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ABSTRACT: Recently, complete in vitro generation of male gametes starting from pluripotent stem cells was obtained in a mouse model with live
offspring as a result. This breakthrough was probably due to the use of a stepwise differentiation protocol taking the tightly regulated in vivo situation
into account. As shown previously, factors of the TGFβ superfamily, metabolites of vitamin A, growth hormones, sex steroids and, most import-
antly, somatic cell support are major regulators of the development, survival, proliferation and differentiation of male gametes. However, up till
now, all differentiation protocols starting from human pluripotent stem cells only focused on one or two of these substantive factors, not taking any
timeframe into account, leading to promising but unsatisfying results with low efficiency. Therefore, progress might be achieved by including a step-
wise differentiation protocol, including all proven contributing regulators, and therefore mimicking more closely human in vivo spermatogenesis and
its temporo-spatial organization. In this review, the indispensable regulators of in vivo spermatogenesis and the outcomes of related human in vitro
studies are discussed with the aim of unravelling the most successful combinations of medium factors to be used in future differentiation protocols.
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Introduction
Although gamete donation may serve as an option for some infertile cou-
ples, the wish for genetic parenthood remains for many. If an infertile
man’s testes still feature the presence of his own spermatogonial stem
cells (SSCs), these precursor cells can be proliferated and differentiated
in vitro and may serve their role in assisted reproductive technologies.
However, for men lacking SSCs, the only remaining option is the trans-
formation of patient-specific somatic cells towards pluripotent stem cells
followed by differentiation into genetically related haploid gametes.
Depending on the cell potency, several methods have been described to
obtain in vitro spermatogenesis, and all seem promising for generating
stem cell-derived gametes. To create patient-specific gametes from pluri-
potent stem cells, two strategies can be followed. Firstly, the nucleus of a
somatic cell can be transferred into an enucleated oocyte, also known as
somatic cell nuclear transfer (SCNT) (Tachibana et al., 2013). This
oocyte will develop into an embryo and at blastocyst stage, the inner cell
mass can be retrieved. With these cells, a patient-specific embryonic
stem cell (ESC) line can be created. Secondly, a somatic cell can be
reprogrammed towards human induced pluripotent stem cells (hiPSCs)
(Takahashi et al., 2007). Both types of pluripotent stem cells (PSCs)
can be used in differentiation culture to create patient-specific gametes

(Fig. 1). Intracytoplasmic sperm injection of the created gametes can
result in genetic offspring.

In all species, the onset and continuation of spermatogenesis requires
a well-coordinated temporal and spatial organization of cell proliferation
and differentiation and relies on several, still largely unknown, signalling
mechanisms provided by the testicular niche environment. This testicular
niche consists of two compartments: the interstitial tissue and the semin-
iferous tubules. Sertoli cells are present inside the tubules and serve as a
structural support for germ cells. The tubules are surrounded by peritub-
ular myoid cells. Outside the tubules, the insterstitium consists of Leydig
cells, macrophages, fibroblasts and blood vessels. Hence, it is complex to
translate this testicular niche towards an in vitro system. Success stories
have started from mouse PSCs (mPSCs) that were differentiated
towards male gametes, resulting in live offspring. Hayashi et al. differen-
tiated mPSCs towards primordial germ cell (PGC) like cells (PGCLCs)
with the help of an induction towards the germ cell line by three mem-
bers of the transforming growth factor beta (TGFβ) superfamily: Activin
A and bone morphogenic proteins (BMP) 4 and 8b, in addition to the
commonly used growth factors basic fibroblastic growth factor (bFGF),
epidermal growth factor (EGF), leukaemia inhibitory factor (LIF) and
stem cell factor (SCF). The obtained cells were transplanted into the tes-
tis of a mouse model, resulting in full spermatogenesis and offspring
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(Hayashi et al., 2011). More recently, complete spermatogenesis was
obtained in a petri dish and the produced mouse spermatid-like cells
resulted in live offspring after ICSI (Zhou et al., 2016). In this study, an
initial induction towards the germ cell line was executed by Activin A
and bFGF. These competent cells were pushed further towards
PGCLCs by stimulation with BMP4, BMP8a, SCF, EGF and LIF. The
obtained PGCLCs were subsequently co-cultured with neonatal tes-
ticular somatic cells that not only provide cell–cell contacts, but also
secrete sex steroids and cytokines. Also, extra regulators like retinoic
acid (RA), BMP4, BMP8a, Activin A, follicle stimulating hormone
(FSH), bovine pituitary extract (BPE) and testosterone were added to
the culture medium and were shown to be important for the forma-
tion of spermatid-like cells. This success can be explained by the imple-
mentation of a stepwise approach mimicking the in vivo niche. The
factors of the TGFβ superfamily, vitamin A metabolites, growth fac-
tors, sex steroids and testicular somatic cell support are known to
contribute to in vivo spermatogenesis and are also known to be
important regulators in mouse in vitro differentiation towards gametes.
Nevertheless, complete in vitro spermatogenesis starting from human

PSCs (hPSCs) has not been obtained, possibly because the specific
pathways in human spermatogenesis are not fully clear or have not
been mimicked closely enough in vitro. Up to now, most of the human
studies have applied only a few of the above-mentioned related factors
used in the mouse studies in their differentiation culture, with promis-
ing but still amendable results. Also, due to the interspecies differences
in spermatogenesis between rodents and human (Dym et al. 2009), it
is inefficient to just copy the protocols used in mouse studies and apply
them on human cells. Therefore, factors contributing to human in vitro
spermatogenesis need to be unravelled. This review gives an overview
of the signalling regulators that have been used to obtain in vitro differ-
entiation towards the germ cell line starting from hPSCs. By clarifying
which regulators are indispensable, a more efficient differentiation
model could be designed.

Search strategy and article selection
Pubmed was systematically searched with the following terms: ‘in vitro
spermatogenesis’, ‘pluripotent stem cells’ and ‘human’. Research

Figure 1 The creation of patient-specific pluripotent stem cells by somatic cell nuclear transfer (SCNT) or by somatic cell reprogramming and their
use in differentiation culture towards in vitro derived gametes. Intracytoplasmic sperm injection (ICSI) can result in genetically related children.
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articles, and not reviews, reporting on human in vitro spermatogenesis
starting from pluripotent stem cells, published in English between 2004
and 2016, were included. Next, the reference lists of these articles
were searched manually. Data concerning the differentiation culture
medium composition and/or somatic cell support were extracted from
the articles and divided into four groups: TGFβ-superfamily, vitamin A
and its related compounds, growth factors, and sex steroids and testicu-
lar somatic cell support. Only two mouse studies were included as they
were considered to be ground-breaking in in vitro spermatogenesis start-
ing from mouse pluripotent stem cells towards PGCLCs (Hayashi et al.,
2011) or post-meiotic spermatids (Zhou et al., 2016). Supplementary
Table 1 provides detailed data derived from the selected studies.

TGFβ superfamily
The TGFβ superfamily consists of a large group of cell regulating pro-
teins including TGFβs, BMPs, activins, inhibins and glial derived neuro-
trophic factor (GDNF) (Young et al., 2015). BMPs play an important
role in foetal testis development. Germ cell progenitors find their ori-
gin in the proximal epiblast and signals like BMP4 and BMP8 from the
extraembryonic ectoderm and BMP2 from the visceral endoderm are
responsible for the initial specification of germ-line cells towards PGCs
(Lawson et al., 1999; Ying et al., 2001; De Sousa Lopes et al., 2004).
TGFβs are important regulators of testicular function including the
development of the male gonad, synthesis of the extracellular matrix,
steroidogenesis and induction of spermatogenesis at puberty. Also,
these factors have a role in the tight junction dynamics by regulating
the passage of spermatocytes across the blood-testis barrier (BTB)
(Mullaney and Skinner, 1993; Lui et al., 2003; Young et al., 2015).
Together with Activin A and Inhibin, TGFβ is an important regulator of
DNA synthesis in cells involved in spermatogenesis (Hakovirta et al.,
1993). Also, Activin and Inhibin regulate the differentiation of the germ
cells and the surrounding somatic cells by respectively stimulating and
downregulating FSH production (Nicholls et al., 2012). GDNF,
secreted by Sertoli cells and peritubular myoid cells, plays an important
role in SSC proliferation and differentiation (Hofmann, 2008; Spinnler
et al., 2010).

Some studies have performed an initial induction of the hPSCs
towards a more naïve cell-type resembling an incipient mesoderm/
primitive streak-like state before further stimulation with other cyto-
kines to obtain PGCLCs. Human PSCs, that favour differentiation
towards the germ cell line (also called potent hPSCs), can be induced
by a combination of Activin A and a WNT signalling agonist, Chiron
(Sasaki et al., 2015), or Activin A together with low levels of BMP4
(5 ng/ml) and bFGF (Sugawa et al., 2015) or by a combination of
TGFβ, bFGF and a cocktail of inhibitors for GSK3β, MEK, p38 and JNK
(Irie et al., 2015).

Starting from potent hPSCs, the highest differentiation rate towards
PGCLCs was obtained when BMP4 was added to the medium
together with LIF (Sugawa et al., 2015: 24%) or the combination of LIF,
SCF and EGF (Irie et al., 2015: 7%, Sasaki et al., 2015: 32%). Another
study using human ESCs (hESCs) in an embryoid body formation
showed that BMP4 (100 ng/ml) was an indispensable factor for the dif-
ferentiation towards the germ cell line with a significant increase (4×)
in VASA RNA compared to spontaneous differentiation in standard
medium (Geens et al., 2011). In these successful studies, concentra-
tions of BMP4 ranged from 100 to 500 ng/ml. This is contradictory to

other studies in which hESCs were differentiated in the presence of
BMP4 without increasing (Aflatoonian et al., 2009) or even decreasing
levels of germ-cell markers (Tilgner et al., 2008) compared to spontan-
eous differentiation in basic medium. Noteworthy, in both cases, the
concentration of BMP4 was 10 (Tilgner et al., 2008) or 50 (Aflatoonian
et al., 2009) times lower compared to the studies in which its individual
effect on germ cell differentiation was evidenced.

If BMP4 concentrations are too low to push differentiation towards
PGCLCs, the addition of other members of the TGFβ superfamily like
Activin A (Duggal et al., 2015) and WNT3A (Chuang et al., 2012) can
increase the efficiency of differentiation towards PGCLCs (Duggal
et al., 2015: 11–22× more VASA RNA compared to spontaneous dif-
ferentiation, Chuang et al., 2012: 31–47% PGCLCs) and post-meiotic
haploid cells (Chuang et al., 2012: 10–12%).

BMP2 proved to be a potential substitute for BMP4 since stimulation
with this factor led to similar results (Sasaki et al., 2015; Irie et al., 2015).
However, stimulation of hESCs with BMP2 did not result in a synergistic
effect on VASA gene expression if added to the differentiation medium
together with BMP4, BMP7 and BMP8b (Geens et al., 2011).

Hence two studies vouched that the effect of BMP7 alone was not
comparable to that of BMP4, nor did it add a synergistic effect to
BMP4 (Geens et al., 2011; Sasaki et al., 2015), while another showed
that stimulation with BMP7 during differentiation culture increased the
expression of VASA (Kjartansdóttir et al., 2015: 1.5–3 times higher)
compared to spontaneous differentiation. However, this upregulating
effect was only observed when cells were differentiated in feeder-free
conditions.

Although it was reported that in combination with RA and LIF, the
addition of both BMP8 and BMP4 gave rise to 2–8% VASA-expressing
cells (Ramathal et al., 2014), the effect of BMP8 was shown to be negli-
gible in an in vitro spermatogenesis set-up since it was not able to
mimic the effect of BMP4 nor did it lead to a synergistic effect (Geens
et al., 2011; Sasaki et al., 2015).

The combination of BMP7 with BMP8b did not induce more differ-
entiation of hESCs towards the germ cell line, nor did it add a synergis-
tic effect to BMP4 (Geens et al., 2011, Chuang et al., 2012), indicating
that BMP7 and BMP8 can be omitted in studies related to in vitro
spermatogenesis starting from hPSCs.

GDNF is the most important regulator of SSC proliferation. Adding
this factor to the differentiation medium led to an increase in germ
cell, pre-meiotic, meiotic and post-meiotic markers. Although a large
amount of pre-meiotic cells (40–60%) was obtained, a bottleneck
occurred during meiosis with only very few post-meiotic haploid cells
as a result (less than 5%). Notably, an increase in protein expression of
RET and GFRa1, which are receptors for GDNF on spermatogonia,
was found by western blot (Easley et al., 2012).

Taken these findings together, it must be concluded that BMP4 is
the most important family member of the TGFβ superfamily for pri-
mary induction of hPSCs towards the germ cell line if used in an
adequate concentration (100–500 ng/ml). In contrast, while BMP2,
BMP8a or BMP8b and BMP7 can play an additive role to BMP4 in dif-
ferentiation in mouse systems (Hayashi et al., 2011, Zhou et al., 2016),
their effect on human cells appears negligible. However, highest num-
bers of human PGCLCs were obtained when hPSCs were first induced
towards potent hPSCs with the help of TGFβ-superfamily members
like Activin A or TGFβ before stimulation with high levels of BMP4.
This was comparable to the studies using mPSCs. Also, GDNF was
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demonstrated to play a significant role in differentiation. However,
extra regulators are necessary to stimulate meiotic entry.

Vitamin A and its related compounds
Since the progression of in vitro meiosis is still a major concern with a
low yield of post-meiotic spermatid-like cells (Aflatoonian et al., 2009:
0.5%, Eguizabal et al., 2011: 0.4–2%, Easley et al., 2012: 4–5%, West
et al., 2011: 7–11%, Chuang et al., 2012: 10–12%), additional factors
might be needed to boost this process (Hogarth and Griswold, 2010).
The biological active vitamin A metabolite, all-trans RA, has two
important functions in human spermatogenesis. In the testis, Sertoli
cells synthesize RA from retinol and tightly regulate its distribution to
the germ cells. However, since retinol is stored in the liver and deliv-
ered to the blood, germ cells can also access and convert retinol dir-
ectly (Hogarth and Griswold, 2010). First of all, RA is a key regulator in
transitioning undifferentiated spermatogonia into differentiating sperm-
atogonia (Clermont, 1966; Hogarth and Griswold, 2010). Secondly,
from puberty onwards, RA plays an important role by pushing the
germ cells into meiosis (Hogarth and Griswold, 2010).

In mice, RA was found to be indispensable for full spermatogenesis
in vitro (Zhou et al., 2016). When hESCs were treated with RA after an
initial spontaneous differentiation of three weeks, VASA-positive cells
(2%) occurred (Eguizabal et al., 2011). However, also when RA was
added to the medium from the start of the culture, differentiation
towards VASA-expressing cells was observed (Ramathal et al., 2014:
2–8%, Xuemei et al., 2013: ×9 in gene expression, Aflatoonian et al.,
2009: ×2 in gene expression). Notably, adding RA to the medium
from the beginning of the culture did not increase the number of
VASA-positive cells nor did it accelerate differentiation, indicating that
a certain level of commitment to the germ cell line has to be present
before RA can operate (Eguizabal et al., 2011).

Therefore, to boost meiotic entry, it is advisable to use RA in cul-
ture after an initial induction towards pre-meiotic germ cells.

Growth factors
bFGF is produced by many cell types in the male gonad: Sertoli cells,
Leydig cells and several stages of germ cells (Jaillard et al., 1987; Koike
and Noumura, 1994; Mayerhofer et al., 1991). During foetal life, this
growth factor serves as a survival molecule for the somatic cell frac-
tion, enhances proliferation of the SSCs and promotes steroidogenesis
(Cotton et al., 2008). Starting from puberty, bFGF is an important
regulator in germ cell differentiation (Cotton et al., 2008). But, in cell
culture, bFGF is also an indispensable factor to maintain pluripotency
of hPSCs. Therefore, culturing hESCs without bFGF may lead to spon-
taneous, yet unregulated, differentiation into VASA-expressing cells.
By depleting bFGF and forming embryoid bodies after 14 days of spon-
taneous differentiation, pre-meiotic (Clark et al., 2004; Aflatoonian
et al., 2009), meiotic (Clark et al., 2004; Aflatoonian et al., 2009) and
post-meiotic markers (Aflatoonian et al., 2009) were found.
Nevertheless, the effects of bFGF depletion were shown to be
enhanced by an extra boost of RA (Aflatoonian et al., 2009). The fact
that bFGF has a negative impact on differentiation has been confirmed
by another study showing that initial omission of bFGF pushed the
hiPSCs towards the germ cell line. Then again, other signalling factors,
like RA, were needed for further differentiation (2% VASA-positive
cells). After an initial differentiation towards VASA-positive cells in the

absence of bFGF during 6 weeks of culture, the reintroduction of
bFGF in addition to the growth factors LIF and Forskolin and the
CYP26 inhibitor resulted in the formation of haploid cells (0.4–2%)
after an additional 4 weeks of culture (Eguizabal et al., 2011).

However, other studies reported contradictory results. A first
report showed that in the presence of bFGF from the start of the dif-
ferentiation culture, hESCs were able to form PGCLCs (5–25%). This
success could be partially accredited to the reduction of the colony
size to less than 50 cells per colony and by reducing the frequency of
medium changes (Bucay et al., 2009). In other set-ups, the supplemen-
tation of bFGF from the start of differentiation culture did not lead to
an increase in germ cell proteins, unless GDNF (Easley et al., 2012)
was added. Also, the combination of bFGF, TGFβ and a cocktail of
inhibitors for GSK3β, MEK, p38 and JNK was initially demonstrated to
induce hPSCs differentiation towards competent cell types which, in
their turn, were eager to differentiate towards PGCLCs (7%) with the
help of other factors like BMP4, LIF, SCF and EGF (Irie et al., 2015).
Likewise, PGCLCs (24%) were obtained after an initial induction
towards potent hPSCs by using a cocktail of bFGF, Activin A and low
levels of BMP4 followed by an extra boost with LIF and high levels of
BMP4 (Sugawa et al., 2015). Therefore, we can hypothesize that bFGF
can aid by creating ‘potent’ hPSCs before further differentiation
towards PGCLCs.

The continuous supplementation of bFGF in feeder-free culture
conditions showed upregulated VASA expression similar to the situ-
ation when cells were cultured on mouse embryonic fibroblasts (MEF),
indicating that fibroblasts can be a natural source of bFGF in culture
(West et al., 2008). On the other hand, in a clinical set-up, the use of
MEFs is not advisable due to the risk of zoonosis. Although this issue
could be resolved by using human fibroblasts (Eguizabal et al., 2011),
hPSCs show lower differentiation potential if these feeder cells were
used compared to a feeder-free system in the absence of bFGF
(Kjartansdóttir et al., 2015).

Next to bFGF, other growth factors like SCF (Chuang et al., 2012;
Sugawa et al., 2015; Sasaki et al., 2015; Irie et al., 2015) which is
important for PGC maintenance and development (Rossi et al., 2000),
LIF (Irie et al., 2015; Sasaki et al., 2015; Ramathal et al., 2014; Sugawa
et al., 2015; Eguizabal et al., 2011) which enhances SSC proliferation
(Rey, 2003) and EGF (Sasaki et al., 2015; Irie et al., 2015; Duggal et al.,
2015) which is important for proliferation and differentiation of germ
cells (Rey, 2003), were used in several differentiation medium compo-
sitions. Mostly, in these studies, the individual role of EGF, SCF and LIF
was not studied but they proved to aid in in vitro differentiation of
hPSCs towards PGCLCs (Ramathal et al., 2014; Irie et al., 2015; Sasaki
et al., 2015; Sugawa et al., 2015), meiotic (Duggal et al., 2015) and hap-
loid cells (Eguizabal et al., 2011). Also, when foetal calf serum (FCS),
which contains EGF, was added to the medium the meiotic compe-
tence of hESCs was increased yielding more (7–11%) haploid cells
(West et al., 2011). On the other hand, most of the set-ups in which
FCS (Tilgner et al., 2008; Kee et al., 2009; Duggal et al., 2015; Xuemei
et al., 2013; Ramathal et al., 2014; Geens et al., 2011; Panula et al.,
2011; Clark et al., 2004; Park et al., 2009; Bucay et al., 2009; Chuang
et al., 2012) or knock-out serum replacement (KSR) (Sasaki et al.,
2015; Bucay et al., 2009; West et al., 2008; Eguizabal et al., 2011; Irie
et al., 2015) was used did not evaluate the individual effect of these fac-
tors on differentiation since it is usually added to improve survival and
proliferation. On the other hand, when overly high levels of KSR

50 Rombaut et al.

Downloaded from https://academic.oup.com/molehr/article-abstract/24/2/47/4735140
by guest
on 05 February 2018



(10–20%) were used for initial induction towards potent hPSCs, the
cells were pushed towards a hematopoietic cell state instead of
towards the germ cell line (Sugawa et al., 2015). This was similar to the
study of Irie et al. (2015) where they pre-induced hPSCs towards
potent hPSCs with low levels of KSR (1%), followed by differentiation
towards PGCLCs in higher levels of KSR (15%). On the other hand,
this was contradictory to the study of Sasaki et al. (2015) in which the
pre-induction towards potent hPSCs was reached in high KSR concen-
trations (15%).

Similar to the mouse (Hayashi et al., 2011; Zhou et al., 2016), bFGF
is important in human germ cell development since it can help to cre-
ate potent hPSCs. Together with other mediators of initial germ cell
development like SCF, LIF and EGF, bFGF can push these cells towards
the germ cell line and help in cell survival and proliferation.

Sex steroids and testicular somatic cell
support
In vivo, the production of sex steroids is strictly regulated by the hypo-
thalamic–pituitary gonadal axis. The hypothalamus produces GnRH
which stimulates the pituitary to produce LH and FSH. These pituitary
factors stimulate the Leydig cells to produce testosterone and the
Sertoli cells to express androgen-binding protein. Sertoli cells also pro-
duce inhibin which signals to the hypothalamus through a negative
feedback loop. The initiation of spermatogenesis at puberty is pushed
by FSH which regulates not only DNA synthesis in spermatogonia but
also spermatogonial differentiation and spermiogenesis. High intrates-
ticular levels of testosterone are necessary for meiotic entry since lack
of this androgen causes pre-meiotic arrest. In culture, these steroids
can be provided by direct addition, through conditioned medium or by
co-culture with testicular somatic cells (Rey, 2003).

When hESCs were cultured and differentiated in embryoid bodies
in mouse Sertoli cell conditioned medium (mSSCM), this resulted in a
significantly higher VASA gene expression (4×) compared to spontan-
eous differentiation (Geens et al., 2011). The effect of mSSCM was
similar to that of BMP4 alone. The combination of mSSCM with BMP4
did not lead to a further increase in expression of VASA (Geens et al.,
2011). Also, the addition of FCS, which contains FSH and testoster-
one, increased the meiotic potential of differentiating hPSCs (West
et al., 2011: 6–11% haploid cells). On the other hand, conditioned
medium from neonatal mouse testis, which was demonstrated to con-
tain dihydrotestosterone and estradiol, did not alter the expression of
germ-cell related markers compared to differentiation of hPSCs in
basic medium (Aflatoonian et al., 2009).

The above-mentioned studies might be improved if the spatial con-
ditions are also taken into account by recreating the testicular niche.
During development, not only do the germ cells need to differentiate
towards a mature state, but also the somatic cell fraction evolves from
immature to mature cell types. This time-specific evolution needs to
be taken into account when considering testicular somatic cell support
in the culture system (Rey, 2003).

When hESCs were seeded on a mouse Sertoli cell feeder layer for 5
days, VASA expression was not increased compared to when the
hESCs were treated with mSSCM or when they were placed in trans-
well inserts with indirect contact to the Sertoli cells (Geens et al.,
2011). This might be due to the origin of the Sertoli cells, which were
mouse-derived and might not provide the right cell-contacts for the

hPSCs. When hESCs and hiPSCs were co-cultured on inactivated
human foetal gonad stromal cells, which expressed markers for Sertoli
and Leydig cells, a significant enrichment of PGCLCs (2–4%) was seen
compared to an approach in which cells were cultured on matrigel
(<1%) or in conditioned medium (<1%) (Park et al., 2009). The in vivo
differentiation potential of hiPSCs towards the germ cell line has also
been evaluated by transplantation into busulfan-treated mouse testis.
In vitro cultured cells homed to the basement membrane as single cells
or clusters and expressed the germ cell marker VASA. No further dif-
ferentiation took place, possibly due to the interspecies variations,
resembling the situation in which human spermatogonia are trans-
planted into the mouse testis (Nagano et al., 2002). Other cells origin-
ating from the hPSCs found at the basement membrane but negative
for VASA did not express Sertoli cell markers. Also, some pluripotent
cells leaked to the interstitium but remained undifferentiated
(Ramathal et al., 2014).

Although a somatic supportive niche can be created by transplanting
hPSCs into the mouse testis or by co-culture with primary testicular
cells, testicular somatic cell types can also appear during differentiation
culture towards the germ cell line (Kee et al., 2009). One study
showed that hESCs are able to form Sertoli cell-like cells next to clus-
ters of VASA-positive PGCLCs. This could be possible if the PGCLCs
secrete paracrine factors responsible for Sertoli cell differentiation.
These in vitro derived somatic cell types might provide a supportive
niche for further development of the PGCs (Bucay et al., 2009). This
observation was confirmed by another research group who found that
after 2 weeks of differentiation culture, germ-cell markers as well as
markers for somatic cells (Sertoli and Leydig cells) appeared. To test
whether these testicular somatic cells were functional, they were sti-
mulated for 48 h with hCG and FSH. Nevertheless, the culture
medium did not show an upregulation of testosterone or inhibin which
could be due to the undifferentiated state of the somatic fraction or
the low number of differentiated cells (Kjartansdóttir et al., 2015).

In conclusion, the stimulating effect of animal-derived sex steroids
or non-human testicular somatic cell support on human germ cell dif-
ferentiation is noticeable but limited. hPSCs demonstrated their need
to be surrounded by testicular niche cells in culture by also differentiat-
ing towards somatic cell types, though the obtained cells were not
able to mature or to produce adequate levels of steroids. Therefore,
co-culture of hPSCs with human testicular somatic cells is advisable to
promote natural cell–cell contacts and regulate steroid production.
Whereas human PGCLCs were observed with foetal somatic cell sup-
port, passaging of the differentiating cells onto neonatal and subse-
quently adult somatic cells might lead to more advanced germ cell
types. Indeed, co-culturing mouse PGCLCs derived from mPSCs with
neonatal testicular somatic cells stimulated meiosis and the supple-
mentation of steroids induced progression towards post-meiotic cells
(Zhou et al., 2016).

Ethics
Given the success of generating PGCLCs in vitro followed by in vivomat-
uration with the Hayashi protocol, one might wonder why efforts are
directed towards complete in vitro maturation, rather than to a fine-
tuning of the protocols to differentiate hPSCs and to mature them to a
PGC-like state. A first important reason is the avoidance of teratoma
formation, which might occur if cell sorting before transplantation fails
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(Hayashi et al., 2011). Second, while the Hayashi protocol can be per-
fectly applied in a mouse model, transplanting PGCLCs to a human tes-
tis in a clinical trial would be problematic from an ethical perspective.
Ideally, an embryo resulting from in vitro derived gametes should be
biopsied and screened for genetic, epigenetic and transcriptomic
abnormalities to ensure the highest safety standards. However, trans-
plantation of PGCLCs to the testes might restore their natural function

and thus possibly result in natural conception, making it impossible to
biopsy the early embryo for screening. Of course, one could request
anticonception measures from the person to whom PGCLCs are trans-
planted. This way, there is time to make a thorough analysis of the
sperm characteristics, to fertilize oocytes in vitro in order to study the
resulting embryos and eventually transplant them to establish a preg-
nancy, yet such a request would not be enforceable and birth control is

Figure 2 The hypothetical model for germ cell differentiation starting from human pluripotent stem cells makes use of signalling mediators in a time-
specific manner.

..................................................

.............................................................................................................................................................................................

Table I Best combination of signalling mediators per study to obtain most advanced cell types.

Cell type Proof Signalling mediators References

Gene
expression

Protein
expression

DNA
content

PGC-like cells x x Activin A + bFGF→ BMP4 + BMP8b + LIF + SCF + EGF Hayashi et al. (2011)

x x BMP4 Geens et al. (2011)

x BMP7 Kjartansdóttir et al. (2015)

x x BMP4 + BMP8 + RA + LIF Ramathal et al. (2014)

x x bFGF Bucay et al. (2009)

x x BMP4 + BMP7 + BMP8b Kee et al. (2009), Panula
et al. (2011)

x x co-culture with inactivated human foetal gonad stromal cells Park et al. (2009)

x x spontaneous differentiation Tilgner et al. (2008)

x x TGFb + bFGF→ BMP2 + BMP4 + LIF + SCF + EGF Irie et al. (2015)

x x Activin A + CHIR→ BMP4 + LIF + SCF + EGF Sasaki et al. (2015)

x x Activin A + BMP4 + bFGF→ BMP4 + LIF Sugawa et al. (2015)

meiotic-like cells x x bFGF + co-culture MEFs West et al. (2008)

x Activin A + BMP4→ estradial + FSH + hCG + EGF Duggal et al. (2015)

x spontaneous differentiation towards EBs Clark et al. (2004)

post-meiotic like
cells

x x x Activin A + bFGF→ BMP4 + BMP8a + LIF + SCF + EGF→
co-culture testicular somatic cells + RA + BMP4 + BMP2 +
BMP7 + Activin A→ co-culture testicular somatic cells +
testosterone + FSH + BPE

Zhou et al. (2016)

x x x bFGF + GDNF Easley et al. (2012)

x x x RA Aflatoonian et al. (2009)

x RA Xuemei et al. (2013)

x x x bFGF + KSR→ bFGF+ FCS West et al. (2011)

x x x RA→ bFGF+ LIF + forskolin + CYP26 inhibitor Eguizabal et al. (2011)

x x x BMP4 +WNT3A Chuang et al. (2012)

→Marks stepwise differentiation.
Mouse studies are marked in yellow; human studies are marked in white.
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not infallible. These obstacles will have to be weighed against the add-
itional safety risk that prolonged in vitro culturing would generate in
terms of epigenetic changes. Currently, it seems that the best way for-
ward from an ethical perspective is to mimic complete in vivo spermato-
genesis in vitro as well as possible, possibly returning to a clinical
scenario of partial maturation in vitro followed by further maturation
in vivo, once the safety of the first step has been sufficiently established.

Next to the safety concerns, in vitro gametogenesis is a controversial
(potential) fertility treatment. As mentioned, preclinical trials in order
to ensure responsible introduction of this new technology into the
clinic would involve the creation (and subsequent destruction) of
human embryos for research purposes. This is only allowed in a hand-
ful of countries worldwide due to ethical concerns over the instrumen-
talization of human life. These concerns may be reinforced by the
expectation that this new technology will be elitist, rather than serving
a great number of patients. Also, possible applications such as the der-
ivation of male gametes from XX pluripotent cells or of female
gametes from XY cells, enabling same-sex couples to have a genetically
related child together have sparked controversy. These and related
issues have been extensively dealt with elsewhere (Mertes and
Pennings, 2010; Segers et al., 2017).

Discussion and conclusion
Full clarification of the in vivo regulators of human spermatogenesis has
not been obtained yet. Yet, regulators like Activin A, TGFβ, BMP4,
GDNF, bFGF, LIF, SCF, EGF, RA and testicular somatic cell support
have been demonstrated to be important mediators of hPSCs differen-
tiation towards germ cells of different maturation stages. Figure 2 and
Table I give an overview of the factors which have proven to play a
role in in vitro spermatogenesis in a stage-specific manner. This review
shows that some factors that were found to be helpful in mouse in vitro
studies, also play a pivotal role in the differentiation of human male
gametes. Identifying the crucial factors for human in vivo spermatogen-
esis and their regulation in time is of great importance to create an effi-
cient and safe in vitro system. By designing this more specialized culture
system, which creates the right micro-environment and allows for
temporo-spatial development, higher differentiation efficiency could
be obtained. Once successful, such a culture system could serve in
many applications like providing patient-specific stem cell derived
gametes for infertile couples or screening potential drugs, contracep-
tives and gonadotoxic molecules. Alternatively, over-expression of
germ cell specific RNA-binding proteins like DAZL, VASA, DAZ and
BOLL by lentiviral transduction can push the hPSCs towards post-
meiotic cells (Kee et al., 2009; Medrano et al., 2012; Panula et al.,
2011). The study of in vitro spermatogenesis might be complicated by
the pluripotent primed state of hPSCs, which is more similar to post-
implantation murine epiblast stem cells than to the naïve mPSCs which
can be isolated from the murine pre-implantation inner cell mass.
Though no consensus has been reached about the real state of naïve
pluripotency in human cells, starting from naïve hPSCs may improve
the differentiation potential towards all lineages (Vassena et al., 2015;
Weinberger et al., 2016). The creation of ‘potent’, i.e. more naïve,
hPSCs before differentiation towards PGCLCs showed high success
rates in three human studies (Irie et al., 2015: 7%, Sugawa et al., 2015:
24%, Sasaki et al., 2015: 32%).

Supplementary data
Supplementary data are available at Molecular Human Reproduction
online.
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