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Introduction
Although sperm banking is being offered for already half a 
century to preserve fertility in adult men,1 fertility preservation 
in young boys was inexistent until more than 15 years ago. 
With the growing population of long-term survivors of child-
hood cancer or other life-threatening diseases,2–4 the side 
effects of gonadotoxic treatments or genetic conditions became 
more apparent. One of these major side effects is lifelong sub-
fertility or infertility. Treatments for patients with cancer 
involve chemotherapy and/or radiotherapy which target rap-
idly dividing cells, like the constantly dividing spermatogonial 
stem cells (SSCs).5 Spermatogonia have been reported to be 
more sensitive to chemotherapy6 and radiotherapy7,8 compared 
with mature germ cells and Leydig cells. The severity of the 
gonadal damage varies substantially depending on the maturity 
of the testicular tissue as well as the type of drug or combina-
tion of drugs, the cumulative dose, the duration and the site of 
radiation therapy.9,10 The most damaging chemotherapeutic 
agents are the alkylating ones,11 where radiation doses >4 Gy 
may result in permanent gonadal damage.12,13 In addition, 
patients with haematological disorders – including sickle cell 
disease (SCD) and thalassemia – require high-dose chemo-
therapy and/or total body irradiation as a conditioning therapy 
for bone marrow transplantation which are associated with a 
high risk of infertility.14,15 Fractionated total body irradiation 
has been associated with a <20% chance of gonadal recovery.16 
Moreover, patients diagnosed with SCD are often treated with 

hydroxyurea, an antineoplastic agent reported to decrease 
sperm quality in adults17,18 and to deplete the spermatogonial 
pool in prepubertal boys.19 Klinefelter syndrome (KS), first 
described by Klinefelter et al20 in 1942, is the most common 
chromosomal aberration found in infertile men, affecting 
between 1 in 500 and 1 in 1000 newborn males. Klinefelter 
syndrome is characterized by 1 or more extra X chromosomes. 
A total of 80% of the patients with KS carry the non-mosaic 
47,XXY karyotype, whereas the remaining 20% have higher 
grade aneuploidies or mosaicisms.21–23 The testicular tissue of 
patients with KS shows a progressive degeneration character-
ized by severe germ cell loss leading to impaired spermatogen-
esis, extensive fibrosis, hyalinization of the seminiferous tubules, 
and Leydig cell hyperplasia. This testicular failure is associated 
with increased follicle-stimulating hormone (FSH) and 
decreased inhibin B (INHB) and anti-Müllerian hormone 
(AMH) levels over time.24,25 Because young boys do not pro-
duce mature spermatozoa yet, sperm banking is not an option. 
The possibilities for children affected by cancer or other life-
threatening diseases to become a father later in life have long 
been limited to sperm donation and adoption. Because the 
awareness of being infertile has a dramatic impact on the qual-
ity of life, other fertility preservation strategies were welcome. 
In 1994, the hope to give these men a genetically own child was 
raised by a report on SSC cryopreservation and transplantation 
in mice.26,27 Sterile mice, which were transplanted with SSCs 
from a fertile mouse, were able to produce offspring carrying 
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the donor genotype. In the next 25 years, methods for cryo-
preservation of SSCs and testicular tissue have been opti-
mized27–45 and translated to the human.46–54 Protocols for 
transplantation of SSCs and testicular tissue need further 
adaptation to become a clinical application.55,56 In 2002, the 
Universitair Ziekenhuis (UZ) Brussel was the first hospital 
worldwide initiating a clinical fertility preservation programme 
for young boys at high risk of losing their SSCs. This testicular 
tissue bank collected samples from 112 patients between 2002 
and 2018. At present, several centres across the world offer fer-
tility preservation to young boys.57–62 More centres are inter-
ested in setting up a testicular tissue bank, but without the help 
of experienced teams, this remains a real challenge. With this 
article, we aim to share the knowledge that we have built up 
during more than 15 years and to provide useful information to 
all centres wanting to set up a clinical programme for fertility 
preservation in young boys at high risk of SSC loss.

Materials and Methods
Patients eligible for testicular tissue banking

At the UZ Brussel, patients under 18 years of age and with a 
⩾80% risk of infertility are eligible for inclusion in the fertility 
preservation programme.12,13 For adolescents who are able to 
produce a semen sample by masturbation, sperm banking fol-
lowed by assisted reproductive techniques (ART) at adulthood 
is offered. If masturbation is not possible, alternative methods 
such as assisted ejaculation techniques (penile vibrostimulation 
and electrostimulation) or testicular sperm extraction (TESE) 
could be proposed.63 Testicular tissue sampling and banking is 
the only fertility preservation option for prepubertal and peripu-
bertal boys who do not produce mature spermatozoa yet. Also, 
adolescents who are unable to provide a semen sample or who 
are azoospermic could benefit from testicular tissue cryopreser-
vation. Autotransplantation of the frozen-thawed SSCs or tes-
ticular tissue34,36,38,44,45 as well as in vitro spermatogenesis64–67 
could be future options to restore fertility at adulthood. As the 
cure of the cancer or haematological disorder is the main con-
cern, testicular tissue cryopreservation is preferably performed 
shortly after diagnosis to avoid any delay in treatment.

Due to the massive germ cell depletion occurring in KS 
boys, they were thought to be eligible for fertility preservation 
and, in 2009, the UZ Brussel also started to include patients 
with KS. As spermatogenesis in mosaic cases is less affected, 
only patients with KS with a non-mosaic karyotype (assessed 
on peripheral lymphocytes) were enrolled.68,69 To have a homo-
geneous group of patients, patients with KS receiving testoster-
one therapy were excluded as well as patients with KS with a 
history of cryptorchidism, because cryptorchidism is an addi-
tional reason for a lower spermatogonia number.70,71 At first, 
the aim was to cryopreserve spermatozoa. Therefore, boys with 
KS (n = 30) were followed until the first signs of puberty. Every 
4 months, pubertal development was assessed according to 
Marshall and Tanner staging,72 testicular volume was measured 
with the Prader orchidometer and the serum levels of FSH, 

INHB, and testosterone were measured. In case the testicular 
volume was >6 mL, spermaturia was investigated in morning 
urine samples. Testicular tissue banking was only proposed 
when one or a combination of the following criteria were 
observed:

•• No further testicular growth;
•• An initial serum INHB concentration below the lower 

reference value;
•• Decreased serum INHB concentration;
•• Increased FSH concentration (at least above 10 mU/L);
•• Azoospermia evidenced in a semen sample obtained 

after masturbation, penile vibrostimulation, electrostim-
ulation, or TESE.

As these peripubertal boys with KS presented with none or 
very limited numbers of spermatogonia,73 later on, boys with 
KS were referred at diagnosis. Testicular tissue of 4 prepubertal 
patients with KS (aged 4-7 years) has been banked.

Patient management and follow-up

Patients eligible for enrolment in the fertility preservation pro-
gramme are referred by paediatric oncologists and haematolo-
gists to the oncofertility centre of the UZ Brussel. The 
oncofertility centre consists of a multidisciplinary and closely 
cooperating team of specialists and nurses with expertise in 
oncology and fertility. During consultation, the patient and his 
parents are informed about the available options to safeguard 
the patient’s future fertility. It is mandatory to inform the 
patient (using adapted terminology) and his parents that these 
fertility preservation and restoration methods are still experi-
mental as they have not yet proven to be successful in humans. 
Furthermore, banking of testicular tissue does not guarantee 
that this material could be used for future fertility restoration. 
Autotransplantation is not yet safe enough for patients diag-
nosed with malignancies as it carries a great risk of reintroduc-
ing residual malignant cells back into the patient via the graft.74 
Strategies to effectively eliminate these contaminating malig-
nant cells from the cryopreserved cell suspension or testicular 
tissue are not available to date. In the future, these patients 
could benefit from in vitro spermatogenesis in combination 
with ART to avoid the risk of reintroducing the malignancy 
back into the patient. The patient and his parents should also 
be informed about the possible complications related to the 
testicular tissue sampling procedure itself (sensitive scrotum, 
local bleeding, and wound infection).

An informed consent signed by the parents and the 
patient himself (if more than 12 years of age) is necessary 
(Supplementary File). By signing this consent form, they com-
ply with the removal and banking of testicular tissue. They also 
have the opportunity to agree or disagree with the use of a 
small part (<10%) of the biopsy for scientific research and/or 
to release the banked tissue for research after the legal maximal 
storage period of 10 years (in Belgium) or after the patient’s 
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death. After signing the informed consent, changes to the orig-
inal consent form can still be requested by the parents and by 
the patient himself when he has reached legal age (18 years in 
Belgium).

Once a year, patients enrolled in the fertility preservation 
programme return to our centre to monitor their development. 
Patient follow-up includes the following:

•• Weight, height, body mass index and blood pressure;
•• Testicular volume measurement with a Prader orchi-

dometer and/or testicular ultrasound;
•• Evaluation of the gonadal function and development by 

analysing the serum levels of luteinizing hormone, tes-
tosterone, oestradiol, FSH, and INHB;

•• Estimation of the degree of skeletal maturation through 
bone age and bone density assessment by medical 
imaging.

Testicular tissue sampling

Testicular tissue samples are to be retrieved under general 
anaesthesia, preferably in combination with other interventions 
requiring anaesthesia (like central line placement for chemo-
therapeutic drug administration or bone marrow aspiration). To 
minimize the risk for postoperative fibrosis and to preserve 
endocrine testicular function maximally, a single large volume 
biopsy is preferred over multiple biopsy sampling. Depending 
on the volume of the testes (for small testes proportionally more 
testicular tissue is removed) and according to the parents’ wish, 
one entire testis, one half of a testis or smaller fragment(s) 
(10%-25% of the testis) can be biopsied. The testicular tissue is 
taken from the lower pole of the largest testis.75

Testicular tissue cryopreservation

After testicular tissue sampling, the major part (>90%) of the 
testicular tissue biopsy is cut into small fragments of approxi-
mately 6 mm³, cryopreserved, and stored for potential later fer-
tility restoration purposes.50,53 Testicular tissue is cryopreserved 
by slow freezing in cryopreservation medium consisting of 

Dulbecco’s modified Eagle’s medium (DMEM/F12; 31330-
038; Invitrogen, Merelbeke, Belgium) supplemented with 
1.4 M dimethylsulfoxide (DMSO; D2650; Sigma, Bornem, 
Belgium), 0.15 M sucrose (10274; BDH Laboratory Supplies, 
Poole, UK), and 10% human serum albumin (HSA; 10064; 
Vitrolife, Gothenburg, Sweden). Two testicular tissue pieces 
are placed per vial. The vials are first equilibrated for 15 min-
utes on ice water and then placed in an isopropyl alcohol freez-
ing container (55710-200; Mr Frosty Freezing Container,  
Mr Frosty, VWR, Leuven, Belgium) which is put in a −80°C 
freezer. Samples are cooled at a rate of −1°C/min. When −80°C 
is reached (after at least 4 hour), the cryovials are stored in 
nitrogen gas (Figure 1) to prevent cross-contamination between 
the cryopreserved samples.

Spermatogonia scanning in testicular tissue samples

To evaluate the usefulness of testicular tissue banking, 1  
fragment (10 mm³) of the biopsied testicular tissue is fixed in 
alcohol formalin acetic acid fixative (AFA; VWRSAFA002 
2A630007; VWR, Oud-Heverlee, Belgium) for at least 1 hour. 
After embedding in paraffin, 3 consecutive 5-µm-thick sec-
tions are made at 3 different depths of the fragment (with at 
least 50 µm between 2 depths) to have an overall view of the 
testicular tissue fragment. For each depth, 1 slide is stained 
with haematoxylin and eosin to evaluate the tubular integrity 
and progression of spermatogenesis. Consecutive slides are 
stained for immunohistochemistry for melanoma-associated 
antigen 4 (MAGE-A4) (mouse monoclonal antibody, kindly 
provided by Giulio Spagnoli, University of Basel, Switzerland) 
as a positive marker and VIMENTIN (mouse monoclonal 
antibody clone V9; M0725; Dako, Heverlee, Belgium) as a 
negative marker for germ cells.53 After deparaffinization and 
rehydration, slides are washed in phosphate-buffered saline 
(PBS; 70011-036; Life-technologies, Gent, Belgium) for 
5 minutes. Endogenous peroxidases are blocked by incubation 
in 0.3% hydrogen peroxide (H2O2) for 30 minutes. Antigen 
retrieval is performed in citrate buffer, using a water bath at 
95°C for 75 minutes. The slides are cooled at room temperature 
for 30 minutes. Non-specific binding is blocked by incubating 

Figure 1. Testicular tissue cryopreservation procedure. (A) Testicular tissue is cut into small fragments (±6 mm³). (B) Testicular tissue fragments are 

transferred to cryovials with cryopreservation medium and placed in an isopropyl alcohol freezing container. (C) After overnight freezing, the cryovials are 

transferred to nitrogen gas for long-term storage.
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slides with 4% normal goat serum (NGS; B304; Tebu-Bio, 
Boechout, Belgium) for 30 minutes. Slides are subsequently 
incubated overnight at 4°C with the primary antibody (1/200). 
Colour reaction is achieved using a staining kit (Dako Real 
Envision Detection System; K5007; Dako, Heverlee, Belgium) 
containing dextran coupled with peroxidase molecules and 
goat secondary antibodies against mouse immunoglobulins. 
Chromogen reaction is performed using 3,3′-diaminobenzidine 
tetrahydrochloride supplied with the kit (Dako Real Envision 
Detection System). Nuclei are counterstained with haematoxy-
lin, and slides are dehydrated and mounted. Histological exami-
nations are performed on an Olympus IX81 inverted light and 
fluorescence microscope (Olympus, Aartselaar, Belgium) and 
digital images are made using a digital camera (CC-12 Soft 
Imaging System; Olympus). In case no spermatogonia are 
observed in the examined sections, 1 additional fragment is 
thawed, fixed, and examined. The result is communicated to the 
patient and his parents by the fertility specialist.

Results
Regulatory framework

Our fertility preservation programme has been approved by the 
Institutional Review Board of the UZ Brussel. The testicular 
tissue collection and banking was performed after informed 
consent was obtained. The UZ Brussel is insured for the testicu-
lar tissue biopsy procedure and the costs for the procedure and 
storage are covered by the Belgian national health insurance. 
In Belgium, the legal maximal storage period for gametes in 
human reproductive tissue is 10 years. After the storage period, 
the UZ Brussel carries out the last instructions mentioned in 
the informed consent (release the banked tissue for research or 
destroy the banked tissue). Because storage for several decades 
may be needed, an extension of the legal storage period can be 
requested. The testicular tissue samples are prepared and cryo-
preserved under the guidelines of EU tissue directive.

Patients enrolled in the fertility preservation 
programme of the UZ Brussel

At the end of 2018, the testicular tissue bank of the UZ Brussel 
contained samples from 112 patients (58% acceptance rate). Of 

these 112 patients, 78 (70%) boys required high-risk gonado-
toxic treatments. Patients with cancer as well as patients need-
ing conditioning treatment for bone marrow transplantation 
accounted each for 35% (Figure 2A). Although the aim is to 
cryopreserve testicular tissue before initiation of gonadotoxic 
treatment, 17 patients already received some treatment before 
testicular tissue banking was considered. In total, 6 patients had 
been treated with low-risk therapy for a previous cancer. Only 
when the cancer relapsed or due to poor response to the origi-
nal therapy, they needed more severe treatment and, therefore, 
were referred to the fertility department. Another 22 patients 
with blood-borne diseases had been treated with hydroxyurea 
before testicular tissue banking, which could also have an effect 
on germ cell survival. In addition, we have banked testicular 
tissue from 34 patients with KS (30%) (Figure 2A). Almost all 
patients with KS were peripubertal or postpubertal when 
enrolled in the fertility preservation programme, as our first 
aim was to bank mature spermatozoa. Unfortunately, none of 
the patients with KS showed ongoing spermatogenesis, and 
thus testicular tissue was obtained through TESE (unilateral or 
bilateral, single or multiple, open or micro-TESE).

Testicular tissue was retrieved and cryopreserved for 67 pre-
pubertal patients (<12 years). In total, 36 patients were peripu-
bertal (12-16 years) and 9 were postpubertal (>16 years), but 
they were not able to deliver a semen sample or they were azoo-
spermic (Figure 2B).

Apart from banking testicular tissue for clinical use, most of 
the parents (69%) agreed to donate <10% of the biopsy for sci-
entific research. In total, 17% of the parents did not consent for 
further experimental research after the legal maximal storage 
period and 19% of the parents did not consent for further 
experimental research in case their son would die. The decision 
of the parents concerning further experimental research after 
the legal maximal storage period and after patients’ death 
was not specified in 13% and 28% of the informed consents, 
respectively (Table 1). So far, 10 patients have died due to neu-
roblastoma, long-term granulomatous disease, testicular cancer, 
lymphoma, SCD, leukaemia (n = 3), rhabdomyosarcoma, 
another unspecified cancer. In answer to the parents’ wish, the 
stored testicular tissue of 5 patients was made available for sci-
entific research purposes, whereas the banked testicular tissue of 

Figure 2. (A) Indications for fertility preservation at the UZ Brussel. (B) The patients’ pubertal stage at time of testicular tissue sampling.
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3 patients was discarded. For the other 2 patients, the informed 
consent did not mention the parents’ choice concerning scien-
tific research after the patients’ death. Their testicular tissues are 
kept in storage until the parents have been contacted.

Testicular tissue samples

Most of the parents chose to have one half of a testis (47%) or a 
smaller biopsy (34%) removed. In total, 19% of the patients, all 
requiring gonadotoxic treatment, had one whole testis removed 
for fertility preservation according to the parents’ wish (Figure 
3A) and some of these patients got a testicular prosthesis 
implanted after remission. These results are in line with a Dutch 
questionnaire from which it was concluded that parents prefer 
smaller biopsy over hemicastration.76 In 45%, the left testis was 
biopsied, and in 42%, the right one. Bilateral biopsies (13%) 
were only performed in patients with KS (Figure 3B). No minor 
or major adverse complications occurred during or after the sur-
gery and none of the patients needed a second intervention.

All patients included in our fertility preservation pro-
gramme tested negative for cytomegalovirus, human immuno-
deficiency virus or hepatitis B/C. However, if patients would 
have tested positive, their samples would have been kept in a 
separate storage tank to avoid pathogen transmission to other 
cryopreserved testicular tissue samples.

In general, the testicular tissue of patients affected with cancer and 
haematological disorders contained spermatogonia (Figure 4A 
and B). Spermatogonia numbers were not significantly different 
between patients previously exposed to chemotherapy or hydrox-
yurea and patients who did not receive chemotherapy or hydro-
xyurea before testicular tissue preservation.77 However, in 2 
patients with SCD and who had been treated with hydroxyurea 

prior to testicular tissue banking, no spermatogonia were observed 
(Figure 4E). Previous studies investigating the spermatogonial 
quantity in patients with SCD treated with hydroxyurea demon-
strated a reduced or totally depleted spermatogonial pool.19,77 
Testicular tissue of patients with KS hardly contained spermato-
gonia, even at the very young age of 4 years. Very few spermato-
gonia (0.03-0.06 spermatogonia/seminiferous tubule) were 
detected in testicular tissue biopsies from prepubertal patients 
with KS73 (Figure 4C).

Discussion
This article describes the clinical fertility preservation pro-
gramme of the UZ Brussel for young boys at high risk of SSC 
loss and provides useful information to centres interested in 
setting up an immature testicular tissue bank.

According to our own experience, but also in other centres 
offering fertility preservation, there is a great interest to bank 
testicular tissue for later use.49,76,78-80 However, because this 
fertility preservation method is experimental and involves sur-
gery on young patients, one must be aware to offer testicular 
tissue banking only to those patients who are at high risk of 
becoming infertile and who could benefit from fertility resto-
ration at adulthood.

It is of great importance that patients with cancer are referred 
to a fertility specialist before initiation of any gonadotoxic treat-
ment, because even low-risk chemotherapy and/or radiotherapy 
can induce SSC loss. This would not be a problem in first 
instance, because their fertility might recover spontaneously 
after treatment. It could, however, become problematic if the 
patient relapses and needs a second and more severe treatment. 
Studies revealed that spermatogonia numbers in prepubertal 
boys exposed to alkylating agents were significantly reduced.11,19 

Table 1. Consents concerning scientific research conducted on the removed testicular tissue.

SCIEnTIFIC RESEARCH On 
SMALL PART (<10%) OF 
TESTICULAR TISSUE BIOPSy 
(%)

SCIEnTIFIC RESEARCH On 
BAnKED TESTICULAR TISSUE 
AFTER LEGAL MAxIMAL 
STORAGE PERIOD (%)

SCIEnTIFIC RESEARCH On 
BAnKED TESTICULAR TISSUE 
AFTER PATIEnT’S DEATH (%)

Consented 69 70 53

Did not consent 20 17 19

not mentioned in informed consent 11 13 28

Figure 3. Testicular tissue sampling: (A) the amount of testicular tissue biopsied and (B) the site of biopsy.
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However, another study showed that previous exposure to 
alkylating or non-alkylating chemotherapy had no impact on 
spermatogonial quantity.62 More studies should be conducted 
to elucidate whether testicular tissue banking for fertility pres-
ervation is beneficial to patients already exposed to alkylating 
agents before banking. However, besides the cancer treatment, 
the cancer itself could also affect spermatogonial quantity, but 
this still needs to be investigated.

The number of spermatogonia is also negatively affected by 
treatment with hydroxyurea. At this moment, it is not sure 
whether this effect is reversible and whether fertility can 
recover spontaneously. A retrospective multicentre study 
revealed that at least one or a combination of sperm parameters 
(volume of ejaculate, sperm concentration, total sperm count, 
forward motility, sperm viability, and sperm morphology) were 
deteriorated in adults treated with hydroxyurea.17 Recently, it 
was demonstrated that the spermatogonial quantity was 
reduced in testes of prepubertal boys after hydroxyurea treat-
ment.19 However, as all patients with SCD received hydroxyu-
rea, it cannot be excluded that the disease itself causes 
spermatogonial loss.81 Prospective long-term studies are 
needed to get better insights into the factors causing the 
reduced spermatogonial quantity. For now, patients with SCD 
and their parents should be informed about their reduced 
potential for successful fertility restoration. In our cryopreser-
vation programme, the presence of spermatogonia in the tes-
ticular tissue samples is demonstrated using the marker 
MAGE-A4,82 but other markers are also suitable to detect 
human spermatogonia.83,84

Autotransplantation of cryopreserved testicular tissue sam-
ples is the most promising restoration strategy. Recently, 
Fayomi et  al45 demonstrated that autotransplantation of fro-
zen-thawed prepubertal testicular tissue (pieces of 9-20 mm3, 
which is larger than in our cryopreservation protocol: 6 mm3) 
in pubertal rhesus macaques resulted in graft-derived sperm 
and offspring. However, for patients diagnosed with malignan-
cies, this approach holds a great risk for malignant relapse due 
to the potential presence of residual malignant cells in the cry-
opreserved sample. Assessing possible malignant contamina-
tion in the cryopreserved samples is of immense importance, 
although it is not performed along with testicular tissue bank-
ing in the UZ Brussel. We opt to assess malignant cell con-
tamination at the time autotransplantation is requested by a 
patient with a child wish. If malignant cells are detected, SSC 
transplantation26,27,37 after removal of malignant cells85,86 could 
be considered.

Even if the risk of infertility or the chances of future fertility 
restoration are 20% or lower, more than 25% of the parents still 
opt to preserve their sons’ fertility through testicular tissue 
banking.87 We do not recommend testicular tissue banking for 
patients receiving low-risk treatments, as banking requires sur-
gery on young patients and may reduce the chances for sponta-
neous recovery of spermatogenesis.

In addition to boys with cancer or haematological disorders, 
patients with KS were also thought to be eligible for fertility 
preservation by means of testicular tissue cryopreservation. 
Apart from a seldom spermatogonium, most of the KS samples 
were sclerotic and lost every potential for fertility restoration at 

Figure 4. Histological staining for MAGE-A4. Testicular tissue from (A) a 5-year-old boy with cancer, (B) a 12-year-old boy with a haematological disorder 

who were not treated prior to testicular tissue banking, and from (C) a 13-year-old patient with Klinefelter syndrome. (D) Testicular tissue from an 

11-year-old boy with cancer who had been treated with alkylating agents (cyclophosphamide and ifosfamide) and (E) a 9-year-old boy with SCD who had 

been treated with hydroxyurea. The testis of the boy with cancer shows a drastically reduced number of spermatogonia, whereas the testis of the boy with 

SCD is completely depleted from spermatogonia. SCD indicates sickle cell disease.
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adulthood. A recent study highlighted that spermatogonia in 
testicular tissue of patients with KS are lost already at very 
young age (<4 years) and that the outcomes of a TESE proce-
dure performed at early adolescent age are not better compared 
with TESE performed in adults.73 Furthermore, it is difficult 
to predict which patients with KS will have a positive TESE 
outcome, as clinical or hormonal biomarkers are lacking.75,88 
Therefore, we do not longer recommend testicular tissue bank-
ing for fertility preservation in young patients with KS.

Acknowledgements
The authors are thankful to A. Christiaens (study nurse at the 
paediatric department of the UZ Brussel) and E. Van Moer 
(oncofertility coordinator of the UZ Brussel fertility clinic) for 
data collection, the staff members of the BITE research group 
for cryopreservation protocol and testicular tissue staining and 
the staff members of the Centre for Reproductive Medicine of 
the UZ Brussel for the testicular tissue sampling and banking.

Author Contributions
A.B. was involved in conception and design of the study, 
acquisition of data, analysis and interpretation of data, draft-
ing of the manuscript and critical approval of the final manu-
script. H.T. was involved in critical revision of the manuscript 
and approval of the final manuscript. E.G. was involved in 
conception and design of the study, analysis and interpretation 
of data, critical revision of the manuscript and approval of the 
final manuscript.

Ethical Approval
Patient data collection has been approved by the Institutional 
Review Board of the UZ Brussel (B.U.N. 143201630620, 
B.U.N. 143201732183, and B.U.N. 143201731260).

ORCID iD
Aude Braye  https://orcid.org/0000-0003-3483-6511

Supplemental Material
Supplemental material for this article is available online.

REfEREnCES
 1. Steinberger E, Perloff WH. Preliminary experience with a human sperm bank. 

Am J Obstet Gynecol. 1965;92:577-579.
 2. Bosetti C, Bertuccio P, Chatenoud L, Negri E, Levi F, La Vecchia C. Childhood 

cancer mortality in Europe, 1970-2007. Eur J Cancer. 2010;46:384-394.
 3. Smith MA, Altekruse SF, Adamson PC, Reaman GH, Seibel NL. Declining 

childhood and adolescent cancer mortality. Cancer. 2014;120:2497-2506.
 4. Winther J, Kenborg L, Byrne J, et al. Childhood cancer survivor cohorts in 

Europe. Acta Oncol. 2015;54:655-668.
 5. Jahnukainen K, Ehmcke J, Hou M, Schlatt S. Testicular function and fertility 

preservation in male cancer patients. Best Pract Res Clin Endocrinol Metab. 
2011;25:287-302.

 6. Meistrich ML. Effects of chemotherapy and radiotherapy on spermatogenesis in 
humans. Fertil Steril. 2013;100:1180-1186.

 7. Wallace WH, Thomson AB. Preservation of fertility in children treated for can-
cer. Arch Dis Child. 2003;88:493-496.

 8. Howell SJ, Shalet SM. Spermatogenesis after cancer treatment: damage and 
recovery. J Natl Cancer Inst Monogr. 2005;34:12-17.

 9. Kenney LB, Cohen LE, Shnorhavorian M, et al. Male reproductive health after 
childhood, adolescent, and young adult cancers: a report from the Children’s 
Oncology Group. J Clin Oncol. 2012;30:3408-3416.

 10. Vakalopoulos I, Dimou P, Anagnostou I, Zeginiadou T. Impact of cancer and 
cancer treatment on male fertility. Hormones (Athens). 2015;14:579-589.

 11. Poganitsch-Korhonen M, Masliukaite I, Nurmio M, et al. Decreased spermato-
gonial quantity in prepubertal boys with leukaemia treated with alkylating 
agents. Leukemia. 2017;31:1460-1463.

 12. Wallace WH, Anderson RA, Irvine DS. Fertility preservation for young patients 
with cancer: who is at risk and what can be offered? Lancet Oncol. 2005;6:209-218.

 13. Munoz M, Santaballa A, Segui MA, et al. SEOM Clinical Guideline of fertility 
preservation and reproduction in cancer patients. Clin Transl Oncol. 
2016;18:1229-1236.

 14. Jahnukainen K, Mitchell RT, Stukenborg JB. Testicular function and fertility 
preservation after treatment for haematological cancer. Curr Opin Endocrinol 
Diabetes Obes. 2015;22:217-223.

 15. Balduzzi A, Dalle JH, Jahnukainen K, et al. Fertility preservation issues in pedi-
atric hematopoietic stem cell transplantation: practical approaches from the con-
sensus of the Pediatric Diseases Working Party of the EBMT and the 
International BFM Study Group. Bone Marrow Transplant. 2017;52:1406-1415.

 16. Socie G, Salooja N, Cohen A, et al. Nonmalignant late effects after allogeneic 
stem cell transplantation. Blood. 2003;101:3373-3385.

 17. Berthaut I, Guignedoux G, Kirsch-Noir F, et al. Influence of sickle cell disease 
and treatment with hydroxyurea on sperm parameters and fertility of human 
males. Haematologica. 2008;93:988-993.

 18. Jones KM, Niaz MS, Brooks CM, et al. Adverse effects of a clinically relevant 
dose of hydroxyurea used for the treatment of sickle cell disease on male fertility 
endpoints. Int J Environ Res Public Health. 2009;6:1124-1144.

 19. Stukenborg JB, Alves-Lopes JP, Kurek M, et al. Spermatogonial quantity in 
human prepubertal testicular tissue collected for fertility preservation prior to 
potentially sterilizing therapy. Hum Reprod. 2018;33:1677-1683.

 20. Klinefelter HF, Reifenstein EC, Albright F. Syndrome characterized by gyneco-
mastia, aspermatogenesis without a-leydigism, and increased excretion of folli-
cle-stimulating hormone. J Clin Endocrin. 1942;2:615-627.

 21. Foresta C, Galeazzi C, Bettella A, Stella M, Scandellari C. High incidence of 
sperm sex chromosomes aneuploidies in two patients with Klinefelter’s syn-
drome. J Clin Endocrinol Metab. 1998;83:203-205.

 22. Fruhmesser A, Kotzot D. Chromosomal variants in Klinefelter syndrome. Sex 
Dev. 2011;5:109-123.

 23. Tartaglia N, Ayari N, Howell S, D’Epagnier C, Zeitler P. 48, XXYY, 48,XXXY 
and 49,XXXXY syndromes: not just variants of Klinefelter syndrome. Acta Pae-
diatr. 2011;100:851-860.

 24. Aksglaede L, Wikstrom AM, Rajpert-De Meyts E, Dunkel L, Skakkebaek NE, 
Juul A. Natural history of seminiferous tubule degeneration in Klinefelter syn-
drome. Hum Reprod Update. 2006;12:39-48.

 25. Bastida MG, Rey RA, Bergada I, et al. Establishment of testicular endocrine 
function impairment during childhood and puberty in boys with Klinefelter syn-
drome. Clin Endocrinol (Oxf). 2007;67:863-870.

 26. Brinster RL, Zimmermann JW. Spermatogenesis following male germ-cell 
transplantation. Proc Natl Acad Sci U S A. 1994;91:11298-11302.

 27. Avarbock MR, Brinster CJ, Brinster RL. Reconstitution of spermatogenesis 
from frozen spermatogonial stem cells. Nat Med. 1996;2:693-696.

 28. Brinster RL, Avarbock MR. Germline transmission of donor haplotype follow-
ing spermatogonial transplantation. Proc Natl Acad Sci U S A. 
1994;91:11303-11307.

 29. Nagano M, Avarbock MR, Brinster RL. Pattern and kinetics of mouse donor 
spermatogonial stem cell colonization in recipient testes. Biol Reprod. 
1999;60:1429-1436.

 30. Shinohara T, Inoue K, Ogonuki N, et al. Birth of offspring following transplan-
tation of cryopreserved immature testicular pieces and in-vitro microinsemina-
tion. Hum Reprod. 2002;17:3039-3045.

 31. Honaramooz A, Snedaker A, Boiani M, Scholer H, Dobrinski I, Schlatt S. 
Sperm from neonatal mammalian testes grafted in mice. Nature. 
2002;418:778-781.

 32. Honaramooz A. Germ cell transplantation in pigs. Biol Reprod. 2002;66:21-28.
 33. Schlatt S, Honaramooz A, Boiani M, Scholer HR, Dobrinski I. Progeny from 

sperm obtained after ectopic grafting of neonatal mouse testes. Biol Reprod. 
2003;68:2331-2335.

 34. Wistuba J, Luetjens CM, Wesselmann R, Nieschlag E, Simoni M, Schlatt S. 
Meiosis in autologous ectopic transplants of immature testicular tissue grafted to 
Callithrix jacchus. Biol Reprod. 2006;74:706-713.

 35. Zeng W, Avelar GF, Rathi R, Franca LR, Dobrinski I. The length of the sper-
matogenic cycle is conserved in porcine and ovine testis xenografts. J Androl. 
2006;27:527-533.

 36. Luetjens CM, Stukenborg J-B, Nieschlag E, Simoni M, Wistuba J. Complete 
spermatogenesis in orthotopic but not in ectopic transplants of autologously 
grafted marmoset testicular tissue. Endocrinology. 2008;149:1736-1747.

https://orcid.org/0000-0003-3483-6511


8 Clinical Medicine Insights: Reproductive Health 

 37. Hermann BP, Sukhwani M, Winkler F, et al. Spermatogonial stem cell trans-
plantation into rhesus testes regenerates spermatogenesis producing functional 
sperm. Cell Stem Cell. 2012;11:715-726.

 38. Jahnukainen K, Ehmcke J, Nurmio M, Schlatt S. Autologous ectopic grafting of 
cryopreserved testicular tissue preserves the fertility of prepubescent monkeys 
that receive sterilizing cytotoxic therapy. Cancer Res. 2012;72:5174-5178.

 39. Goossens E, Van Saen D, Tournaye H. Spermatogonial stem cell preservation 
and transplantation: from research to clinic. Hum Reprod. 2013;28:897-907.

 40. Arregui L, Dobrinski I. Xenografting of testicular tissue pieces: 12 years of an in 
vivo spermatogenesis system. Reproduction. 2014;148:R71-R84.

 41. Onofre J, Baert Y, Faes K, Goossens E. Cryopreservation of testicular tissue or 
testicular cell suspensions: a pivotal step in fertility preservation. Hum Reprod 
Update. 2016;22:744-761.

 42. Kaneko H, Kikuchi K, Men NT, et al. Production of sperm from porcine fetal 
testicular tissue after cryopreservation and grafting into nude mice. Theriogenology. 
2017;91:154-162.

 43. Sinha N, Whelan EC, Brinster RL. Isolation, cryopreservation, and transplanta-
tion of spermatogonial stem cells. Methods Mol Biol. 2019;2005:205-220.

 44. Ntemou E, Kadam P, Van Saen D, et al. Complete spermatogenesis in intrates-
ticular testis tissue xenotransplants from immature non-human primate. Hum 
Reprod. 2019;34; 403-413.

 45. Fayomi AP, Peters K, Sukhwani M, et al. Autologous grafting of cryopreserved 
prepubertal rhesus testis produces sperm and offspring. Science. 2019;363: 
1314-1319.

 46. Keros V, Rosenlund B, Hultenby K, Aghajanova L, Levkov L, Hovatta O. Opti-
mizing cryopreservation of human testicular tissue: comparison of protocols with 
glycerol, propanediol and dimethylsulphoxide as cryoprotectants. Hum Reprod. 
2005;20:1676-1687.

 47. Keros V, Hultenby K, Borgstrom B, Fridstrom M, Jahnukainen K, Hovatta O. 
Methods of cryopreservation of testicular tissue with viable spermatogonia in 
pre-pubertal boys undergoing gonadotoxic cancer treatment. Hum Reprod. 
2007;22:1384-1395.

 48. Wyns C, Curaba M, Vanabelle B, Langendonckt A, van Donnez J. Options for 
fertility preservation in prepubertal boys. Hum Reprod Update. 2010;16:312-328.

 49. Ginsberg JP, Carlson CA, Lin K, et al. An experimental protocol for fertility 
preservation in prepubertal boys recently diagnosed with cancer: a report of 
acceptability and safety. Hum Reprod. 2010;25:37-41.

 50. Baert Y, Van Saen D, Haentjens P, In’t Veld P, Tournaye H, Goossens E. What 
is the best cryopreservation protocol for human testicular tissue banking? Hum 
Reprod. 2013;28:1816-1826.

 51. Pacchiarotti J, Ramos T, Howerton K, et al. Developing a clinical-grade  
cryopreservation protocol for human testicular tissue and cells. Biomed Res Int. 
2013;2013:930962.

 52. Yango P, Altman E, Smith JF, Klatsky PC, Tran ND. Optimizing cryopreservation 
of human spermatogonial stem cells: comparing the effectiveness of testicular tissue 
and single cell suspension cryopreservation. Fertil Steril. 2014;102:1491.e1-1498.e1.

 53. Baert Y, Onofre J, Van Saen D, Goossens E. Cryopreservation of human testicular 
tissue by isopropyl-controlled slow freezing. Methods Mol Biol. 2018;1748:287-294.

 54. Moraveji SF, Esfandiari F, Sharbatoghli M, et al. Optimizing methods for 
human testicular tissue cryopreservation and spermatogonial stem cell isolation. 
J Cell Biochem. 2019;120:613-621.

 55. Faes K, Tournaye H, Goethals L, Lahoutte T, Hoorens A, Goossens E. Testicu-
lar cell transplantation into the human testes. Fertil Steril. 2013;100:981-988.

 56. Faes K, Lahoutte T, Hoorens A, Tournaye H, Goossens E. In search of an 
improved injection technique for the clinical application of spermatogonial stem 
cell transplantation. Reprod Biomed Online. 2017;34:291-297.

 57. Picton HM, Wyns C, Anderson RA, et al. A European perspective on testicular 
tissue cryopreservation for fertility preservation in prepubertal and adolescent 
boys. Hum Reprod. 2015;30:2463-2475.

 58. Pietzak EJ 3rd, Tasian GE, Tasian SK, et al. Histology of testicular biopsies 
obtained for experimental fertility preservation protocol in boys with cancer.  
J Urol. 2015;194:1420-1424.

 59. Sadri-Ardekani H, McLean TW, Kogan S, et al. Experimental testicular tissue 
banking to generate spermatogenesis in the future: a multidisciplinary team 
approach. Methods. 2016;99:120-127.

 60. Ho WLC, Bourne H, Gook D, et al. A short report on current fertility preserva-
tion strategies for boys. Clin Endocrinol (Oxf). 2017;87:279-285.

 61. Smith BM, Duncan FE, Ataman L, et al. The National Physicians Cooperative: 
transforming fertility management in the cancer setting and beyond. Future 
Oncol. 2018;14:3059-3072.

 62. Valli-Pulaski H, Peters KA, Gassei K, et al. Testicular tissue cryopreservation: 8 
years of experience from a coordinated network of academic centers. Hum 
Reprod. 2019;34:966-977.

 63. Kamischke A, Jürgens H, Hertle L, Berdel WE, Nieschlag E. Cryopreservation 
of sperm from adolescents and adults with malignancies. J Androl. 2004;25: 
586-592.

 64. Reda A, Hou M, Winton TR, Chapin RE, Soder O, Stukenborg JB. In vitro dif-
ferentiation of rat spermatogonia into round spermatids in tissue culture. Mol 
Hum Reprod. 2016;22:601-612.

 65. de Michele F, Poels J, Vermeulen M, et al. Haploid germ cells generated in 
organotypic culture of testicular tissue from prepubertal boys. Front Physiol. 
2018;9:1413.

 66. Alves-Lopes JP, Soder O, Stukenborg JB. Use of a three-layer gradient system of 
cells for rat testicular organoid generation. Nat Protoc. 2018;13:248-259.

 67. Baert Y, Dvorakova-Hortova K, Margaryan H, Goossens E. Mouse in vitro 
spermatogenesis on alginate-based 3D bioprinted scaffolds. Biofabrication. 
2019;11:035011.

 68. Kaplan H, Aspillaga M, Shelley TF, Gardner LI. Possible fertility in Klinefel-
ter’s syndrome. Lancet. 1963;1:506.

 69. Cozzi J, Chevret E, Rousseaux S, et al. Achievement of meiosis in XXY germ 
cells: study of 543 sperm karyotypes from an XY/XXY mosaic patient. Hum 
Genet. 1994;93:32-34.

 70. Cobellis G, Noviello C, Nino F, et al. Spermatogenesis and cryptorchidism. 
Front Endocrinol (Lausanne). 2014;5:63.

 71. Goel P, Rawat JD, Wakhlu A, Kureel SN. Undescended testicle: an update on 
fertility in cryptorchid men. Indian J Med Res. 2015;141:163-171.

 72. Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in boys. 
Arch Dis Child. 1970;45:13-23.

 73. Van Saen D, Vloeberghs V, Gies I, et al. When does germ cell loss and fibrosis 
occur in patients with Klinefelter syndrome? Hum Reprod. 2018;33:1009-1022.

 74. Jahnukainen K, Hou M, Petersen C, Setchell B, Soder O. Intratesticular trans-
plantation of testicular cells from leukemic rats causes transmission of leukemia. 
Cancer Res. 2001;61:706-710.

 75. Gies I, De Schepper J, Van Saen D, Anckaert E, Goossens E, Tournaye H. Fail-
ure of a combined clinical- and hormonal-based strategy to detect early sper-
matogenesis and retrieve spermatogonial stem cells in 47,XXY boys by single 
testicular biopsy. Hum Reprod. 2012;27:998-1004.

 76. Van den Berg H, Repping S, van der Veen F. Parental desire and acceptability of 
spermatogonial stem cell cryopreservation in boys with cancer. Hum Reprod. 
2007;22:594-597.

 77. Van Saen D, Pino Sanchez J, Ferster A, van der Werff ten Bosch J, Tournaye 
H, Goossens E. Is the protein expression window during testicular develop-
ment affected in patients at risk for stem cell loss? Hum Reprod. 2015;30: 
2859-2870.

 78. Ginsberg JP, Li Y, Carlson CA, et al. Testicular tissue cryopreservation in prepu-
bertal male children: an analysis of parental decision-making. Pediatr Blood Cancer. 
2014;61:1673-1678.

 79. Gupta AA, Donen RM, Sung L, et al. Testicular biopsy for fertility preservation 
in prepubertal boys with cancer: identifying preferences for procedure and reac-
tions to disclosure practices. J Urol. 2016;196:219-224.

 80. Gies I, Tournaye H, De Schepper J. Attitudes of parents of Klinefelter boys and 
pediatricians towards neonatal screening and fertility preservation techniques in 
Klinefelter syndrome. Eur J Pediatr. 2016;175:399-404.

 81. Martins PR, Kerbauy J, Moraes-Souza H, Pereira Gde A, Figueiredo MS, 
Verreschi IT. Impaired pubertal development and testicular hormone function in 
males with sickle cell anemia. Blood Cells Mol Dis. 2015;54:29-32.

 82. Aubry F, Satie AP, Rioux-Leclercq N, et al. MAGE-A4, a germ cell specific 
marker, is expressed differentially in testicular tumors. Cancer. 2001;92: 
2778-2785.

 83. He Z, Kokkinaki M, Jiang J, Dobrinski I, Dym M. Isolation, characterization, 
and culture of human spermatogonia. Biol Reprod. 2010;82:363-372.

 84. Von Kopylow K, Staege H, Spiess AN, et al. Differential marker protein expres-
sion specifies rarefaction zone-containing human Adark spermatogonia. Repro-
duction. 2012;143:45-57.

 85. Dovey SL, Valli H, Hermann BP, et al. Eliminating malignant contamination 
from therapeutic human spermatogonial stem cells. J Clin Invest. 2013;123: 
1833-1843.

 86. Sadri-Ardekani H, Homburg CH, van Capel TM, et al. Eliminating acute lym-
phoblastic leukemia cells from human testicular cell cultures: a pilot study. Fertil 
Steril. 2014;101:1072-1078.

 87. Sadri-Ardekani H, Akhondi MM, Vossough P, et al. Parental attitudes toward 
fertility preservation in boys with cancer: context of different risk levels of infer-
tility and success rates of fertility restoration. Fertil Steril. 2013;99:796-802.

 88. Vernaeve V, Staessen C, Verheyen G, Van Steirteghem A, Devroey P, Tournaye 
H. Can biological or clinical parameters predict testicular sperm recovery in 47, 
XXY Klinefelter’s syndrome patients? Hum Reprod. 2004;19:1135-1139.




