specimens have been raised.
Instability could theoretically lead to carcinogenesis. A
thorough investigation of the epigenetic programming
of stem cells in vivo is necessary prior to clinical fertilisa-
tion with any sperm developed from stem cells in vitro
[12].

Cryopreservation does not seem to affect stability,
with fertile offspring produced from mouse SSCs from
testis tissue preserved for >14 years and re-implanted
into nude mice [31]. No major chromosomal abnormal-
ities or DNA-methylation differences, which would indi-
cate epigenetic change, were observed in offspring
compared to wild-type [31].

In vitro culture is another area of concern for genetic
instability. SSCs cultured for >2 years demonstrated
stability of euploid karyotype, with fertile offspring
[32]. This showed good stability relative to other stem
cell types, such as embryonal stem cells. However,
telomeres were found to shorten, indicating that SSCs
may not be able to proliferate indefinitely [32]. However,
other studies have detected genetic changes. In the age-
ing of SSCs in vitro, longer culture time was found to
decrease DNA expression for genes important in SSC
function [33]. These included decreases in the expression
of Bcl6 and Lhx1, which are important for self-renewal,
and also decreased expression of the Thy-1 surface mar-
ker [33]. These changes occurred without obvious mor-
phological changes [33].

The risk of oncogenesis from contamination must
also be considered, as future applications for oncology
patients are being considered. Testis allografts from T-
cell leukaemic rats caused leukaemia in recipients
when as few as 20 cells were present [34]. This raises
serious concerns about cancer relapse in humans.
Relapse from cancer cell contamination is a concern
for auto-transplantation of SSCs, especially if these
were collected before cancer treatments. Research is
ongoing, with a pilot study already finding success
in eliminating acute lymphoid leukaemia cells from
testis culture [35]. PCR was used for detection of can-
cer cells, which died after culture for 26 days under
testicle cell culture, whilst the testicle cells were able
to proliferate [35].
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Grafting of stem cells by xenotransplantation

Xenotransplantation, where cells from one species are
transplanted into the microenvironment of another spe-
cies, remains a useful tool in the growth of SSCs. The
first documented occurrence of SSC xenografting from
humans occurred in 2002, when preparations from testis
biopsies of six infertile men were injected into the rete
testis of nude mice [36]. These were found to survive
for up to 6 months in the host testes, albeit in severely
decreased numbers, and without assaying their function
[36]. This has been successfully replicated with rat, rab-
bit, and baboon testis tissue, which has been successfully
induced to propagate when transplanted into the rete
testis of nude mice [31]. In addition, pig and goat testic-
ular tissue has been able to undergo spermatogenesis in
mouse xenografts [37].

Many examples of xenotransplantation, as previously
mentioned, also make use of in vitro techniques [26,25].
Often this involves temporarily growing SSC samples
in vitro before injection into the host. This method has
been performed with human samples. During the diag-
nosis of maturation arrest in humans, 16 human donor
samples from eight patients were cultured in vitro, then
transplanted into the rete testis of immune-deficient
mice who had been rendered infertile by busulfan treat-
ment [38]. These cells proliferated in the host along the
basement membrane, although no sperm were isolated.
This suggested that complete differentiation may require
human signalling factors [38].

Another hybrid technique is the in vitro transplanta-
tion technique, where donor SSCs are cultured in vitro,
then injected into host testis, and finally a donor-host
mix of tissue fragments is then induced into spermatoge-
nesis in vitro culture once again [39]. This allows for ease
of observation of cells compared to pure in vivo
xenografting [39].

Xenografting has been found to accelerate
development of human infant SSCs. In a separate study,
testicular fragments from a 3-month-old human
infant were transplanted into the empty scrotum of cas-
trated mice, and growth of the fragments and spermato-
genesis, including the presence of spermatocytes,
were observed at 1 year [40]. This was increased from
the expected speed of development in humans of
about 8–10 years of age for spermatocyte development
[40].

There have been limited results in the xenografting of
adult testis tissue. Although germ cells can survive in
xenografting, no complete spermatogenesis was
observed in a study where adult testis tissue was xeno-
grafted into immune-deficient mice [41]. Many samples
in this study did not have functional spermatogenesis
to begin with; however, it is worth noting that there
was no recovery of spermatogenic function for those
samples [41].
One of many remaining questions is the optimal loca-
tion for SSC injection in the host. One small study in
sheep found that insertion of SSCs into the extra-
testicular rete testis, with or without ultrasonographic
guidance or reflection of the epididymis, provided the
best success rate and seminiferous tubule filling com-
pared to intratesticular rete testis techniques [42]. How-
ever, there are other conflicting reports. The
intratesticular rete testis was found to be superior for
testes with a larger volume-to-surface ratio than in mice
[43]. In the only human study, a cadaveric study showed
that the most efficient location of injection of contrast
substance was in the rete testis, near the caput of the epi-
didymis [44].

Grafting of stem cells by allotransplantation/

autotransplantation

Transplantation of SSCs into a member of the same spe-
cies or back into the original host is a useful technique
for preserving SSCs and sperm outside the donor. This
has numerous theoretical applications, including restor-
ing fertility after fertility-ablative treatments in pre-
adolescents [45].

Autologous transplantation has been performed in
rodents. Mice had Sertoli cells and spermatogonial cells
isolated and transplanted into their own contralateral
testicle after irradiation, with morphological changes
consistent with spermatogenesis viewed at 8 weeks com-
pared to the control testicle [46]. Interestingly, SSCs
injected into the tubule lumen are able to transmigrate
to the basement membrane via attachment to the Sertoli
cells using laminin receptor integrin a6 and b1, chemo-
kine C-X-C motif receptor 4 (CXCR4), and RAS-
related C3 botulinum substrate 1 (RAC1) [47,48]. Fur-
thermore, SSC transmigration occurs preferentially to
seminiferous tubules juxtaposed to interstitial regions
rich with Leydig cells, macrophages and capillaries [49].

As techniques of in vitro and combined in vitro and
in vivo approaches for grafting improve, autologous
transplantation of SSCs has also taken place in larger
animals. Bovine autologous transplant was successful
in restoring morphology to irradiated testes [50]. Success
was reported in growing testicular volume by autolo-
gous transplantation of germ cells into the rete testis
of monkeys who were rendered infertile [51]. Small num-
bers of sperm were seen, and testicular volume showed
an increase compared to the contralateral control [51].
However, in another study of four prepubertal and
two pubertal monkeys also rendered infertile and trans-
planted with autologous testicular cells, only one prepu-
bertal monkey showed increased testicular volume in the
transplanted testicle [52]. The next year in 2012, Her-
mann et al. [53] produced functional sperm after autol-
ogous and allogenic transplantation in rhesus monkeys
that were rendered infertile.



178 Forbes et al.
For humans, a paper from Manchester in 2000 made
reference to an ongoing clinical trial where 11 men had
testicular tissue harvested prior to chemotherapy, and
seven had reinjection of this tissue into the rete testes
after treatment was completed [54]. Unfortunately,
further details have not been published to date.
Temporary grafting of SPG for young males undergoing

fertility-ablative treatment

Grafting spermatogonial stem cells by autotransplanta-
tion may be a beneficial infertility treatment in younger
males who are to undergo fertility-ablative treatments
such as chemotherapy or radiotherapy. These treat-
ments have the unintended consequence of affecting
the spermatogenic system because of its high prolifera-
tive activity [55]. Infertility has a major negative effect
on quality of life in cancer survivors [56]. Sperm cryop-
reservation is an option for adult patients with cancer
who will undergo treatments that may interfere with fer-
tility [57]. For younger males who do not yet produce
sperm, this is not an option. Patients receiving immuno-
suppression for non-cancer illnesses are also at risk of
reduced fertility and would also benefit from another
option for fertility preservation [45].

Despite the lack of mature sperm, SSCs are still pre-
sent in the younger male population. Harvesting these
SSCs is possible, with efforts being made to develop a
protocol for future differentiation into sperm later in life
when the cancer survivor wishes fertility [58]. Slow-
freezing protocols are available to preserve human tes-
ticular tissue over the longer term, and competing proto-
cols such as vitrification have also been developed [59].
Determining how to then safely re-inject these SSCs
and induce spermatogenesis later in life would be bene-
ficial and is currently under investigation.

To date, no functional SPG have been obtained from
SSCs from prepubertal humans. Much of the animal
research pertinent to this area is touched upon in the
above sections. However, testicular tissue has been iso-
lated from patients aged 10 and 11 years who underwent
bone marrow depletion, and transplanted in xenograft
fashion onto the back of nude mice for 4–9 months
[60]. Morphology was examined, and SPG were found
to survive although spermatogenesis was not observed
[60]. As the animal models for transplantation improve,
further advances are expected in this area.
Inducing pluripotent stem cells into SSCs

For patients who do not have SSCs of their own,
research is ongoing to induce pluripotent stem cells to
differentiate into SSCs. As mentioned previously,
pluripotent stem cells can differentiate into all human
cells, which should theoretically include SSCs.
Pluripotent stem cells can be obtained through multi-
ple mechanisms. Several often-studied mechanisms are
harvesting of embryonal stem cells, reprogramming adult
somatic cells to make induced pluripotent stem cells, or
from somatic cell nuclear transfer (SCNT) where a
nucleus is inserted into an oocyte [61]. In humans, of
course, the initial embryonic development is guided by
centrioles from male-derived germ cells, limiting the
potential success of using nuclear transfer alone (or male
germ cells that have not yet initiated tail development.)
The traditional pathway suggests that pluripotent stem
cells must be differentiated into primordial germ cells
(PGCs) prior to SSCs [61]. A review of the mechanisms
for this differentiation can be found by Nikolic et al. [62].

Several studies have been able to differentiate embry-
onal stem cells into male germ cells. In one striking
study, mouse SSCs were developed in vitro from embry-
onic cells, and differentiated into sperm-like structures
[63]. These structures were then successfully used to fer-
tilise a wild-type oocyte, with resultant live birth [63].
However, the success rate of embryogenesis was low,
severe phenotypic abnormalities were noted, and the off-
spring died prematurely [63]. Human embryonal cord-
derived perivascular cells have also been successfully
cultured in vitro in an environment designed to simulate
the testis, and were induced to differentiate into cells
that resembled Sertoli cells and haploid spermatid-like
cells [64]. Several other similar studies met with varying
degrees of success, and can be found summarised in a
review by Hou et al. [65]. Induced pluripotent stem cells
have also had some success in differentiation into SSCs
but carcinogenesis concerns have precluded clinical use
in humans to date [65].

Research is also ongoing into direct differentiation of
pluripotent stem cells into SSCs, bypassing the PGC dif-
ferentiation step. Human embryonal stem cells and
human pluripotent stem cells have been induced
in vitro into haploid cells that resemble spermatid-like
cells based on molecular markers, although not func-
tional assays [66]. This was performed without an expli-
cit PGC differentiation protocol [66]. These
differentiated haploid cells could then theoretically be
transplanted back into the donor testis if the microenvi-
ronment would support them, or continue differentia-
tion into functional sperm for ART [66]. Further
functional testing is required.

In summary, pluripotent stem cell research into
induction into SSCs is ongoing with multiple cell types,
either through differentiation first into PGCs or directly
into SSCs, with much further functional testing
required.

Conclusion

SSCs show promise for application for future clinical
practice. Research in vitro and in animal or human/ani-
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mal models of auto/allo/xenografting have shown some
functional success, including production of fertile off-
spring after culture in animals. There is cause for cau-
tious optimism, with significant barriers including
concern about carcinogenesis and genetic/epigenetic
changes in offspring remaining to be fully addressed
and translation into humans.
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