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United Kingdom, 4Department of Womens and Reproductive Health, University of Oxford and Oxford University Hospitals NHS
Foundation Trust, Edinburgh, United Kingdom, 5NORDFERTIL Research Lab Stockholm, Childhood Cancer Research Unit,
Department of Women’s and Children’s Health, Karolinska Institutet, Karolinska University Hospital, Solna, Sweden, 6Biomedical
Sciences, The University of Edinburgh, Edinburgh, United Kingdom, 7Royal Hospital for Children and Young People, Edinburgh,
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Background: Retrospective studies in adult survivors of childhood cancer show long-
term impacts of exposure to alkylating chemotherapy on future fertility. We recently
demonstrated germ cell loss in immature human testicular tissues following exposure
to platinum-based chemotherapeutic drugs. This study investigated the effects of
platinum-based chemotherapy exposure on the somatic Sertoli cell population in
human fetal and pre-pubertal testicular tissues.

Methods: Human fetal (n = 23; 14–22 gestational weeks) testicular tissue pieces were
exposed to cisplatin (0.5 or 1.0 μg/ml) or vehicle for 24 h in vitro and analysed 24–240 h
post-exposure or 12 weeks after xenografting. Human pre-pubertal (n = 10; 1–12 years)
testicular tissue pieces were exposed to cisplatin (0.5 μg/ml), carboplatin (5 μg/ml) or
vehicle for 24 h in vitro and analysed 24–240 h post-exposure; exposure to carboplatin at
10-times the concentration of cisplatin reflects the relative clinical doses given to patients.
Immunohistochemistry was performed for SOX9 and anti-Müllerian hormone (AMH)
expression and quantification was carried out to assess effects on Sertoli cell number
and function respectively. AMH and inhibin B was measured in culture medium collected
post-exposure to assess effects on Sertoli cell function.

Results: Sertoli cell (SOX9+ve) number was maintained in cisplatin-exposed human fetal
testicular tissues (7,647 ± 459 vs. 7,767 ± 498 cells/mm2; p > 0.05) at 240 h post-
exposure. No effect on inhibin B (indicator of Sertoli cell function) production was observed
at 96 h after cisplatin (0.5 and 1.0 μg/ml) exposure compared to control (21 ± 5 (0.5 μg/ml
cisplatin) vs. 23 ± 7 (1.0 μg/ml cisplatin) vs. 25 ± 7 (control) ng/ml, p > 0.05). Xenografting of
cisplatin-exposed (0.5 μg/ml) human fetal testicular tissues had no long-term effect on
Sertoli cell number or function (percentage seminiferous area stained for SOX9 and AMH,
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respectively), compared with non-exposed tissues. Sertoli cell number was maintained in
human pre-pubertal testicular tissues following exposure to either 0.5 μg/ml cisplatin
(6,723 ± 1,647 cells/mm2) or 5 μg/ml carboplatin (7,502 ± 627 cells/mm2) compared to
control (6,592 ± 1,545 cells/mm2).

Conclusions: This study demonstrates maintenance of Sertoli cell number and function in
immature human testicular tissues exposed to platinum-based chemotherapeutic agents.
The maintenance of a functional Sertoli cell environment following chemotherapy exposure
suggests that fertility restoration by spermatogonial stem cell (SSC) transplant may be
possible in boys facing platinum-based cancer treatment.

Keywords: human, testis, cisplatin, carboplatin, sertoli cells, pre-pubertal, fetal, fertility

1 INTRODUCTION

Development of improved cancer therapies have resulted in long-
term survival (more than 5 years) in over 80% of childhood
cancer patients (Anderson et al. (2015)). Although life-saving,
it is well recognised that chemotherapeutic treatment during
childhood has implications on survivors’ health in adulthood;
one of the long-lasting side effects of cancer treatment is infertility
(Anderson and Wallace (2016)). Anti-metabolites, vinca
alkaloids and topoisomerase inhibitors fall within a low or
moderate gonadotoxicity risk group, whilst alkylating agents
and platinum-based “alkylating-like” agents are considered to
be highly gonadotoxic (Allen et al. (2018)). Dose-dependent
gonadotoxicity can be estimated using a Cyclophosphamide
Equivalent Dose (CED) and there is some correlation between
CED and risk of azoospermia in adult survivors of childhood
cancer. However, platinum-based alkylating-like agents are not
included in the calculation (Green et al., 2014a; Green et al.,
2014b).

Cisplatin and carboplatin are platinum-based alkylating-like
chemotherapeutic drugs that are commonly used in paediatric
oncology (Dasari and Tchounwou (2014)). Cisplatin (first
generation) is widely used to treat childhood carcinomas, germ
cell tumors, lymphomas and sarcomas (Dasari and Tchounwou
(2014)). Carboplatin (second generation) has been developed
with the aim of overcoming serious cisplatin-induced side
effects such as ototoxicity and nephrotoxicity (Dasari and
Tchounwou (2014)). Cisplatin and carboplatin share a similar
structure (central platinum ion surrounded by four ligands),
however they have different pharmacokinetics requiring
4–10 times higher dose of carboplatin to achieve the same
cytotoxic result to the cancer cells (Malhotra and Perry (2003);
Goodsell (2006); Dasari and Tchounwou (2014)).

The retrospective follow-up of what is currently the largest
childhood cancer survivor cohort shows that both men and
women who received cisplatin as part of childhood cancer
treatment have a lower chance of pregnancy when they are adults
compared to their healthy same-sex siblings (Chow et al., 2016).
Chemotherapy-induced gonadotoxicity in males could be a result of
either direct damage to the germ cells or indirect damage to somatic
cell populations (most likely the Sertoli cell population), which are
consequently unable to support the germ cells (Anderson et al.

(2015)). Recently we have shown that experimental exposure to
cisplatin or carboplatin leads to acute reduction in germ cell
(gonocyte and (pre)spermatogonial) numbers in immature human
testicular tissues (Tharmalingam et al., 2020). However, it remains to
be determined whether exposure to platinum-based alkylating-like
chemotherapeutic agents also affects the somatic cell environment.

Sertoli cell number, function and maturity are crucial in
providing the support and regulating the differentiation of
germ cells. Sertoli cells play key roles throughout testicular
development, from fetal to adult stages. During fetal life,
Sertoli cells are the first cell type to commit to male fate and
consequently they regulate the differentiation of other testicular
cell types in the developing gonad. During early post-natal life,
the testicular volume increases up to 6-times due to high
proliferation of Sertoli cells; it is estimated that Sertoli cells
account for approximately 95% of the cellular content present
in seminiferous tubules of the infant testis (Chemes (2001)).
During peri-puberty, Sertoli cells undergo a second wave of
proliferation and this is crucial in establishing the final Sertoli
cell number that will be present in the adult testis; the final
number of Sertoli cells directly determines the spermatogenic
capability of the adult testis (Sharpe et al. (2003)).

Sertoli cell function can be determined by measuring two key
hormones, anti-Müllerian hormone (AMH) and inhibin B. Levels of
AMH increase during fetal life and AMH is responsible for inducing
the regression of Müllerian ducts that would give rise to female
reproductive organs (Aksglaede et al., 2010). Levels of AMH fall to
low levels (approximately 3–4% of the concentration secreted during
fetal life) during puberty and adulthood as the Sertoli cells mature.
Therefore, AMH is often used as a “read-out” of Sertoli cell maturity
(Aksglaede et al., 2010; Hutka et al., 2020). Inhibin B is another key
hormone secreted by Sertoli cells, proposed as an indirect indicator of
normal testicular growth, Sertoli cell number and a possible predictor
of future reproductive capability of the immature testis (Andersson
and Skakkebaek, 2001; Bergada et al., 2006). In addition, a correlation
between levels of inhibin B and sperm concentration has been shown
in samples taken frommenwith normal and abnormal sperm counts,
therefore, acting as an indicator of spermatogenesis in pubertal and
adult testis (Anderson et al., 1997; Hipler et al., 2001).

Sertoli cells, located within seminiferous cords/tubules in close
proximity with germ cells, are particularly important to consider
when assessing gonadotoxicity of chemotherapeutic drugs,
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especially when considering fertility preservation options in
childhood cancer patients receiving gonadotoxic treatment.
For these patients, it could theoretically be possible to restore
fertility by SSC transplantation from cryopreserved testis tissue
(Anderson et al. (2015)). However, this is dependent on
maintained Sertoli cell number and function to support
spermatogenesis in the transplanted testis. Having previously
shown that exposure to platinum-based chemotherapeutic
agents led to reduction in germ cell number, we aimed to
determine how exposure to clinically-relevant concentrations
of cisplatin or carboplatin affects Sertoli cell number, function
andmaturation in human fetal and pre-pubertal testicular tissues.

2 MATERIALS AND METHODS

2.1 Experimental Design
Human fetal testicular samples were randomly selected from
previous experiments in which exposure to cisplatin or
carboplatin was shown to induce acute germ cell reduction
(Tharmalingam et al., 2020). This included human fetal
testicular tissues cultured for 24, 72, 96 and 240 h post-
exposure, some of which that were further xenografted for
12 weeks and human pre-pubertal testicular tissues that were
cultured for 24 and 96 h post-exposure were included in this
study. Additional experiments using samples of human pre-
pubertal testicular tissues for 72 and 240 h post-exposure were
set up for this study. Experimental design is extensively described
in Tharmalingam et al. (2020).

2.2 Study Approval
Use of human fetal testicular tissues for research was approved by
the South East Scotland Research Ethics Committee (LREC08/
S1101/1), NRES committee North East–Newcastle and North
Tyneside 1 (08/H0906/21 + 5) and NRES Committee
London–Fulham (18/10/0822). Written informed consent was
obtained from the pregnant women. Collection and use of human
pre-pubertal testicular tissues in research was approved by the
South East Scotland Research Ethics Committee (13/SS0145) and
Oxford University Hospitals NHS Foundation Trust (2016/0140).
Patients’ parents/guardians and/or the patient themselves (where
appropriate) gave written informed consent prior to undergoing a
testicular biopsy for fertility preservation.

For experiments involving animals, specific experimental and
ethical approval was obtained from the United Kingdom Home
Office. All procedures were performed by the University of
Edinburgh Bioresearch and Veterinary Services and carried
out in accordance with the Animal (Scientific procedures)
Act 1986.

2.3 Tissue Collection
2.3.1 Human Fetal Testicular Tissues
Second trimester human fetuses (14–22 weeks gestation; total n =
23) were obtained from medical and surgical elective
terminations of pregnancy. None of the terminations were due
to fetal abnormalities. Gestational age was determined by
ultrasound scan and subsequent direct measurement of foot

length. Gonads were collected and PCR for the male-specific
SRY gene was performed to determine the fetal sex.

2.3.2 Pre-Pubertal Human Testicular Tissues
Pre-pubertal testicular tissue biopsies (n = 10 patients; aged
1–12 years, details in Table 1) were obtained from patients
undergoing a testicular biopsy for fertility preservation prior to
receiving chemotherapy treatment at the Royal Hospital for Sick
Children in Edinburgh and Oxford University Hospitals NHS
foundation Trust in Oxford. For research purposes, a small
portion (~10%) of the sample was taken. Once collected, the
testicular tissue from Edinburgh was placed in Nutristem® hPSC
XF Medium (Biological industries) supplemented with 1%
penicillin/streptomycin (Sigma-Aldrich) for immediate
transportation to the research facilities. Testicular biopsies
from Oxford were placed in Hank’s Balanced Salt solution
(VWR) with 10% human serum albumin (Bio Products
Laboratory) for overnight transportation at 4°C to Edinburgh
research facilities.

2.4 Hanging Drop Culture System
A hanging drop culture system (Jorgensen et al., 2014) was
utilised for in vitro culture and drug exposure of human fetal
and pre-pubertal testicular tissues. Testicular tissue samples were
cut into small pieces (~1 mm3) and placed into 30 μl droplets of
appropriate media (for fetal tissue: Alpha MEM (Lonza); 10%
fetal bovine serum, 1% penicillin/streptomycin, 1% non-essential
amino acids, 2 mM L-glutamine, 2 mM sodium pyruvate and 1%
insulin transferrin selenium (ITS) (all Sigma-Aldrich); for pre-
pubertal tissue: Alpha MEM (Lonza) and 10% Knockout Serum
Replacement (KSR; Gibco)) on the lid of a Petri dish, which was
then inverted. A small volume (10 ml) of Phosphate Buffered
Saline (Corning) was poured into the bottom of the dish to
maintain the humidity. Dishes were incubated at 37°C (fetal
tissue) and 35°C (pre-pubertal tissue) under 5% CO2.

Tissue pieces were cultured in regular culture medium for
1–3 days (depending on the tissue arrival) prior to exposure to
treatment medium containing cisplatin (0.5 or 1.0 μg/ml; Sigma-
Aldrich); carboplatin (5.0 μg/ml; Calbiochem)) or vehicle
(ddH20) for 24 h. Following exposure, tissue pieces were
transferred and cultured in fresh drug-free culture medium
until the experiment was ended at 24, 96, 72 or 240 h post-
exposure.

TABLE 1 | Pre-pubertal patient ages and diagnoses.

Patient age Diagnosis

1 year Ependymoma
1 year Ependymoma
2 years β-thalassemia
4 years Neuroblastoma
4 years β-thalassemia
7 years Aplastic anaemia
8 years Ewing’s sarcoma
8 years Pilocytic astrocytoma
11 years Congenital neutropenia
12 years Pleomorphic astrocytoma
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2.5 Media Collection and Hormonal Assays
Drug-free tissue culture medium was collected at 24 and 96 h
post-cisplatin exposure. Medium from technical replicates from
each individual fetus was pooled for each treatment separately.

ELISA assays were used to assess inhibin B and AMH in
culture medium (diluted 1:50) as described below.

Inhibin B gen II ELISA three-step sandwich assay kit
(Beckman Coulter: A81301) was used to detect the
concentration of inhibin B. Experimental samples were
incubated on a shaking plate (600–800 rpm) at RT with
inhibin B Gen II antibody-biotin conjugate solution for 1 h.
After washes, Inhibin B gen II streptavidin-enzyme conjugate
was added for 30 min, followed by TMB chromogen solution
incubation for 8 min. Plates were analyzed using an Absorbance
Microplate Reader (LT4500, Labtech), with filter 450 nm.

An electrochemiluminescence immunoassay was used to
determine the concentration of AMH using Elecsys AMH Plus
kit (Cobus: Roche, 07957190190). Incubation with a biotinylated
monoclonal AMH-specific antibody, and a monoclonal AMH-
specific antibody was used to form a sandwich complex, followed
by a second incubation with streptavidin-coated microparticles.
The reactionmixture was added into the measuring cell where the
microparticles were magnetically bound on the surface of the
electrode. Application of a voltage to the electrode then induced
chemiluminescent emission which was measured by a
photomultiplier. Results were determined via a calibration
curve which the instrument specifically generated by 2-point
calibration and a master curve provided via the reagent barcode.

2.6 Human Tissue Xenografting
Testicular tissue pieces from human fetuses (n = 4) were cultured
and exposed to cisplatin (0.5 μg/ml) in vitro as described above
and subsequently used for xenografting at 24 h post-cisplatin or
vehicle exposure. Subcutaneous grafting of tissue pieces was
performed by an experienced animal technician; four pieces
(~1 mm3) were inserted under the dorsal skin of each host
adult CD1-nude mouse using a 13-gauge cancer implant
needle (Popper and Sons). Two control- and two cisplatin-
exposed tissue pieces from the same fetus were placed along
either side of midline, four host mice were grafted per fetal
sample. Mice were housed in the same location at room
temperature of ~20–25°C with 12 h light/dark cycles. One
week post-xenografting, mice received an injection of 100 μl of
20 IU human chorionic gonadotrophin (hCG; Ovitrelle, Merck
Serono) three-times per week. At the end of experiment (12 weeks
post-grafting), the retrieval of tissue was performed by humane
culling of the mice (inhalation of CO2 and cervical dislocation)
and locating the surviving tissue xenografts under the skin. One
mouse was excluded from the analysis due to poor health and
premature end of experiment.

2.7 Tissue Processing
Tissue pieces were fixed in Bouin’s liquid (Clin-Tech) for 1 h and
transferred to 70% ethanol. Samples were embedded in paraffin
blocks and cut into 5 μm serial sections. Every 10th section was
subjected for H&E staining to assess tissue integrity prior to
performing the immunofluorescent protocol. Only tissue samples

that met the criteria for healthy morphology (defined tubules,
minimal apoptosis and germ cell presence) in pre-culture and
vehicle-exposed control tissue were included in the analysis.

2.8 Immunofluorescence
Detailed description of the immunofluorescent protocol can be
found in Tharmalingam et al. (2020) and details of antibodies and
conditions are provided in Table 2.

Briefly, tissue sections were dewaxed in xylene, rehydrated in
decreasing concentrations of ethanol, washed in tap water and
placed in antigen retrieval solution for heat-induced antigen
retrieval (except for SOX9 staining). Endogenous peroxidase
was blocked by 15 min immersion in 3% hydrogen peroxide
and non-specific sites were blocked by incubating individual
tissue sections with blocking agent containing serum (2.5%
BSA, 10% normal goat serum (Biosera, United Kingdom) in
TBS). All steps were performed at room temperature. Primary
antibody solution was prepared by diluting the stock in the
blocking solution and applied to individual tissue sections.
Slides were incubated overnight at 4°C.

After washing in TBS, tissue sections were incubated with
peroxidase-conjugated secondary antibody for 30 min and
visualised using aTyramide signal amplification kit
(PerkinElmer, Inc.) at 1:50 for 10 min (both steps at room
temperature). Where double staining was performed, the
antigen retrieval was carried using microwave treatment prior
to CC3 primary antibody and detection steps were repeated using
a different fluorophore. Counterstaining with Hoechst (Thermo
Fisher Scientific) diluted in TBS at 1:2000 was performed to detect
nuclei. Tissue sections were mounted with Permafluor (Lab
Vision™, Thermo Scientific).

Staining and analysis was performed on two tissue sections (at
least 20 serial sections apart) from two replicates for each
treatment per fetal or pre-pubertal tissue sample.

2.9 Microscopy
Images used for manual cell counting were acquired using LSM
780 confocal microscope (Carl Zeiss Lt). Tiled images of whole
tissue sections were captured at ×20 magnification. Settings were
defined for each immunofluorescent run by firstly observing the
staining in positive and negative controls (and some control-
exposed tissue sections) and ensuring the staining was visible and
not overexposed in any of the sections.

Images used for semi-automated quantification were captured
using Axio Scan Z.1 slide scanner (Carl Zeiss Ltd., Welwyn
Garden City, United Kingdom).

2.10 Cell Quantification
For manual counting of Sertoli (SOX9+ve) and apoptotic (CC3+ve)
cells per seminiferous area (mm2), images of whole tissue sections
obtained from confocal imaging were used. Image analysis was
performed using Zen 2 (Blue edition) software (Carl Zeiss Ltd.).
Number of positively stained cells was obtained by clicking on
each individual cell and total seminiferous area (mm2) was
calculated by drawing around individual cords/tubules and
adding values together. All cords/tubules per whole tissue
section were included.
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For semi-automated protein expression quantification of Sertoli
(SOX9+ve) and apoptotic (CC3+ve) cells and anti-Müllerian
hormone (AMH), ImageJ 1.48v software (Fiji) was used. The
channels, representative of the fluorophores were split and
measurements for the fluorophore of interest was performed. A
threshold was set to ensure accurate detection of fluorophore area
comparing it with the original image. The percentage fluorophore
area was reported in relation to the section or total cord area that
was measured by manually drawing around individual
seminiferous cords or tubules and summing the areas. The
semi-automated quantification was verified with preliminary
manual quantification. This method of quantification has been
previously established to be directly comparable with manual
quantification (Lopes et al., 2016; Smart et al., 2018).

For both manual and semi-automated counting, analysis was
performed for each immunofluorescent run separately with the
assessor blinded to treatment/tissue details.

2.11 Statistics
Cell counts are presented as mean ± SEM. To account for inter-
individual sample variation, two-way ANOVA statistical analysis
was performed, using GraphPad Prism nine software (La Jolla, CA,
United States). Statistical significance was defined as p < 0.05.

3 RESULTS

3.1 Exposure to Cisplatin had no Effect in
Sertoli Cell Number in Human Fetal
Testicular Tissues
To determine the acute effects of cisplatin exposure on Sertoli cell
number, human fetal testicular tissues (n = 5) were exposed to
cisplatin (0.5 and 1.0 μg/ml) or vehicle control for 24 h in vitro and
tissue sections were stained for SOX9 expression at 24 h (Figures
1A–C) and 96 h (Figures 1E–G) post-exposure. Positively stained
cells were counted per seminiferous cord area (mm2). No change in
Sertoli cell numbers were observed at 24 h (3,555 ± 695 (0.5 μg/ml
cisplatin) vs. 3,494 ± 936 (1.0 μg/ml cisplatin) vs. 3,905 ± 520
(control) cells/mm2, p ≥ 0.05; Figure 1D) or 96 h (3,142 ± 706
(0.5 μg/ml cisplatin) vs. 3,494 ± 533 (1.0 μg/ml cisplatin) vs. 3,650 ±
430 (control) cells/mm2, p > 0.05; Figure 1H) post-exposure to
cisplatin at both concentrations, compared to control.

Given that no acute change in Sertoli cell number was
observed, we aimed to determine whether exposure to
cisplatin (0.5 μg/ml) affected the Sertoli cell population in
human fetal testicular tissues (n = 10) at intermediate (72 h)
and prolonged (240 h) post-exposure time-points (Figure 2).
Quantification of SOX9+ve cells per seminiferous cord area
(mm2) revealed no change in Sertoli cell number in cisplatin-
exposed tissues compared to control at either 72 h (6,863 ±
343 vs. 6,900 ± 622 cells/mm2, p > 0.05; Figures 2A–C) or
240 h (7,647 ± 459 vs. 7,767 ± 498 cells/mm2, p > 0.05; Figures
2F–H) post-exposure. Apoptotic Sertoli cells (SOX9+ve/
CC3+ve cells; Figures 2D,I) and apoptotic germ cells
(SOX9−veCC3+ve cells; Figure 2E,J) were very rare at both
time-points and most of the apoptotic cells were SOX9−ve,
indicative of germ cells. At 72 h post-exposure, the number of
apoptotic Sertoli cells (3 ± 2 vs. 1 ± 0 cells/mm2, p < 0.05;
Figure 2D) and apoptotic germ cell (152 ± 38 vs. 64 ± 17 cells/
mm2, p < 0.05; Figure 2E) were significantly increased in
cisplatin-exposed tissues compared to control; however, it is
important to note that the increased number of apoptotic
Sertoli cells appeared to be the result of an outlier in the
cisplatin group (Figure 2D, blue square). At 240 h post-
exposure, no difference in the number of apoptotic Sertoli
cells (3 ± 1 vs. 2 ± 1 cells/seminiferous area (mm2), p > 0.05;
Figure 2I) or apoptotic germ cells (27 ± 9 vs. 22 ± 6 cells/
seminiferous area (mm2), p > 0.05; Figure 2J) was observed.

3.2 Exposure to Cisplatin Did Not Affect
Sertoli Cell Function in Human Fetal
Testicular Tissues
Exposure to cisplatin did not affect Sertoli cell function in human
fetal testicular tissues.

Given that Sertoli cell number, except the apoptotic Sertoli cell
number, was unaffected by cisplatin exposure at all time-points, we
investigated whether exposure to cisplatin (0.5 and 1.0 μg/ml) resulted
in effects on Sertoli cellmaturation and function through quantification
of AMH expression (immature Sertoli cell marker) and measurement
of hormone production (AMH and inhibin B), respectively.

Tissue sections were stained for AMH (Figures 3A–C,E–G)
and quantification revealed that percentage of AMH expression
per seminiferous cord area was not different in the cisplatin-
exposed (0.5 or 1.0 μg/ml) compared to vehicle-exposed testicular

TABLE 2 | Key reagents used in immunofluorescent protocol.

Antibody (Cat
no)

Dilution (antigen
retrieval)

Origin Blocking agent Detection Cell type
detected

Primary antibodies

SOX9 (AB5535) 1:10,000 (none) Rabbit Normal goat serum/TBS/BSA Tyramide-FITC Sertoli cell
CC3 (#9661) 1:100 (0.01 M citrate buffer) Rabbit Normal goat serum/TBS/BSA Tyramide-Cy3 Apoptotic cell
AMH (sc-6886) 1: 1,000 (none) Goat Normal chicken serum/TBS/BSA Tyramide- Cy5 Sertoli cell

Secondary antibodies

Anti-rabbit peroxidase (PI-1000) 1:200 Goat
Anti-goat peroxidase (sc-2961) 1:200 Chicken
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FIGURE 1 | Acute effects of exposure to cisplatin on Sertoli cell numbers in the human fetal testicular tissues. SOX9+ (green) protein expression in the human fetal
testicular tissues 24 h (A–C) and 96 h (E–G) following exposure to vehicle control or cisplatin (0.5 and 1.0 μg/ml). Scale bars represent 50 μm. Quantification of Sertoli
cell (SOX+ve) numbers per cord area (mm2) in the human fetal testicular tissues 24 h (D) and 96 h (H) following exposure to vehicle control or cisplatin (0.5 and 1.0 μg/ml).
Sertoli cell numbers were unaffected at either 24 or 96 h post-exposure to 0.5 μg/ml and 1.0 μg/ml cisplatin. Data analysed using two-way ANOVA. Values shown
are means ± SEM and each set of coloured data point represents an individual fetus (n = 5).
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FIGURE2 | Intermediate and prolonged effects of exposure to cisplatin on Sertoli cell number and apoptosis within cords in the human fetal testicular tissues. SOX9
(green) and cleaved caspase 3 (CC3; purple) protein expression in the human fetal testicular tissues 72 h (A,B) and 240 h (F,G) following exposure to vehicle control or
cisplatin (0.5 μg/ml). Scale bars represent 10 μm, arrows point to apoptotic germ cells (SOX9−veCC3+ve). Quantification of Sertoli cell (SOX9+ve; C&H), apoptotic Sertoli
cell (SOX9+veCC3+ve; D&I) and apoptotic germ cell (SOX9−veCC3+ve; E&J) numbers per cord area (mm2) in the human fetal testicular tissues 72 h (C–E) and 240 h
(H–J) following exposure to vehicle control or cisplatin (0.5 μg/ml). Sertoli cell numbers were unaffected at either 72 or 240 h post-exposure to 0.5 μg/ml cisplatin.
Significant increase in apoptotic Sertoli and apoptotic germ cell numbers was observed at 72 h but not 240 h post-exposure. Data analysed using two-way ANOVA (*p <
0.05). Values shown are means ± SEM and each set of coloured data points represents an individual fetus (n = 10).
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FIGURE 3 | Acute effects of exposure to cisplatin on Sertoli cell maturation in the human fetal testicular tissues. Anti-Mϋllerian hormone (AMH; purple) protein
expression in the human fetal testicular tissues exposed to vehicle control (A,E), 0.5 μg/ml cisplatin (B,F) or 1.0 μg/ml cisplatin (C,G) for 24 h and further cultured until
24 (A–C) and 96 (E–G) hrs post-exposure. Scale bars represent 50 μm. Quantification of percentage of cord area expressing AMH (D,H). Exposure to cisplatin did not
have an acute effect on the percentage of cord area expressing AMH. Data analysed using two-way ANOVA. Values shown are means ± SEM and each of coloured
data points represents an individual fetus (n = 4).
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tissue at either 24 h (29 ± 9 (0.5 μg/ml cisplatin) vs. 47 ± 11
(1.0 μg/ml cisplatin) vs. 54 ± 6 (control) %, p > 0.05; Figure 3D)
and 96 h (53 ± 14 (0.5 μg/ml cisplatin) vs. 38 ± 11 (1.0 μg/ml
cisplatin) vs. 58 ± 7 (control) %, p > 0.05; Figure 3H) post-
exposure.

Culture medium was collected to determine the levels of AMH
and inhibin B (Figure 4). AMH production was unaffected by
exposure to cisplatin at 24 h (160 ± 83 (0.5 μg/ml cisplatin) vs.
120 ± 35 (1.0 μg/ml cisplatin) vs. 150 ± 49 (control) ng/ml, p >
0.05; Figures 4A ad 96 h (179 ± 46 (0.5 μg/ml cisplatin) vs. 207 ±
79 (1.0 μg/ml cisplatin) vs. 195 ± 31 (control) ng/ml, p > 0.05;
Figure 4B) post-exposure. Similarly, there was no effect of
cisplatin exposure on inhibin B at 24 h (16 ± 7 (0.5 μg/ml
cisplatin) vs. 10 ± 3 (1.0 μg/ml cisplatin) vs. 16 ± 5 (control)
ng/ml, p > 0.05; Figures 4C and 96 h (21 ± 5 (0.5 μg/ml cisplatin)

vs. 23 ± 7 (1.0 μg/ml cisplatin) vs. 25 ± 7 (control) ng/ml, p > 0.05;
Figure 4D) post-exposure.

3.3 Exposure to Cisplatin had no Long-Term
Effects on Sertoli Cell Number and Function
in Human Fetal Testicular Xenografts
To evaluate long-term impact of cisplatin exposure on Sertoli cells,
sections of human fetal testicular tissue that were exposed in vitro
and xenografted for a further 12 weeks were stained for SOX9
expression (Figures 5A,B). Quantification of percentage of
seminiferous cord area that was positively-stained for SOX9
revealed no difference between cisplatin- and control-exposed
tissues (71 ± 6 vs. 74 ± 6%, p > 0.05; Figure 5C). To
understand whether function of Sertoli cells was impacted by
exposure to cisplatin, immunohistochemistry was performed for
AMH (immature Sertoli cell marker) expression (Figures 5D,E).
Quantification of percentage of seminiferous area expressing AMH
showed no change in AMH expression between cisplatin- and
control-exposed tissues (62 ± 6 vs. 80 ± 4%, p > 0.05; Figure 5F).

3.4 No Effect on Sertoli Cell Number and
Function in Human Prepubertal Testicular
Tissues Exposed to Platinum-Based
Chemotherapeutic Agents
In order to translate these findings to the childhood testis, we exposed
human pre-pubertal testicular tissues to cisplatin using the same in vitro
approach described for the human fetal testis tissues. Sections were
stained for SOX9 expression and percentage of seminiferous area that
expressed SOX9 was quantified (Figures 6A–F). No differences in area
of SOX9 expression between cisplatin- or control-exposed tissues were
observed at either 24 h (43 ± 4 vs. 43 ± 9%, p > 0.05; Figure 6C) or 96 h
(37 ± 16 vs. 51 ± 23%, p > 0.05; Figure 6F).

The function of Sertoli cells to maintain an immature niche in
human pre-pubertal testis tissue was investigated through AMH
expression post cisplatin exposure (Supplementary Figure S1). At
24 h post-exposure, there was a significant decrease in AMH
expression area in cords post cisplatin exposure compared to vehicle
controls (9 ± 2 vs. 22 ± 10%, p < 0.05; Supplementary Figure S1C). At
96 h post-exposure, the percentage AMH expression in cords was
similar (50 ± 22 vs. 57 ± 22s%, p > 0.05; Supplementary Figure S1F).

To compare the effects of exposure to cisplatin and carboplatin on
Sertoli cell number in human pre-pubertal testicular tissues, sections
were stained for SOX9 and positively-stained cells counted per tubular
area (mm2) (Figures 7A–H). No difference in Sertoli cell number was
observed in cisplatin- or carboplatin-exposed tissues compared to
control at either 72 h (6,762 ± 592 vs. 6,510 ± 691 vs. 6,486 ± 504 cells/
mm2, p ≥ 0.05; Figure 7D) or 240 h (6,723 ± 1,647 vs. 7,502 ± 627 vs.
6,592 ± 1,545 cells/mm2, p ≥ 0.05; Figure 7H) post-exposure.

4 DISCUSSION

The findings of this experimental study demonstrate that Sertoli
cell number, function and maturation are preserved in cisplatin-
or carboplatin-exposed immature human testicular tissues.

FIGURE 4 | Acute effects of exposure to cisplatin on human fetal
testicular function. Measurement of levels of inhibin B (A,B) and anti-Mϋllerian
hormone [AMH; (C,D) ]in culture medium of human fetal testicular tissues at
24 and 96 h post-exposure. No differences in the levels of inhibin B and
AMH were detected at 24 or 96 h post-exposure to 0.5 μg/ml and 1.0 μg/ml
cisplatin. Data analysed using two-way ANOVA. Values shown are means ±
SEM and each set of coloured data point represents an individual fetus
(n = 3–4).
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4.1 Maintenance Sertoli Cell Number in the
Immature Human Testis Exposed to
Platinum-Based Chemotherapy
It is known that Sertoli cell number in adulthood determines the
number of germ cells that can be supported, hence the amount of
sperm that can be produced (Sharpe et al. (2003). Sertoli cell
proliferation in primates occur during two distinct developmental
periods, including a fetal/neonatal and a peri-pubertal phase (Cortes
et al., 1987; Marshall and Plant, 1996; Sharpe et al., 2000). Once
adulthood is reached, Sertoli cells are fully mature and cannot
proliferate to replace any lost Sertoli cells (Sharpe et al., 2000)
This contrasts to the situation in rodents, where Sertoli cell
proliferation occurs throughout development until the initiation of
puberty (Orth, 1982; Vergouwen et al., 1991; Sharpe et al., 2000).
Given this, maintaining Sertoli cell number during pre-puberty in the
primate testis is essential to preserve fertility potential. In this study,
we have shown that Sertoli cell number is maintained in human fetal
and pre-pubertal testicular tissues exposed to cisplatin, compared to
control. This is despite the loss of germ cells that occurs with exposure

to platinum-based chemotherapy (Tharmalingam et al., 2020). As
such, it can be postulated that fertility-related issues in adult
childhood cancer survivors do not result from a reduction Sertoli
cell number. Taken together with our previous findings showing that
spermatogonial numberswere reduced in immature human testicular
tissue after cisplatin exposure (Tharmalingam et al., 2020), it could be
proposed that exposure to cisplatin induces a direct damage to the
germ cells, resulting in reduced fertility potential, however, the other
cell types within the testicular tissue (e.g. Leydig cells, peritubular
myoid cells) have not been explored yet.

4.2 Sertoli Cell Hormone Production as an
Indicator of Sertoli Cell Function Post-
Chemotherapy Exposure
Whilst Sertoli cell number remains unaffected by exposure to
platinum-based chemotherapy, it is important to also assess
Sertoli cell functionality to maintain and support germ cell
development. Sertoli cell function in the fetal and prepubertal
human testis can be determined by measurement of two key

FIGURE 5 | Long-term effects of exposure to cisplatin on Sertoli cells in the human fetal testicular tissue xenografts. SOX9 [green; (A,B)] and anti-Mϋllerian
hormone [AMH; purple, (D,E)] protein expression in the human fetal testicular tissues exposed to vehicle control or 0.5 μg/ml cisplatin for 24 h prior to xenografting
(12 weeks). Scale bars represent 50 μm.Quantification of percentage of cord area expressing SOX9 (C) or AMH (F) in xenografts. Exposure to 0.5 μg/ml cisplatin did not
have a long-term effect on the percentage of cord area expressing SOX9 or AMH. Data analysed using two-way ANOVA. Values shown are means ± SEM and each
of coloured data points represents an individual fetus (n = 4).
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FIGURE 6 | Effects of exposure to cisplatin on Sertoli cells in human pre-pubertal testicular tissues. SOX9 (green) protein expression in the human pre-pubertal
testicular tissues exposed to vehicle control (A,D) or 0.5 μg/ml cisplatin (B,E) for 24 h and further cultured until 24 (A,B) and 96 (D,E) hrs post-exposure. Scale bars
represent 50 μm. Quantification of percentage of tubular area expressing SOX9 (C) in human pre-pubertal testicular tissues at 24 h (C) and 96 h (F) post-exposure. No
effect was observed on the percentage of tubular area expressing SOX9 in human pre-pubertal testicular tissues in tissues exposed to cisplatin compared to
control. Data analysed using two-way ANOVA. Values shown are means ± SEM and each set of coloured data points (white and black—1 year, green—8 years,
blue—11 years and grey—12 years) represents an individual patient (n = 3–5).
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FIGURE 7 | Effects of exposure to cisplatin and carboplatin on Sertoli cell number in the human pre-pubertal testicular tissues. SOX9 (green) protein expression in
the human pre-pubertal testicular tissues 72 h (A–C) and 240 h (E–G) following exposure to vehicle control, cisplatin (0.5 μg/ml) or carboplatin (5 μg/ml). Scale bars
represent 20 μm. Quantification of Sertoli cell (SOX9+ve) numbers per tubular area (mm2) in the human pre-pubertal testicular tissues 72 h (D) and 240 h (H) following
exposure to vehicle control, cisplatin (0.5 μg/ml) or carboplatin (5 μg/ml). Exposure to cisplatin or carboplatin had no effect on the Sertoli cell numbers in human pre-
pubertal testicular tissues at either 72 or 240 h post-exposure Data analysed using two-way ANOVA. Data analysed using two-way ANOVA. Values shown are means ±
SEM and each set of coloured data points (black—2 years, grey and green—4 years, white—7 years and blue—8 years old) represents an individual patient (n = 3–5).
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hormones; inhibin B and AMH.AMH is produced during fetal and
pre-pubertal life with a dramatic reduction in secretion during
puberty, coinciding with increase in testosterone production
(Aksglaede et al., 2010). Therefore, a reduction in AMH
expression or secretion can be indicative of either loss of
function or maturation of Sertoli cells. Our results show that
AMH production is maintained in the human fetal and pre-
pubertal testis after exposure to cisplatin. Although an initial
decrease in AMH is observed in the pre-pubertal testis, AMH
expression recovered and was similar to the control. The findings
suggest that function is maintained in Sertoli cells after cisplatin
exposure, with no premature maturation towards terminal
differentiation, thus keeping the testis in immature state similar
to that observed in the controls.

The present study also found no effect of cisplatin exposure on
inhibin B production from immature human testis. Inhibin B can be
used as an indicator of Sertoli cell function inmales from fetal life until
adulthood. Serum levels of inhibin B peak in infancy during first
2month of life. This is followed by another peak in puberty, which is
maintained into adulthood (Kelsey et al., 2016). Inhibin B levels in
plasma are used to assess effects on Sertoli cell function induced by
chemotherapy treatment in adults following childhood cancer
treatment (Thomson et al., 2002; Utriainen et al., 2019). In a study
involving 33 adult survivors of childhood cancer and 66 age-matched
controls, 10 patients had undetectable levels of inhibin B, whereas all
controls had normal levels of inhibin B (Thomson et al., 2002).
Another study involving nine males treated with a combination of
alkylating agents and cisplatin showed a significantly reduced inhibin
B serum levels in the treated patients (0–26 vs. 138–173 ng/L; p <
0.001), compared with nine control males (Utriainen et al., 2019).
These studies support the evaluation of inhibin B as an indicator of
Sertoli cell function and impaired spermatogenesis. Thus suggesting
that alkylating chemotherapy drugs are associated with reduced
inhibin B production and impaired Sertoli cell function (Thomson
et al., 2002).

Inhibin B levels in plasma may also be measured in childhood to
provide an early indicator of Sertoli cell damage induced by
chemotherapy treatment (Crofton et al., 2003). Levels of inhibin B
in serum were analysed in boys immediately prior to chemotherapy
treatment and 1–2weeks after treatment was complete. No change in
inhibin B levels were detected in the majority of patients (Crofton et al.,
2003). However, the one patient who received treatment that included
cisplatin had no detectable inhibin B after the completion of treatment,
suggesting impaired Sertoli cell function (Crofton et al., 2003). Our
results suggest that if inhibin Bwas reduced as a result of chemotherapy
exposure, it would have been due to the alkylating agents received
(cyclophosphamide andmelphalan), rather than the cisplatin treatment.

In adulthood, Sertoli cells support spermatogenesis by secreting
various growth factors, such as Insulin-like growth factor-I (IGF-I),
fibroblast growth factor (FGF), interleukin-1α (IL-1α), transforming
growth factor-α/β (TGF-α/β) and stem cell factor (SCF), that are
believed to be essential for both supporting pre- and post-meiotic
germ cells (reviewed in Petersen and Soder (2006)). Furthermore,
growth factors may also act as ligands for receptors present on the
SSCs, directly affecting SSC development. For example, GDNF is
secreted by Sertoli cells and PTMs and has been shown to bind to
SSCs that express, GFRα1 (GDNF receptor), in human adult testes

(Singh et al., 2017). Based on rodent studies, GDNF has been shown
to play a role in balancing self-renewal and differentiation of SSCs
depending on the levels of GDNF present (reviewed in Hofmann
(2008)). CXCL12, also secreted by Sertoli cells, acts on CXCR4
receptors present on spermatogonia, including a sub-population of
SSCs, in mouse testes and has been shown to inhibit differentiation
of SSCs (Yang et al., 2013). Therefore, whilst the present results of
hormone analysis indicate that Sertoli cell function is maintained,
further investigation into the Sertoli cell proteome and secretome
profile in chemotherapy-exposed testes would provide additional
information on whether Sertoli cell signalling pathways that are
important in maintaining and regulating the SSC niche are retained
in the chemotherapy-exposed testes.

4.3 The Human Fetal Testis as a Model to
Investigate Effects of Chemotherapy
Exposure in Prepubertal Testis
Previously we proposed the utilisation of human fetal testicular
tissues as a model to study effects of exposure to pharmaceutical
compounds in pre-pubertal testis (Tharmalingam et al., 2020). In
experiments using both human fetal and pre-pubertal testicular
tissues, no effect on germ cell numbers was observed at 24 h post-
exposure whereas significant reduction in (pre)spermatogonial cell
number was seen at 96 h post-exposure. In the current study we
show that preserved Sertoli cell numbers and functionality were
observed in cisplatin- and carboplatin-exposed human fetal and
pre-pubertal testicular tissues at all time-points. This finding further
supports the use of human fetal testicular tissues as a surrogate
model for pre-pubertal testis where tissue availability is limited.

Moreover, it could be proposed that exposure of the immature
human testicular tissues to cisplatin could be used as amodel to study
the strategies for fertility preservation, such as SSC transplantation,
mesenchymal stem cell injection or treatment with exogenous
chemoprotective agents. The gold standard treatment to establish
the infertility model is treatment with busulfan which completely
depletes the testes of germ cells (Brinster and Zimmermann, 1994).
Although busulfan and cisplatin are generally categorised into the
same chemotherapeutic drug group–alkylating agents–busulfan is an
alkyl alkane sulphonate and cisplatin is an alkylating-like platinum-
based compound (Lind, 2011). Therefore, it might be essential to
establish study models for each individual drug due to slight
differences in mechanisms of action. Having such models would
provide a more suitable tool to investigate chemoprotective strategies
for chemotherapeutic drugs. It is postulated that ‘one fit for all’
approach might not be applicable when exploring the
chemoprotective candidates as certain agents might reduce the
side effects with one chemotherapeutic agent but exaggerate the
side effects with another drug.

4.4 Importance of Maintaining Sertoli Cell
Number and Function After Chemotherapy
Exposure for Fertility Preservation in
Prepubertal Boys
Maintaining normal Sertoli cell number and function is
important when considering the future effectiveness of fertility
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preservation strategies for pre-pubertal boys with cancer.
Testicular tissue can be obtained from boys prior to cancer
treatment and cryopreserved for use in future fertility
restoration (Onofre et al., 2016). Expansion of SSCs from
cryopreserved tissues in vitro followed by re-transplantation
into the seminiferous tubules testis in adulthood represents an
approach to restoring natural fertility and has been successfully
applied to producing offspring in mice (Brinster and
Zimmermann, 1994) and for generating functional sperm in
primates (Hermann et al., 2012; Shetty et al., 2020). The
success of SSC expansion in vitro has been shown to be
dependent on preserved somatic cell characteristics (Gat et al.,
2017). SSC and somatic cell suspensions were obtained from adult
testicular tissue and cultured for 12 days separately and together.
It showed that co-culturing germ cells with a small number of
testicular somatic cells compared to germ cells-only resulted in 2-
times higher number of germ cell aggregates formed (Gat et al.,
2017), showing the importance of Sertoli cells in expansion
of SSCs.

The role of the somatic cells in supporting transplanted SSC
colonization and differentiation has also been shown in studies
involving testicular irradiation treatment (Zhang et al., 2007).
Transplantation of SSCs from untreated prepubertal rats into testes
of irradiated rats resulted in colonization of SSCs in the seminiferous
tubules but these spermatogonia did not differentiate, indicating that
injury to the somatic cells can prevent successful restoration of
spermatogenesis with SSC transplantation (Zhang et al., 2007).
Maintenance of Sertoli cell number is also likely to be important
for successful SSC transplantation as this has been shown to be a key
regulator in establishing SSC niches post-transplantation (Oatley et al.,
2011). SSC transplantation was performed to the testes of adult mice
treated with polythiouracil (PTU), which is known to extend the
period of Sertoli cell proliferation thus resulting in increased Sertoli cell
number (Oatley et al., 2011). Compared to transplantation into
untreated mice, a three-fold increase in the number of SSC niches
was observed in the transplanted testes from PTU-treated mice,
compared with control (Oatley et al., 2011). These results provided
direct evidence that the success of SSC transplantation was dependent
on Sertoli cell content in recipient testes.

5 CONCLUSION

Our current study shows that Sertoli cell number and function
were preserved in immature human testicular tissues exposed to
platinum-based chemotherapeutic agents. Knowing that Sertoli
cell number and function are important in effectiveness of fertility
preservation strategies, this indicates that if a pre-pubertal boy
was to receive platinum-based chemotherapy treatment followed
by SSC transplantation, these Sertoli cells would potentially be
capable of supporting the establishment of SSC niches.
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Supplementary Figure S1 | Acute effects of exposure to cisplatin on Sertoli
cel l maturation in the human pre-pubertal testicular tissues. Anti-

Müllerian hormone (AMH; purple) protein expression in the human pre-
pubertal testicular tissues exposed to vehicle control (A, D) or 0.5 μg/ml
cisplatin (B, E) for 24 hrs and further cultured unti l 24 (A–B) and 96 (D–E)
hrs post-exposure. Scale bars represent 50 μm. Quantification of
percentage of cord area expressing AMH. Exposure to 0.5 μg/ml
cisplatin did not have an acute effect on the percentage of cord area
expressing AMH. Data analysed using two-way ANOVA. Values shown are
means ± SEM and each of coloured data points represents an individual
sample (n = 3–4).
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