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Testicular Tissue Transplantation

Dorien Van Saen and Ellen Goossens

Introduction

The transplantation of spermatogonial stem cells
(SSCs) represents a potential approach to restore
fertility in patients who are at risk of germ cell
loss but do not have the option to cryopreserve a
semen sample to preserve their fertility. SSCs are
the founder cells of spermatogenesis and are thus
indispensable for the production of sperm cells
(90 million per day in the human). The function
of SSCs is to maintain the stem cell population
(self-renewal) in the testis on the one hand and to
generate enough progenitor cells (differentiation)
which will further differentiate in mature sperma-
tozoa on the other hand [1]. To succeed in these
functions, SSCs are positioned in a tightly regu-
lated stem cell niche.

The interaction between Sertoli cells and the
SSCs is of high importance for the regulation of
spermatogenesis. The number of Sertoli cells
also determines the number of SSCs in the testis
and is thus responsible for the sperm output.
They are connected to each other and to the
germ cells by junctions allowing close commu-
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nication between both cell types [2]. The Sertoli
cells are assisted in their function to regulate the
tight balance between SSC renewal and SSC
differentiation by other somatic cells, including
the Leydig cells, the peritubular myoid cells,
other interstitial cell types and the vasculature
[3]. Leydig cells support spermatogenesis by
the synthesis of androgens which regulate sper-
matogenesis by interaction with androgen
receptors present on the Sertoli cells and peritu-
bular myoid cells. Increasing evidence shows
that also the peritubular myoid cells play a role
in the regulation of spermatogenesis. They pro-
vide structural support by forming the basement
membrane together with the extracellular matrix
and fibroblasts and stimulate attachment of
Sertoli cells and SSCs to the basement mem-
brane. Their myoid characteristics assist in the
transport of mature spermatozoa in the seminif-
erous tubules toward the epididymis [4]. The
close interaction between these different cell
types ensures the tight regulation of spermato-
genesis within the SSC niche (Fig. 1). It is obvi-
ous that any damage to this organ will eventually
result in infertility.

A lot of the knowledge that is gathered today
about the organization of spermatogenesis, SSC
renewal, and the testicular niche has been obtained
by transplanting SSCs to a germ cell-depleted tes-
tis. The transplantation of a testicular cell suspen-
sion resulted in the restoration of spermatogenesis
in an infertile mouse testis [5, 6]. These very first
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Fig. 1 Spermatogenesis is tightly regulated by the SSC niche, which includes several cell types (Sertoli cells, Leydig

cells, peritubular myoid cells) and the vasculature

reports in 1994 paved the way to a new field of
research: fertility preservation. The cryopreser-
vation and transplantation of SSCs could
become a means to preserve and restore fertility
in patients facing SSC loss due to gonadotoxic
treatments. Initially, testicular cell suspensions
were transplanted, soon followed by the trans-
plantation of testicular tissue [7]. Now, 25 years
and many research papers later, a clinical appli-
cation of this technique is within reach.
However, although cryopreservation of testicu-
lar tissue is already offered worldwide, the
transplantation procedure remains experimen-
tal, and the first clinical transplantation is still
awaited [8].

This chapter provides an overview of the
achievements and insights gathered by the trans-
plantation of SSCs and its possible applications.

The Transplantation
of Spermatogonial Stem Cells
in Animal Models

SSC transplantation was originally developed in
1994 by Brinster and Avarbock in a mouse model.
Isolated mouse testicular cells could recolonize
the testis from an infertile mouse and differenti-
ate into fully matured sperm with fertilization
capacity as proven by the birth of viable offspring
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[5, 6]. This was the first proof of concept that
genetic information could be transmitted to the
next generation via SSCs. The identification of
donor-derived cells and offspring could be real-
ized by the transplantation of labeled donor cells.
The first reported detection system was based on
the transplantation of ZFLacZ donor cells that
stain blue after staining with X-gal [S]. The sec-
ond system and also the most common one
involved donor cells from transgenic animals that
express green-fluorescent protein (GFP) in all
cells under control of the p-actin promoter [9].
Next to their use in the development of fertility
preservation strategies, these models could also
add valuable information to the knowledge of the
fundamental aspects of SSCs and spermatogene-
sis or be used in the preservation of endangered
animal species and the generation of transgenic
animals. Moreover, in the search for the ultimate
SSC population in the testis, SSC transplantation
was, and still is, the only way to prove stem cell
activity.

Alternatively, instead of isolating and trans-
planting SSCs which have to be followed by
SSCs finding their way to the niche (homing),
SSCs could be transplanted within their own
niche (testicular tissue grafting). The first reports
showing restoration of spermatogenesis in testic-
ular tissue grafted to immunosuppressed mice
date from 2002 [7, 10, 11].

During the past 25 years, transplantation of
SSCs (either as cell suspension or tissue) has
been investigated thoroughly.

Xenotransplantations

After the success of restoring spermatogenesis by
the transplantation of SSCs in a mouse model,
the efficiency of interspecies transplantations
was evaluated. Mature spermatozoa could be iso-
lated from the mouse epididymis after SSC trans-
plantation with donor cells from adult rat and
hamster. The presence of donor-derived sper-
matogenesis was confirmed by colorimetric
staining (f-galactosidase/X-gal) [12] and/or by
the identification of morphologically different
spermatozoa in the mouse epididymis [13].

Although testicular cell suspensions including
germ cells and somatic cells were transplanted to
the mouse recipient testis, only SSCs were able
to home to an empty niche and colonize the semi-
niferous tubules, while other cells were phagocy-
tized by Sertoli cells [14]. This implies that the
somatic environment from the recipient mouse
was able to support rat and hamster spermatogen-
esis. However, the efficiency of the microenvi-
ronment in recipient seminiferous tubules to
support spermatogenesis from transplanted SSCs
seems to decrease with increasing phylogenetic
distance between donor and host. After transplan-
tation of testicular cell suspensions from imma-
ture rabbits and pigs, colonization and limited
spermatogonial expansion were noticed, but dif-
ferentiation did not proceed to meiosis.
Colonization, albeit with a low efficiency, was
observed when testicular cells from dog, bull,
and horse were transplanted to the mouse testis,
but no differentiation was observed [15, 16]. This
indicates that the interactions between Sertoli
cells and germ cells are only partially conserved
between different species.

The problem of increased phylogenetic differ-
ence between niche and stem cell can be circum-
vented by transplanting testicular tissue. This gives
the advantage of transplanting SSCs within their
own niche and avoids the homing step which
might result in low colonization efficiency [17].
Initially, grafting of immature testicular tissue was
performed under the back skin of immunodefi-
cient mice. Ectopic transplantation of immature
tissue from hamster [18], pig, goat [7], cat [19],
dog [20], horse [21], bovine [22], and rhesus
macaques [7, 23] resulted in the production of
complete spermatogenesis in the xenografts. The
functionality of the ectopically produced sperm
was confirmed by embryonic development with
sperm isolated from mouse, goat [7], pig [24], and
rhesus macaques [23]. Spermatozoa isolated from
porcine xenografts could successfully activate
embryonic development in porcine oocytes and
support development up to the blastocyst stage
[24]. Convincing evidence for the functionality of
the spermatozoa generated in xenografts came
with the birth of live offspring in pigs and mon-
keys [25, 26]. Initially, spermatozoa were retrieved
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from fresh xenografts, but the same has been per-
formed with spermatozoa isolated from xenografts
that had been vitrified before transplantation [27].
The sexual maturation and fertility of piglets born
from spermatozoa isolated from cryopreserved
xenografts was evaluated. Male offspring showed
normal testosterone concentration and testicular
histology and were able to impregnate sows after
natural mating resulting in the birth of piglets with
normal litter size and birth weight. Female first-
generation offspring gave birth to healthy pups
after artificial insemination with sperm from con-
ventional male pigs [28]. Sperm cells were also
collected from monkey xenografts and were either
directly used for ICSI or cryopreserved for later
use. Transfer of in vitro fertilized oocytes resulted
in the birth of seven monkeys [25].

Although successful sperm production in
ectopic xenografts was reported for many spe-
cies, the establishment of full spermatogenesis
could not be achieved in human xenografts. The
first reports about the xenografting of human tis-
sue only showed limited survival of spermatogo-
nia [10, 29, 30]. In these initial reports, adult
testicular tissue was grafted, but this mostly
resulted in degenerated and hyalinized tubules. In
analogy to what was observed in hamster tissue,
this limited success was attributed to the fact that
adult tissue was used. The presence of ongoing
spermatogenesis seems to have a negative influ-
ence on graft survival [10]. Transplantation of
testicular tissue from immature human tissue (10
and 11 years) resulted in a better-preserved integ-
rity of the seminiferous tubules, but with only
limited survival of spermatogonia 4 and 9 months
after transplantation [31]. Similar results were
observed when newborn marmoset tissue was
transplanted to the back skin of mice [10]. The
weight of the seminal vesicles collected after
grafting indicated poor androgen production in
human and marmoset grafts, while seminal vesi-
cle weight in castrated mice receiving immature
mouse or hamster tissue was recovered to values
in control mice [10, 30]. The capacity of marmo-
set and human ectopic tissue grafts to respond to
mouse gonadotrophins and initiate testosterone
production was lower compared to other species.
Meiotic arrest was also observed in rat xeno-

grafts, which is exceptional since incomplete
spermatogenesis is mostly observed in xenografts
from larger species. Spermatogenesis in rat xeno-
grafts did not proceed beyond pachytene sper-
matocytes [32, 33]. Seminal vesicle weight in
transplanted mice was restored to a size similar
than intact control male mice. Luteinizing hor-
mone (LH) levels were also similar to intact con-
trols, while follicle-stimulating hormone (FSH)
levels remained elevated compared to non-
castrated mice. Expression of FSH receptor was
lacking and could be responsible for the elevated
FSH concentrations. Dysregulated expression of
Sertoli cell transcripts was also observed, indicat-
ing that altered protein expression in the somatic
compartment could have played a role in the
spermatogenic arrest in rat xenografts [33]. This
shows that the functional establishment of sper-
matogenesis in xenografts is species dependent.
Alternative to the ectopic location, donor tes-
ticular tissue can also be transplanted to an ortho-
topic location, i.e., the scrotum or the most
natural place for testicular tissue, the testis itself.
Human testicular tissue was transplanted to the
scrotum after castration of the recipient mouse.
Short-term evaluation (3 weeks after grafting
immature testicular tissue from cryptorchid boys)
showed a well-preserved integrity of the tubular
structures, no fibrosis, and survival of spermato-
gonia, albeit with a significant loss of germ cells.
The number of spermatogonia decreased from
0.55 spermatogonia per tubule in fresh tissue to
only 0.08 after the freezing and grafting proce-
dure [34]. Long-term evaluation (6 months after
grafting) confirmed the survival of human sper-
matogonia in scrotal grafts from prepubertal
boys. Although sperm cell-like cells were identi-
fied in the grafted tissue, these cells did not
express meiotic or postmeiotic markers [35].
Intratesticular grafting was first reported by
Shinohara et al. Testicular tissue from mouse and
rabbit was transplanted under the tunica of the
testis from immune-deficient
Spermatogenesis was restored, and sperm cells
isolated from the grafted piece were used to fer-
tilize oocytes, which resulted in the birth of
healthy offspring. Murine sperm cells could be
identified by the expression of GFP since a GFP+

mice.
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Fig.2 Visual representation of the most advanced germ cell type present after spermatogonial stem cell transplantation
or immature testicular tissue grafting in different species after xenotransplantation in mice

donor was used, while rabbit sperm cells were
identified based on their unique sperm head [11].
Full spermatogenesis has also been reported in
intratesticular xenotransplants from marmoset
[36], but complete spermatogenesis was not
achieved in testicular xenografts from pre- and
peripubertal boys [37-39]. An overview of the
testicular tissue xenograft achievements in differ-
ent species is presented in Fig. 2.

Allogeneic Transplantations

The feasibility of restoring spermatogenesis by
the transplantation of SSCs to the testis has been
evaluated in many species other than the mouse.
Successful transplantation of SSCs and regenera-
tion of spermatogenesis was reported in goat, pig,
dog, sheep, bovine, and monkey [40-45]. The
first successful transfer of germ cells into large
species was reported by the group of Schlatt [46].

Allogeneic transplantations might have to deal
with immunological response due to a different
genetic background between donor cells and
recipient. Xeno- or allogeneic transplantations in
rodents are performed in immunosuppressed ani-
mals, but this is not always feasible in larger spe-
cies. In rodents, allogeneic pups were born by
natural mating when recipient mice were treated
with immunosuppressive factors [47]. Although
spermatogenesis was observed in the testes, no
sperm cells were observed in the epididymis of
untreated rodents. However, successful genera-
tion of sperm cells in the ejaculate could be
achieved after transplantation of allogeneic germ
cells without any immunosuppression of the
recipients indicating that a certain level of
immune tolerance is present in the testis [41-43].
Even the transplantation between unrelated
immunocompetent animals of different sheep
breeds resulted in the production of donor-
derived spermatozoa. The functionality of these
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spermatozoa was proven by the birth of live prog-
eny after artificial insemination [44].

To guarantee empty niches for the SSCs to
home to, recipients need to be depleted of endog-
enous germ cells. In analogy to the rodent model,
this was achieved by treating the recipients with
chemotherapeutic drugs [42] or local irradiation
of the testes [43, 44]. Alternatively, transplanta-
tion was also performed to prepubertal animals
which lack spermatogenesis [41]. However, sper-
matogonia are still present in these animals and
might thus prevent efficient homing of trans-
planted SSCs. Optimal preparation of the recipi-
ents can improve the efficiency of the
transplantation procedure and result in an
increased proportion of donor spermatozoa in the
ejaculate [44].

Identification of donor-derived spermatozoa
and thus proof of successful SSC transplantation
are hampered by the presence of endogenous
spermatogenesis. To confirm the presence of
donor-derived spermatogenesis, donor cells need
to be distinguished from recipient cells. One
option is to label the cells with a fluorescent dye
which enables detection of donor spermatogonia
after colonization. However, the fluorescent
marker appeared to be diluted by cell divisions
and thus does not permit the identification of flu-
orescent sperm cells [41]. A recessively inherited
condition resulting in immotile and anatomically
abnormal sperm was used to prove the success of
SSC transplantation in pigs. Affected boars were
transplanted with donor cells from young normal
crossbred boars. Motile sperm was observed in
the ejaculate between 13 and 59 weeks after SSC
transplantation [42]. Genotyping epididymal
sperm cells could also be a way to differentiate
between donor and recipient sperm cells by the
use of microsatellite markers [43, 44].

In some species, testicular tissue has been
transplanted under the back skin. Sperm cells
produced in ectopic murine allografts showed
full capability of fertilization resulting in the
birth of live offspring which were proven to be
fertile as well as indicating the lack of major
damage to the germ cell lineage. Although func-
tional sperm cells were produced in these ectopic
grafts, premature sloughing and enlargement of
the luminal space were noticed already at week 4

after transplantation, probably as a result of the
accumulation of fluid [48]. Ectopic testicular tis-
sue grafting has been explored in rhesus monkey
and marmoset, but as a model in nonhuman
primate species, for a clinical application, graft-
ing was mainly performed autologously and will
thus be discussed in the next paragraph.

Autologous Transplantations

In allo- or xenogeneic transplants, problems with
immune tolerance due to the different genetic
background from donor and recipient have to be
taken into account. In a clinical application, this
problem does not arise since SSCs will be pre-
served during therapy with the aim of performing
an autologous transplantation.

Autologous transplantation has been per-
formed in the bovine. Injection of bovine SSCs
resulted in the presence of spermatozoa in 15%
of the seminiferous tubules, while only spermato-
gonia were present in 45% of the tubules in the
non-transplanted control testis [45].

To investigate the potential of SSC transplanta-
tion in a human clinical application, the restoration
of spermatogenesis after injection of SSCs was
evaluated in nonhuman primates. A cell suspen-
sion generated from a hemi-orchidectomized
cynomolgus monkey was injected via the rete tes-
tis, guided by ultrasonography, in the contralateral
testis of the same monkey. Four weeks after trans-
plantation, differentiated spermatogonia were
present in the testis [46]. Similar experiments were
performed in a cynomolgus monkey made sterile
by X-ray irradiation. However, spontaneous recov-
ery of spermatogenesis could be observed in the
saline-injected testes, making it hard to form con-
clusions about the presence of donor-derived sper-
matogenesis, although a higher testicular weight
was reported for the SSC-injected testis [49].
Proof that spermatogenesis originated from trans-
planted donor cells was generated in busulfan-
treated macaques. The presence of donor sperm
was evaluated by single nucleotide polymorphisms
which enable the differentiation between donor
and recipient sperm. Complete spermatogenesis
was observed 15-63 weeks after transplantation.
This study showed that restoration of spermato-
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genesis is possible from SSCs which were trans-
planted to a chemotherapy-treated testis [40]. As
testis biology, endocrine regulation, and immune
function are similar between rhesus macaques and
human, this is a reliable model for a human
application.

The proof that spermatogenesis originated
from the autologously transplanted donor cells
and not from endogenous spermatogenesis is
however difficult. Initially, BrdU labeling of the
donor cells was used but seemed not efficient for
long-term identification of donor cells after
transplantation [46, 49]. The use of lentiviral
vectors to induce GFP expression in the donor
cells was efficient for detection of donor signal
by polymerase chain reaction (PCR). However,
differentiation between donor-derived and
endogenous sperm cells was difficult since lenti-
viral fluorescence could not be distinguished
from autofluorescence [40]. Stable transduction
of SSCs can now be achieved as shown by the
lentiviral transduction of goat SSCs with the
green fluorescent protein. These transfected cells
were able to colonize the seminiferous tubules of
recipient mice [50].

Autologous grafting has been performed with
testicular tissue from rhesus monkey [51, 52]. In

2012, complete spermatogenesis was only
achieved in the orthotopic grafts, while ectopic
grafts showed meiotic arrest [51]. However, in a
recent report, the feasibility to achieve spermato-
genesis in ectopic rhesus monkey grafts was
shown. Four testicular tissue pieces were indi-
vidually attached by sutures under the back skin
or the scrotal skin. Grafts were collected
8—12 months after grafting, and individual grafts
were found to be fused into one single large mass
with a fivefold increase in weight. Complete
spermatogenesis was present in both the ectopic
and orthotopic grafts. Sperm cells were isolated
and used for ICSI which resulted in the birth of a
healthy monkey girl, Grady [52].

The generation of full spermatogenesis
seemed more difficult to achieve in autologous
grafts from marmoset. Full spermatogenesis was
obtained but only in testicular tissue that was
grafted to the scrotum, while spermatocytes were
the most advanced germ cell type present in ecto-
pic grafts [53, 54].

Although intratesticular tissue grafting was
highly efficient in xenotransplantation studies,
autologous transplantations to the testicular
parenchyma have not been performed so far
(Fig. 3).
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Fig.3 Visual representation of the most advanced germ cell type present after spermatogonial stem cell transplantation
or immature testicular tissue grafting from different large species after allogeneic or autologous transplantation
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Applications of SSC Transplantation
in Animals

Production of Transgenic Animals

The production of transgenic animals has practi-
cal applications in several fields. Transgenic
mice have been produced for years, especially
for their use in biomedical research. However,
there is also an increasing interest and need for
the production of transgenic livestock animals.
The term livestock refers to domesticated ani-
mals which are kept in an agricultural setting for
their use of animal products such as milk, beef,
eggs, fur, wool, etc. They have their use in the
production of biopharmaceutical products or
agricultural products but could also serve as a
biomedical model for human diseases [55]. The
first genetically modified livestock animals were
produced by pronuclear injection, which includes
the injection of DNA in the pronucleus of a fer-
tilized oocyte. Somatic cell nuclear transfer
(referred to as cloning) is another technique to
generate large transgenic animals. However,
both techniques are technically challenging,
costly, time-consuming, and inefficient. The
SSC is unique in its ability to transmit genes to
the subsequent generations, which makes it an
ideal target for genetic manipulations. The trans-
plantation of genetically modified germ cells can
decrease the time to produce transgenic sperma-
tozoa compared to somatic cell nuclear transfer.
It also eliminates the labor-intensive outcross
breeding to produce non-mosaic germline
mutants. A single genetically modified SSC can
result in the production of a large number of
sperm cells to generate transgenic progeny.
Moreover, spermatogenesis is a natural selection
mechanism to eliminate spermatozoa with unde-
sired mutations [56]. Goat SSCs were success-
fully transduced with eGFP by lentiviral
transduction. These transduced cells were able to
colonize the testis when transplanted to germ
cell-depleted recipient mice [50].

Ectopic grafting could be an even better
approach to generate transgenic animals. While
the phylogenetic distance between donor and
recipient is of more importance when SSC trans-
plantation is performed, full spermatogenesis

was achieved in ectopic xenografts for many spe-
cies. The isolation of transgenic spermatozoa
from these grafts is also easier since they can be
retrieved from the subcutaneous grafts on the
back side of a nude mouse. The isolation of trans-
genic spermatozoa after SSC transplantation will
be more difficult since they have to be distin-
guished from endogenous spermatozoa. In a
study where testicular tissue from a transgenic
monkey was grafted, the birth of a donor-derived
monkey was reported after ICSI using spermato-
zoa isolated from the ectopic xenografts. The
presence of the transgene in the offspring was
confirmed by RT-PCR and Western blot [25].

Preservation of Endangered Species

Due to human activities, such as habitat destruc-
tion, overhunting/fishing, and climate change, the
extinction of several animal and plant species is
occurring at a much higher rate than predicted
[57]. Cryopreservation and subsequent SSC
transplantation can be useful in the preservation
of valuable or endangered species. Techniques
involving the preservation of SSCs have several
advantages over the preservation of mature sper-
matozoa. The cryopreservation of SSCs enables
the preservation of the entire genetic potential of
an individual species, since genetic recombina-
tion will occur in differentiated germ cells when
transplanted. SSCs can be harvested from sexu-
ally immature males which is critical for species
subject to high neonatal or juvenile mortality
[58]. This can also be useful in the preservation
of valuable species that undergo early castration
(e.g., horses) but display superior traits later in
life [59].

Fertility Preservation in Patients at
Risk for Germ Cell Loss

A direct clinical application relies in the preserva-
tion of fertility in patients who are at risk of germ
cell loss. The incidence of childhood cancers is
continuously increasing. Luckily, mortality rates
are at the same time decreasing [60]. In most
industrialized countries, cancer is the most fre-
quent non-accidental cause of death. The overall
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S-year survival rate in children and adolescents
diagnosed with cancer ranges from 72% up to
78% in Europe and the United States, with an
individual difference between different types of
cancer. The long-term survival rate of some can-
cer types can even be as high as 99% [61].
Unfortunately, the malignant cells are not the only
cells that are targeted by chemo- and radiother-
apy. The rapidly dividing cells in the testis are also
destroyed by aggressive cancer treatments. This
side effect from cancer treatment only becomes
apparent many years later, when these childhood
cancer survivors have a child wish. For many
years, fertility of adult cancer patients can be pre-
served by the cryopreservation of sperm [62].
However, in prepubertal and young adolescent
patients, spermatogenesis has not started yet mak-
ing sperm collection impossible. The preservation
and transplantation of SSCs provide hope for
these patients. By isolating and storing the SSCs
during therapy, the fertility potential of these
patients could be safeguarded (Fig. 4).
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occurrence is age dependent. While young chil-
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kind of pediatric cancers often consist of chemo-
therapy with multiple agents [63]. Initially, it
was thought that impact of childhood gonado-
toxic treatments would be less severe compared
to those given to adults since active spermato-
genesis is lacking. However, germ cell prolifera-
tion and maturation of the somatic cells occur
during childhood. From data in the marmoset
testis, it is hypothesized that the transition toward
the mature status of the testis occurs much ear-
lier than at puberty [64]. The impact on fertility
depends on the survival of two morphologically
distinguishable stem cell populations present in
the testis. The Ay, spermatogonia are consid-
ered to be the true testicular stem cells and func-
tion as testicular reserve. Their proliferation rate
is low under normal circumstances but increases
after a cytotoxic insult. The A, spermatogonia
have a higher proliferation rate and serve as pro-
genitor cells for the differentiating germ cells
[65]. If only the A, spermatogonia are
destroyed, restoration of fertility is possible due
to replenishment of the progenitor pool by the
Adux Spermatogonia. However, complete deple-
tion of both stem cell populations will indefi-
nitely lead to permanent infertility. Next to the
survival of the germ cells, the damage to the
somatic environment can have a high impact on
the restoration of spermatogenesis [66]. Not
only the kind of drug but also the dose, the dura-
tion of the treatment, and the age of the patient
are influencing factors [63].

Treatment regimens can be subdivided in low-
risk and high-risk treatments. Alkylating agents
like cyclophosphamide, cisplatin, and busulfan
are classified as high-risk treatments. These treat-
ments have a high risk of both destroying the
total stem cell population and affecting the
somatic compartment reducing the chances of
spontaneous recovery of spermatogenesis dra-
matically. Studies on the effect of these treat-
ments on prepubertal testes are scarce. In a large
cohort of childhood lymphoma survivors, a dam-
aging effect on testicular function was observed
in 42% of the patients. The damaging effects
were mainly dependent on the cumulative doses
and less related to the age or pubertal status [67,

68]. A significantly lower number of SSCs was
observed in testicular biopsies from prepubertal
boys having already received alkylating agents
before testicular tissue banking, while no differ-
ence with control biopsies was observed when
non-alkylating agents were received before bank-
ing [69].

Next to chemotherapy, irradiation can also
induce damage to the germinal epithelium.
Impaired spermatogenesis is already described
after doses as low as 0.1 Gy, and irreversible
gonadal damage occurs at 4 Gy. The damage not
only depends on the dose, but also the fraction-
ation of radiotherapy [70]. The long-term effects
of irradiation before adulthood were studied in
the rhesus monkey. Different doses ranging from
4.0 to 8.5 Gy were administered to monkeys
which did not have reached full maturity yet. The
long-term effects on testis development were
studied 3-8 years after irradiation. Repopulation
of the testes by SSCs was observed in most mon-
keys but did not reach full recovery even in mon-
keys receiving the lowest dose. Complete sterility
was observed in 13% of the irradiated monkeys
and occurred in monkeys receiving the highest
doses of 8.0 and 8.5 Gy and in monkeys that
received a fractionated dose of 6.0 Gy. A decrease
in the Sertoli cell number was also reported.
Since the number of Sertoli cells determines the
number of germ cells, this also negatively impacts
fertility [71].

Treatment regimens for nonmalignant condi-
tions might also involve gonadotoxic treatments.
Patients with hematological disorders like sickle
cell disease or thalassemia often need hematopoi-
etic stem cell transplantation requiring precondi-
tioning treatments involving total body irradiation
(10-13 Gy) to deplete the blood stem cell line
[66, 72]. These patients also have a high risk of
becoming infertile.

Pediatric oncologists/hematologists should
inform patients about the risks of infertility and
their options for fertility preservation. Since
detailed knowledge about the risks of different
treatments on infertility is lacking, there is a need
to closely follow up fertility potential of these
childhood cancer survivors.
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Genetic Disorders

Azoospermia, defined as the absence of sperm
in the ejaculate, is diagnosed in 10-15% of all
infertile men [73]. Next to the idiopathic cases
(40%) where the etiology remains unknown,
genetic causes can be found in 20-25% of them
[74]. Diagnosis only occurs at adult age leaving
no option for these men to take precautionary
measures to preserve their fertility. However, in
about 14% of azoospermic patients, Klinefelter
syndrome (KS) is diagnosed [74]. KS patients,
having one or more extra copies of the
X-chromosome, present with azoospermia
resulting from massive germ cell loss which was
thought to accelerate from puberty onward [75].
As KS patients are mainly diagnosed at adult-
hood, initial fertility preservation strategies
focused on sperm cryopreservation. Sperm cell
retrieval by testicular sperm extraction is feasi-
ble in about 40% of the patients [76, 77]. Since,
now, more and more KS patients are diagnosed
before adulthood [78], the idea was put forward
to preserve germ cells already around adoles-
cence (spermatozoa) or before puberty (SSCs).
However, collecting spermatozoa at adolescent
age did not prove to be beneficial [79-82].
Moreover, testicular biopsies from adolescent
patients that were preserved for testicular tissue
banking only showed a very low number of
SSCs [83, 84]. Even in testicular biopsies that
were cryopreserved at prepubertal age, SSC
numbers were extremely low [85]. Therefore,
testicular tissue banking is considered to have
no additional benefit for fertility preservation in
KS patients.

Cryopreservation
of Spermatogonial Stem Cells

For testicular tissue transplantation to succeed,
the testicular biopsy needs to be stored without
affecting its functionality. Cryopreservation
makes use of very low temperatures to preserve
structurally intact living cells and tissues and thus
enables the long-term storage of biological sam-

ples outside the body. The biological effects that
occur when cooling below 0 °C are dominated by
the freezing of water, which involves 80% of the
tissue mass. Freezing converts liquid water into
ice, resulting in the concentration of dissolved
solutes in the remaining liquid phase and the pre-
cipitation of the solutes exceeding their solubility
limit [86]. The formation of intracellular ice crys-
tals must be avoided to assure cell survival during
freezing and thawing procedures.

Cryopreservation damage can be controlled
and diminished by the addition of cryoprotective
agents (CPAs). Their cryoprotective action
involves a decrease in the concentration of sol-
utes and an increase in membrane stability during
the dehydration and rehydration phases. Two
classes of CPAs exist, permeating CPAs (e.g.,
dimethyl sulfoxide [DMSO], glycerol, for-
mamide, and propanediol) and non-permeating
CPAs including sugars (e.g., sucrose, trehalose,
dextran, lactose, and D-mannitol) and high
molecular weight compounds (e.g., polyethylene
glycol and hydroxyethyl starch) [87]. The addi-
tion of CPAs to the freezing medium has enabled
the storage of biomaterials at low temperature
without losing functionality. However, the bal-
ance between CPA toxicity and their ability to
protect cells from freezing damage needs to be
carefully considered.

The cryopreservation of SSCs can be per-
formed by either freezing the whole testicular tis-
sue or freezing cell suspensions. Generally,
freezing whole testicular tissue is more challeng-
ing since different cell types are involved, each
cell type with its own characteristics and require-
ments. Tissue freezing is also hampered by the
fact that rapid cooling and warming rates are not
easy to achieve. Usually, cooling rates are not
uniform across the tissue piece: the temperature
in the center of the sample will change more
slowly compared to the temperature at the sur-
face of the tissue [88]. Although it is technically
easier to cryopreserve cell suspensions, the via-
bility and function of the SSCs can also be
affected by the enzymatic dissociation. Besides
that, freezing cell suspensions limits the options
for transplantation after thawing [89].
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Testicular Tissue Freezing

Freezing testicular tissue implies that not only
the functionality of SSCs is maintained but also
the integrity and functionality of the testicular
stem cell niche. Testicular tissue freezing was
already reported in the 1990s with the aim of
cryopreserving testicular biopsies to avoid repeti-
tive surgery in patients with azoospermia.
Glycerol was used as CPA since this was the
worldwide choice for the cryopreservation of
spermatozoa and these protocols mainly aimed to
recover the most mature stages of spermatogen-
esis [90, 91]. However, the use of glycerol did not
seem to be beneficial for the storage of testicular
tissue aimed at preservation of SSCs and testicu-
lar integrity. The same was observed when
1,2-propanediol was used. In contrast, DMSO
was able to maintain testicular integrity and func-
tional activity of Leydig cells as was evaluated by
testosterone production in vitro [92]. A controlled
slow-freezing (CSF) protocol using a program-
mable freezer was used to cryopreserve testicular
tissue from immature nonhuman primates [93].
Frozen-thawed primate tissue retained the capac-
ity to initiate spermatogenesis when xenografted
in an adult mouse recipient, and, recently, sperm
isolated from autologous grafts resulted in the
birth of a healthy baby monkey [52]. Also, human
spermatogonia survived in xenografted testicular
tissue after CSF (with DMSO and sucrose as
CPAs) [34, 35].

The previously mentioned protocol involves
the use of an expensive freezing device and is
rather time-consuming. Therefore, a simpler and
more time-efficient protocol was developed, and,
when evaluated in a mouse model, this proved to
result in similar preservation of cellular and tubu-
lar integrity compared to CSF. In this single-step
slow-freezing (SSF) protocol, vials are put in an
isopropyl alcohol container for 24 h at —80 °C
before plunging in liquid nitrogen [94]. This pro-
tocol was successfully used to cryopreserve
immature human testicular tissue with survival of
spermatogonia, maintenance of germ cell prolif-
eration, and integrity of the seminiferous epithe-
lium and the interstitial compartment [95].
Human immature SSCs were able to initiate dif-

ferentiation after SSF in intratesticular tissue
xenografts [37-39].

An alternative method to CSF and SSF is vit-
rification, which is an ultrarapid freezing method
avoiding the formation of ice crystals. Vitrification
might thus be beneficial for cell viability and
preservation of tissue integrity. Vitrification of
mouse prepubertal testicular tissue seemed effi-
cient in preserving the tubular and cellular integ-
rity [94, 96] and did not influence the graft
survival and spermatogenic recovery in mouse
intratesticular grafts [94]. Successful vitrification
of testicular tissue has been reported in pig [27],
cat [97], primate [98], and human [99, 100]. The
birth of live offspring after vitrification of pig tes-
ticular tissue and ectopic xenografting proves
that functional integrity is maintained [27].

Cell Suspension Freezing

The cryopreservation of testicular cell suspen-
sions is studied less intensively and mostly
applies to human adult cell suspensions [101—
103]. Most fertility centers offering testicular tis-
sue banking as a fertility preservation strategy to
immature boys perform testicular tissue freezing
with slow-freezing protocols. However, there
might also be a need to store testicular cell sus-
pensions when the stored testicular tissue is
enzymatically digested for decontamination of
malignant cells (see later) and subsequent SSC
transplantation. During the safety testing proce-
dure, the cell suspension might need to be cryo-
preserved again until the results of the
decontamination procedure are available. When
decontamination of the cell suspension is
successful, the cell suspension can be thawed
again to proceed to the SSC transplantation.
Optimization of a cryopreservation protocol
was performed for immature mouse testicular
cell suspensions. The initial protocol to cryopre-
serve a testicular cell suspension was an uncon-
trolled slow-freezing protocol with DMSO as
CPA [104]. The use of a controlled protocol with
the same CPA improved the recovery of viable
cells after thawing. The use of EG as a CPA in the
controlled protocol yielded similar recovery
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rates. However, the reinitiation of spermatogene-
sis after SSC transplantation showed slightly bet-
ter results with the DMSO protocol. Reinitiation
of spermatogenesis from frozen-thawed cell sus-
pension was limited compared to restoration of
spermatogenesis after the injection of fresh cells.
This indicates that the number of viable SSCs in
these frozen-thawed suspensions might be very
low and thus that cryopreservation protocols
need further improvement [105]. The use of a vit-
rification protocol did not increase the recovery
of viable cells compared to the controlled slow-
freezing protocol. The storage in vials instead of
straws and the addition of an anti-apoptotic factor
(z-VAD[Oe]-FMK) were beneficial for cell sur-
vival and could restore spermatogenesis after
SSC transplantation [106].

The Transplantation
of Spermatogonial Stem Cells
in a Clinical Situation

After 25 years of research involving the restora-
tion of spermatogenesis by reintroducing SSCs to
an infertile recipient, the clinical application of
this technique is still awaited. Although many
fertility centers already offer cryopreservation of
prepubertal tissue before undergoing gonado-
toxic therapies [8, 107], the transplantation of
SSCs did not yet occur in a human clinical set-
ting. The reported acceptance rate for cryopreser-
vation of a testicular biopsy in boys diagnosed
with cancer is 60% or higher as concluded from
surveys in the United States and Europe [108—
110]. Sooner or later, the wish for autotransplan-
tation of the stored SSCs will be expressed in one
of the centers offering testicular tissue banking.
Several factors need to be put into consideration
in the decision on how SSCs should be trans-
planted to the patient.

Tissue or Cells?
Since SSC cryopreservation is mostly offered as

testicular tissue banking, both SSC transplanta-
tion and testicular tissue grafting are possible.

Testicular tissue grafting offers the possibility to
preserve the interaction between stem cells and
their niche in the original state.

When SSC transplantation will be performed,
SSCs have to pass the blood-testis barrier to colo-
nize an empty niche. The efficiency of SSCs to
successfully colonize an infertile mouse testis
was reported to be only 12% [17]. In the adult
testis, SSCs are very rare and barely constitute
0.01-0.03% of all cells [111]. While their pro-
portion is higher in the prepubertal testis, merely
small biopsies are available.

Although injection of single cells to the mouse
testis was mostly performed via the efferent duct,
translation of this technique to larger testes
seemed difficult and inefficient. Injection via the
rete testis, guided with ultrasound, seemed more
promising [46, 112, 113]. The advantage of using
ultrasound-guided rete testis injection is that this
technique does not require surgery since the
injection needle can be inserted through the scro-
tal skin [40]. Different injection sites were evalu-
ated by injection of contrast liquid in human
cadaver testes under ultrasound guidance and
subsequent evaluation of the injected testes by
micro-CT scan and histology. Infusions of the
testicular parenchyma were not observed after
injection through the efferent duct or through the
head of the epididymis. Blind injections in the
seminiferous tubules resulted in limited infu-
sions, while clear filling of the testicular paren-
chyma was observed by rete testis infusions
[112]. The feasibility of injecting a testicular cell
suspension by the same injection method was
evaluated by the injection of mouse GFP* testicu-
lar cells which were labeled with 99™ technetium
for subsequent evaluation with
single-photon-emission computerized tomogra-
phy imaging [113]. Injection of the cells in the
previous experiments was performed by hydro-
static pressure injection. However, high variation
and leakage in the interstitial space were
observed, which could be reduced by using an
infusion pump [114].

The low colonization efficiency and the need
for a challenging injection method suggest that
testicular tissue transplantation might be easier to
perform in a human application. When compared
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in a mouse model, intratesticular tissue grafting
resulted in a higher testis weight after transplan-
tation and a higher graft recovery rate. In addi-
tion, SSC transplantation might fail, and, on top
of that, not all successfully transplanted testes
showed donor-derived spermatogenesis [9].
However, for patients who were diagnosed with
blood cancer or a metastatic cancer, the autolo-
gous transplantation of cryopreserved testicular
tissue involves a major risk in reintroducing
malignant cells. Leukemic infiltrates in the testis
of patients diagnosed with acute lymphocytic
leukemia can be found in 21% of prepubertal
patients [115]. This drawback implicates that
SSC transplantation might be the only option for
these patients. In contrast to testicular tissue, the
removal of malignant cells from a cell suspension
is theoretically possible. The efficiency in remov-
ing malignant cells from the testicular cell sus-
pension needs to be high since it was reported
that transplantation of as few as 20 leukemic cells
can result in the transmission of leukemia in rats
[116]. Decontamination strategies have been
investigated by several research groups.
Elimination of malignant cells by positive selec-
tion of germ cells and/or negative selection of
cancer cells by magnetic-activated cell sorting
(MACS) techniques did not seem to be sufficient
to deplete all malignant cells since transmission
of leukemia to the recipients occurred after trans-
plantation of this MACS-decontaminated cell
suspension [117-119]. Negative selection using
two markers specific for malignant cells sorted
by fluorescence-activated cell sorting (FACS)
seemed to be sufficient to eliminate the risk of
transmission of leukemic cells for at least 8 weeks
after SSC transplantation [120]. However, these
promising findings were not confirmed in another
study where a combination of MACS and FACS
was performed to selectively enrich for SSCs and
decontaminate by negatively sorting out malig-
nant cells. Analysis of the sorted fraction still
showed the presence of malignant cells (0.4%)
which was proven to be sufficient to induce trans-
mission after transplantation in mice [117]. Total
elimination of malignant cells is hampered by the
similarities between antigens expressed on the
membrane of malignant cells and SSCs. In addi-

tion, malignant cells can attach nonspecifically to
germ cells which means that positive selection of
germ cells still includes a risk of contamination.
A combination of both negative and positive
selection in two repeated FACS cycles did not
induce leukemia for 120 days in transplanted
mice [118]. The use of singlet discrimination to
avoid the inappropriate sorting of cell clumps,
together with positive and negative selection fur-
ther improved the sorting efficiency. However,
purity checks of the sorted fractions by FACS
still detected remnant contamination [121].
Decontamination of human testicular cell sus-
pensions was achieved using one surface marker
for positive selection of SSCs and two markers
for negative selection of leukemic cells. It was
however shown that different leukemic cell lines
required different sets of markers [122]. Immune-
phenotyping analysis of the malignant cells will
thus be necessary to select the most effective
markers for negative selection. Further improve-
ment of the sorting technique in combination
with individually determined marker selection
will be necessary. Furthermore, depletion of
malignant cells from a testicular cell suspension
in a clinical application will have to be proven by
PCR, since this is the only way to sensitively
detect the smallest remnants of contaminating
cells.

Although FACS seemed to be depleting single
cell suspensions, a major concern associated with
this is the loss of cells after sorting [118, 121].
The combination of this low cell recovery, with
the low numbers of SSCs in testicular biopsies
and the low colonization efficiency makes the
expansion of SSCs indispensable for clinical
application of SSC transplantation. Strategies to
expand SSCs in vitro have been reported in
rodents. However, translation of these culture
methods to SSCs from larger animals did not give
the expected results [123—125]. Recently, in vitro
proliferation of porcine SSCs has been reported
with preservation of their colonization capacity
when xenotransplanted to the mouse testis [126].
It has been estimated that a 1300-fold increase in
SSCs is necessary to achieve sufficient coloniza-
tion in a clinical human application [127]. In
vitro culture conditions for the propagation of
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human SSCs have been reported for adult men
[127] and prepubertal boys [128, 129]. The iden-
tity of these cultured cells was confirmed by the
expression of SSC-specific markers shown by
RT-PCR and immunohistochemistry. However,
functional assays to prove SSC capacity of long-
term cultured human cells are lacking since xeno-
transplantation of human SSCs is not efficient.

Transplantation Site

Obviously, when SSCs are transplanted as single
cell suspension, the only possible option is to
transplant them to the seminiferous tubules so
they can colonize accessible niches. Healthy off-
spring has been produced after natural mating of
transplanted males with females [130]. This
would offer infertile patients the chance to
impregnate their partner by natural conception.
The transplantation of testicular tissue has
however been performed to different locations,
such as the back skin (ectopic), the scrotum, and
the testis (orthotopic). In most xenograft studies,
testicular tissue was transplanted to the back skin
of nude mice. In the model most closely related
to the human, full spermatogenesis was achieved
in ectopic grafts from rhesus monkeys. Full sper-
matogenesis could be observed in up to 15% of
tubules in ectopic xenografts [23]. However, the
same outcome could not be reached in the mar-
moset. In this species, the site of transplantation
seemed to have a major effect on the outcome of
the graft. The efficiency of inducing spermato-
genesis in marmoset grafts was limited to sper-
matogonial survival and differentiation up to
spermatocyte level [10]. Since androgens were
not produced by the marmoset graft, it was
hypothesized that failure of testosterone produc-
tion caused the premeiotic arrest in these grafts.
This hypothesis was supported by a deletion in
exon 10 of the luteinizing hormone (LH) receptor
gene, which makes this species sensitive to chori-
onic gonadotrophin (CG) instead of LH which is
produced in the mouse recipient [131]. However,
neither exogenous stimulation of the recipient
with human CG nor the co-transplantation of
hamster immature tissue to provide a high local

testosterone level could overcome the meiotic
blockage in the marmoset graft [10, 132]. When
marmoset tissue was grafted to a suitable hor-
monal environment by performing autologous
transplantation of immature marmoset testis
pieces to the back skin of the same animal, induc-
tion of spermatogenesis was achieved but not
beyond meiosis. The serum testosterone levels in
these transplanted animals only showed a mar-
ginal increase which could explain the meiotic
arrest. Next to this, the transplantation site was
covered with fur resulting in an increased tem-
perature [54]. This hyperthermia probably was
the main reason for the failure of obtaining full
spermatogenesis in ectopic grafts since the pro-
duction of spermatozoa could be observed in
autologous scrotal grafts in castrated marmosets
[53]. Recently, full spermatogenesis was achieved
in intratesticular xenografts without altering the
hormonal milieu by castration or any exogenous
gonadotrophin stimulation [36].

In a study in which cryopreserved rhesus
monkey testicular tissue was grafted, the scrotal
grafts showed the presence of full spermatogen-
esis, while pachytene spermatocytes were the
most advanced cell type in autologous ectopic
grafts. However, it should be mentioned that, in
this study, testicular tissue from marmosets in
which spermatogenesis was already initiated at
the time of cryopreservation was used [51].
Indeed, no difference was observed between
scrotal and back skin grafts when immature rhe-
sus monkey testicular tissue was autologously
grafted. Complete spermatogenesis was observed
in more than 70% of the seminiferous tubules,
regardless of the transplantation site. However,
graft size was found to be larger in the scrotal
grafts compared to the ectopic grafts [52]. The
discrepancy between both studies could rely in
the age of the donor or the cryopreservation pro-
tocol which was slightly different.

Adult human tissue grafted to the scrotal area
also resulted in better integrity of the seminifer-
ous tubules compared to ectopic grafts which
were almost totally degenerated and fibrotic [34].
Although tubular integrity in ectopic human
xenografts was also improved when immature
human tissue was used, spermatogonial survival
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seemed to be better in scrotal or intratesticular
grafts [31, 35, 37].

Hormonal Environment

In xenotransplantations to the mouse, the endog-
enous gonadotrophins were sufficient to initiate
spermatogenesis and to ensure its continuation in
bovine grafts [22]. Elevated levels of LH and
FSH were guaranteed by the castration of the
host before transplantation [23]. The high FSH
levels stimulate Sertoli cell proliferation and mat-
uration, while LH triggers Leydig cells to mature
and produce testosterone as evidenced by an
increased weight of the seminal vesicles and
increased levels of serum testosterone [7, 48].
Testosterone production by the ectopic graft will
then exert negative feedback on gonadotrophin
release in the castrated host resulting in decreas-
ing LH and FSH levels [23, 48]. Increased weight
of the seminal vesicles at the time of graft collec-
tion in castrated mice shows that testosterone
production occurs in the grafted tissue. However,
seminal vesicle weight, which is indicative for
the production of bioactive testosterone, in
grafted recipients is higher compared to castrated
mice but still lower than in intact male mice. The
production of less bioactive testosterone was
attributed to the lower responsiveness of donor
Leydig cells to murine gonadotrophins. In ecto-
pic xenografts from horses, full spermatogenesis
was shown, but could only be achieved in a very
limited number of tubules. In most seminiferous
tubules, progression up to meiosis was achieved.
Treatment with exogenous human CG (LH-like)
and pregnant mare’s serum gonadotropin (FSH-
like) resulted in improved germ cell differentia-
tion in horse xenografts. This improvement was
translated in the fact that elongated spermatids
were observed in the grafts from an immature
donor, while pachytene spermatocytes were the
most advanced cell type in the nontreated con-
trols. No improvement in the percentage of
tubules with differentiated cells was noticed.
Exogenous treatment with gonadotrophins did
also not result in increased seminal vesicle weight
[21]. The effect of administration of exogenous
gonadotrophins to mice in which prepubertal

human tissue was grafted to the testis was also
evaluated but did not result in postmeiotic pro-
gression of spermatogenesis in these grafts.
Meiotic activity was observed in the treated grafts
as well as in the nontreated controls [38].
However, exogenous administration of gonado-
tropins resulted in complete spermatogenesis in
rhesus monkey xenografts, while untreated grafts
showed no germ cell differentiation. Sertoli cell
maturation was observed in both treated and
untreated grafts [133].

Postmeiotic progression of spermatogenesis
is dependent on testosterone [134], and a low
testosterone concentration in the grafts might
thus explain the low efficiency of obtaining
fully matured spermatozoa in xenografts. In
ectopic grafts, testosterone production is solely
coming from donor Leydig cells, which need to
be stimulated by the mouse gonadotrophins.
Since castrated mice were the prevalent model
used for xenograft experiments, at the moment
of transplantation, the ectopic xenografts are
placed in an environment with a low testoster-
one concentration. This corresponds with the
natural environment for neonatal and immature
tissue. The high levels of FSH in castrated mice
were thought to induce maturation of the
somatic cells in the grafted tissue. The respon-
siveness of donor Leydig cells to the mouse
gonadotrophins seems to be higher in immature
or young tissue compared to adult tissue as
observed by an increased seminal vesicle weight
in mice receiving immature or young donor tis-
sue grafts [20]. However, new insights came
from a recent study which evaluated the effect
of the host environment on the development of
marmoset grafts. Grafts transplanted to non-
castrated male mice achieved better tubular sur-
vival, seminiferous epithelial arrangement, and
progression of spermatogenesis compared to
female mice and castrated mice [135].

The Effect of Donor Age
on the Maturation of Testicular Grafts

To understand the effect of the donor age is
important to define the patient’s age range for
which the technique could be offered in order to
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successfully restore spermatogenesis after auto-
transplantation. At least in xenograft experi-
ments, when transplantation was performed to
the back skin, a large variation in the success of
achieving full spermatogenesis was noticed.
Successful production of spermatozoa in ectopic
xenografts has been achieved in many species,
but the time needed to collect mature spermato-
zoa differed between species. In the pig and pri-
mate xenografts, spermatozoa production was
observed at an earlier tissue age compared to age-
matched controls [7, 23], while delayed sperma-
tozoa production was noticed in the cat, horse,
and bull [21, 22, 136]. The impact of donor age
was evaluated in feline and canine xenografts.
Initial acceleration of meiosis was observed in
xenografts when young donor tissue was used,
but mature spermatozoa were only recovered
after the time point they normally appear in the
feline testis. Ectopic tissue grafts with tissue
from young adults did not develop but showed
degeneration, while tissue from pubertal animals
in which meiotic germ cells were already present
at the time of grafting showed a lower recovery
and less efficient production of mature spermato-
zoa compared to the prepubertal donor grafts
[19]. Immature testicular tissue showed the high-
est potential to induce full spermatogenesis in the
grafts. The same findings were observed in canine
xenografts [20]. More extensive tubular damage
was also observed in scrotal and intratesticular
grafts from peripubertal human donors compared
to grafts from prepubertal boys [37]. In general, it
seems that the presence of spermatogenesis at the
time of grafting increases the risk of tubular
degeneration in the graft, and this risk increases
with the level of spermatogenesis that is present
in the donor tissue at the time of grafting [19, 20].
Adult testicular tissue has a low chance in surviv-
ing graft periods and mostly results in sclerotic
grafts. This is reported in different species includ-
ing mouse, hamster [10], horse [21], and human
[29, 30] and can be explained by the fact that
spermatogenesis demands high amounts of oxy-
gen. Mature tissue is therefore more vulnerable
to periods of ischemia, while immature tissue is
more effective in restoring blood supply after
grafting [10]. Also, seminal vesicle weight was

higher in mice carrying grafts from immature or
young donors compared to mice receiving adult
donor tissue. This suggests that immature and
young donor tissue is more responsive to the
mouse gonadotrophins resulting in a higher pro-
duction of testosterone in the graft, which in turn
stimulates postmeiotic development [20].

Although there is a higher risk of tubular dis-
integration, donor tissue isolated at the onset of
puberty shows the best potential to support the
development of complete spermatogenesis. This
is probably because the somatic environment and
germ cells are at that point ready to start sper-
matogenesis. Nine months after transplantation,
human peripubertal testicular tissue grafted to the
mouse testis displayed better spermatogonial sur-
vival and showed spermatocytes entering meio-
sis, which was not the case in grafts from younger
patients [37]. However, in a follow-up study,
meiotic cells could also be observed in xeno-
grafts from prepubertal patients (2.5-12.5 years),
but postmeiotic differentiation was not achieved
[38].

Depending on the species, in vivo maturation
of testicular tissue takes a few days (rodents),
several months (pigs, sheep, goats), few years
(horse, monkey, bovine), or, in case of the human,
9-15 years. This has of course important implica-
tions on the future clinical application. The matu-
ration of the transplanted tissue cannot occur at
the normal pace, since this could be more than
10 years if cryopreservation was performed dur-
ing the neonatal period. Such a long incubation
time will not only be negatively received by
patients with a child wish but might also be too
long for efficient graft survival. For testicular tis-
sue that was cryopreserved at a young age and is
transplanted during adulthood, accelerated matu-
ration will thus be required for efficient restora-
tion of fertility.

In animal models, accelerated maturation was
achieved with [21, 133] as well as without [7, 23]
exogenous stimulation of gonadotrophins. In
human intratesticular xenografts, maturity was
not achieved since Sertoli cells still showed
expression of anti-Mullerian hormone. The lack
of full maturation is probably the explanation
why full spermatogenesis has not yet been
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achieved in human prepubertal tissue grafts. In
marmoset grafts, intratesticular grafting over-
came the meiotic blockage which was observed
in ectopic grafts, but this was not the case for
human xenografts. Although human prepubertal
tissue was grafted to the testis for a long period
(12 months), no postmeiotic germ cells were
achieved in these grafts [37-39]. The marmoset
is the most accepted preclinical model for human
testicular development, but, in the marmoset, tes-
ticular maturation is reached by 15-18 months
[64], while it takes more than 10 years in the
human. Unfortunately, this period cannot be cov-
ered in the life span of a mouse.

Delivery of Growth Factors

The first days after the transplantation of testicu-
lar tissue are crucial for further graft develop-
ment. During this time, a connection between the
transplant and the host needs to be established in
order to reduce the ischemic period and provide
the transplant of oxygen, nutrients, and factors
supporting proliferation and differentiation of
germ cells and maturation of somatic cells. A
substantial loss of germ cells has been reported
shortly after testicular tissue grafting [34, 37, 51].
Germ cell fate evaluated in bovine xenografts
indicates that an initial loss of germ cells is one of
the reasons for the low efficiency of generating
full spermatogenesis in bovine xenografts. To
limit this initial germ cell loss, it is important that
blood supply to the transplant is established
quickly and efficiently. Graft and germ cell sur-
vival may thus be increased by the stimulation of
neovascularization. A higher number of blood
vessels were detected in functional grafts com-
pared to nonfunctional grafts, which highlight the
importance of angiogenesis for the survival,
development, and generation of spermatogenesis
in grafted tissue [137]. It was shown that the con-
nection of the capillary system between donor
and host is established by a combination of out-
growing small capillaries from the graft and large
blood vessels coming from the host [32].

With the aim to improve vascularization, the
effect of treating grafts with vascular endothe-

lium growth factor (VEGF) was evaluated. VEGF
is an important regulator of blood vessel forma-
tion. During embryogenesis, it stimulates vascu-
logenesis and angiogenesis, but it is also known
as a key mediator in neovascularization in cancer
and other diseases [138]. In bovine xenografts,
treatment with VEGF increased the number of
seminiferous tubules with elongating spermatids.
However, an increase in the number of blood ves-
sels or microvascular density was not observed in
these grafts [137]. Instead, the increased number
of seminiferous tubules with complete spermato-
genesis could be attributed to an increased sur-
vival of spermatogonia as a result of the
production of the anti-apoptotic factor B-cell
lymphoma 2 [139]. Although there was no effect
on vascularity in these bovine xenografts, an
increase in vascular surface and vessel density
could be observed in human prepubertal xeno-
grafts. This resulted in a better tubular integrity
and spermatogonial survival but did not stimulate
postmeiotic differentiation [39]. VEGF treatment
of the testicular transplants was either achieved
by a direct and single injection at the transplanta-
tion site [137] or by treating the testicular tissue
with VEGF in vitro for 5 days prior to grafting
[39, 139]. Instead of a single injection or incuba-
tion of the testicular tissue before transplantation,
testicular tissue transplants could benefit from a
more prolonged delivery of VEGF to stimulate
the connection with the vascular system of the
recipient. However, systemic delivery of VEGF
can result in uncontrolled effects at distant sites
making it unsafe for use in a clinical context.
Tissue engineering might be helpful to provide a
sustained and controlled delivery of molecules.
This involves the encapsulation in a three-
dimensional environment, synthetically com-
posed or derived from biological matrices to
imitate the extracellular matrix [140]. A local and
prolonged delivery of biomolecules might be
achieved by the incorporation of testicular tissue
transplants in biocompatible hydrogels, together
with biomolecules which can be encapsulated in
chitosan/dextran sulfate nanoparticles. The
requirements for being biocompatible implicate
that the used biomaterials should interact with
the biological environment of the recipient with-
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out inducing immune responses and allow full
integration with the recipient. On top of that,
products resulting from the biodegradation of the
scaffold should be cleared from the body without
interfering with other organs [140]. The use of
supportive matrices to optimize testicular tissue
grafting was evaluated in mouse autografts.
Testicular tissue was encapsulated in two differ-
ent hydrogels, alginate and fibrin. Encapsulation
in alginate was superior to fibrin encapsulation
and resulted in a higher vascular density and
improved the recovery rate of scrotal grafts
5 days after grafting. Although the beneficial
results observed few days after transplantation
were not maintained at 21 days after transplanta-
tion, the additional value of tissue engineering to
improve graft survival and differentiation should
be explored further [141].

Fertility After Testicular Tissue
Transplantation

Although natural conception might be possible
when SSC transplantation is performed, this has
never been proven for intratesticular grafting. It
might be difficult for the grafted tissue to make a
connection with the rete testis and allow sperma-
tozoa produced in the grafted tissue to reach the
epididymis and leave the testis at the time of ejac-
ulation. Therefore, testicular spermatozoa will
probably have to be collected through testicular
sperm extraction. The most suitable time point to
collect spermatozoa from the grafted tissue in a
human application will need to be determined. It
is not known how long it will take before mature
spermatozoa are produced in the testis, and this
might be dependent on the donor’s age at the time
of cryopreservation.

Spermatozoa isolated from ectopic porcine
xenografts showed a lower fertilization rate com-
pared to testicular, epididymal, and ejaculated
spermatozoa. Ectopically produced spermatozoa
do not undergo the final steps of maturation
(which normally take place in the epididymis)
but could be comparable to testicular sperm.

However, in boars, a lower fertilization rate was
observed for ectopically produced spermatozoa
compared to testicular sperm from control boars.
This lower fertilization rate could be caused by
senescence of spermatozoa in the grafts. In vivo,
a constant clearance of the produced spermato-
zoa from the seminiferous tubules is assured.
However, this is not the case in grafts [24]. In
theory, when testicular tissue is grafted to the tes-
tis, open seminiferous tubules in the grafted tis-
sue could connect with existent seminiferous
tubules. Although this could allow clearance of
senescent spermatozoa from the grafted tissue,
the number of sperm cells produced by the graft
will probably be too low for natural conception.
To avoid this problem, spermatozoa should be
isolated from the graft as soon as possible.

Conclusion

Both SSC transplantation and testicular tissue
transplantation seem to be promising strategies to
preserve fertility in patients facing germ cell loss.
Restoration of spermatogenesis from human
spermatogonia has not yet been achieved in a
xenotransplantation model. However, autologous
transplantation of SSCs in nonhuman primates is
able to restore fertility in the recipients. Also,
spermatozoa produced in transplanted testicular
tissue in nonhuman primates was able to fertilize
an oocyte which resulted in the birth of healthy
baby monkey. These promising results are reas-
suring for the translation of this techniques to the
clinic. Careful evaluation of the efficiency and
safety of these procedures will be necessary.
Testicular tissue transplantation is believed to be
the most efficient and easy method but holds too
many risks when there is risk for contamination
with malignant cells in the stored testicular tis-
sue. Thorough evaluation of minimal residual
disease will have to be implemented before trans-
plantation to the patient can be performed. SSC
transplantation might be an alternative on the
condition that total elimination of malignant cells
can be guaranteed.



548

D. Van Saen and E. Goossens

Definitions

Spermatogonial stem cell Stem cell located at
the basement membrane of the seminiferous
tubules within the testis. Responsible for renewal
of the stem cell pool in the testis and the founder
cell of spermatogenesis.

Spermatogonial stem cell transplantation The
transplantation of spermatogonial stem cells to
the testis by injecting a testicular cell suspension
through the efferent duct.

Testicular tissue grafting The transplantation of
testicular tissue. The testicular tissue is inserted
under the tunica albuginea, which is sutured after
insertion of the testicular piece.

Practical Clinical Tips

Translation of the spermatogonial stem cell
transplantation and testicular tissue trans-
plantation to a clinical application needs to
be performed. Testicular tissue freezing is
already performed in several centers. All
centers offering cryopreservation of testic-
ular tissue use the slow-freezing protocol.
Several factors need to be put into consid-
eration in the decision on how SSCs should
be transplanted to the patient before trans-
lation to the clinic:

* Should we transplant tissue or cells?

o If testicular tissue is transplanted, where
should we transplant?

e Should we provide external support to
the hormonal environment?

e Should we deliver growth factors to
stimulate graft survival?

Clinical Cases
Clinical cases
performed.

have not yet been

Key Readings

e Picton HM, Wyns C, Anderson RA, Goossens
E, Jahnukainen K, Kliesch S, et al. A European
perspective on testicular tissue cryopreserva-
tion for fertility preservation in prepubertal

and adolescent boys. Hum Reprod.
2015;30(11):2463-75.
e Hermann BP, Sukhwani M, Winkler F,

Pascarella JN, Peters KA, Sheng Y, et al.
Spermatogonial stem cell transplantation into
rhesus testes regenerates spermatogenesis
producing functional sperm. Cell Stem Cell.
2012;11(5):715-26.

e Fayomi AP, Peters K, Sukhwani M, Valli-
Pulaski H, Shetty G, Meistrich ML, et al.
Autologous grafting of cryopreserved prepu-
bertal rhesus testis produces sperm and off-
spring. Science. 2019;363(6433):1314-9.

e BaertY, Van Saen D, Haentjens P, In’t Veld P,
Tournaye H, Goossens E. What is the best
cryopreservation protocol for human testicu-
lar  tissue  banking? Hum  Reprod.
2013;28(7):1816-26.

Take Home Messages

e Restoration of spermatogenesis in infer-
tile animals is possible by the transplan-
tation of spermatogonial stem cells or
testicular tissue.

» Healthy offspring have been born after
transplantation of spermatogonial stem
cells (cell suspension or tissue) in large
animal species.

o Testicular tissue transplantation and
spermatogonial stem cell transplanta-
tion are promising strategies to restore
fertility in patients at risk of germ cell
loss during puberty.

* Cryopreservation of testicular tissue is
already offered in several fertility
centers.

* Autotransplantation in a clinical setting
has not yet been performed.
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