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Abstract

Fertility preservation in prepubertal boys with cancer requires the cryopreservation of immature
testicular tissues (ITTs) prior to gonadotoxic treatment. However, the limited number of germ cells
in small human ITT biopsies necessitates the development of an in vitro culture system for germ
cell expansion using frozen-thawed ITTs. Here, we generated testicular organoids for the in vitro
maintenance and expansion of gonocytes from frozen-thawed two-week-old neonatal bovine ITTs.
We investigated the effects of different cell-seeding densities, culture serums, seeding methods, and
gonadotropin supplementations, on the maintenance and proliferation of enriched gonocytes. Our
results demonstrated that enriched gonocytes and testicular cells from frozen-thawed neonatal
ITTs could self-assemble into spheroid organoids in three days in an appropriate Matrigel-based
culture environment. For the optimal formation of prepubertal testicular organoids, a seeding
density of 1 x 10° cells/well is recommended over other densities. This strategy results in
organoids with a mean diameter of 60.53 £ 12.12 um; the mean number of organoids was

5.57 & 1.60/10° um? on day 11. The viability of organoids was maintained at 79.75 + 2.99% after
being frozen and thawed. Supplementing the culture medium with glial cell-derived neurotrophic
factor, fibroblast growth factor 2, and leukemia inhibitory factor, increased the proportion of
KI67-positive proliferating cells in organoids, elevated the expression of C-KIT but reduced the
expression of GFRaI at day 28 when compared to those without hormone supplements (p < 0.05).
In addition, supplementing the culture medium with follicle-stimulating hormone and
testosterone helped to maintain a significantly higher viability (p < 0.05) in ITT organoids at day
28. These organoids could be cryopreserved for storage and thawed as needed. The successful
generation of ITT organoids provides a valuable tool for establishing in vitro spermatogenesis,
propagating human germ cells, investigating testicular physiology and the origin of germ cell
tumors, and testing the toxicity of new drugs in future clinical applications.

1. Introduction approximately 400 000 new cases diagnosed each year

[1]. Fortunately, in some developed countries, the
Childhood cancers are devastating diseases that affect 5 year survival rate has reached 80% and contin-
children and adolescents on a global basis, with ues to increase because of improvements in cancer
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therapy [2, 3]. However, the use of aggressive chemo-
or radiotherapy can result in irreparable damage to
pre-pubertal gonads, thus leading to hypogonadism
and the reduction or depletion of germ cells; ulti-
mately, this can lead to sterility [4, 5]. Preserving fer-
tility in prepubertal boys facing aggressive anti-tumor
therapies is a significant challenge, as unlike adult
testes, they do not possess mature sperm that can be
cryopreserved. At present, the only available option
for these boys is to cryopreserve biopsies of immature
testicular tissue (ITT). However, this strategy is asso-
ciated with several challenges, and there is no definit-
ive protocol to efficiently restore fertility from ‘clin-
ically’ cryopreserved ITT stored in liquid nitrogen
(LN,). Notably, early ITT contains a limited num-
ber of germ cells, thus restricting its potential in
research and clinical scenarios. Therefore, there is
an urgent need to develop an efficient in vitro cul-
ture system for germ cell propagation and mainten-
ance that can bridge this gap and enable targeted
research on the use of cryopreserved ITT to restore
fertility.

Gonocytes, also known as prospermatogonia, are
the fundamental germ cells that exist in the early
stages of testis [6, 7]. These germ cells reside at
the center of the seminiferous cords and travel pro-
gressively to the basement membrane and continue
their proliferative activity in early prepuberty. These
biological shifts are essential for fertility, and any
abnormality in gonocyte development can lead to
infertility. The regulation of germ cell prolifera-
tion and differentiation in the germ cell niche relies
upon cell interactions and specific growth factors
[8]. During prepuberty, the serum levels of follicle-
stimulating hormone (FSH), luteinizing hormone,
and testosterone remain low, but increase during
puberty. The serum levels of anti-Miillerian hormone
(AMH) declines and inhibin B increase. Collectively,
these changes lead to testicular growth. In addition,
growth factors such as glial cell-derived neurotrophic
factor (GDNEF), fibroblast growth factors (FGFs), and
retinoic acid, are crucial for spermatogonial stem cell
(SSC) development [9—13]. The proliferation of SSCs
can be enhanced during in vitro culture by leukemia
inhibitory factor (LIF) and GDNF [14]. Therefore, to
support the in vitro culture of ITT and re-establish
an appropriate microenvironment for the mainten-
ance or differentiation of gonocytes, it is crucial to
devise an appropriate supplementation strategy that
includes different hormones.

Testicular organoids, intricate three-dimensional
structures that emulate the in vivo microenviron-
ment, exhibit the potential to restore fertility by facil-
itating the cultivation and manipulation of germ
cells [15-18]. Previous investigations have generated
testicular organoids from the prepubertal testicular
tissues of several species, including prepubertal mice
at 7 and 10 d post-partum (dpp) [19, 20], fresh 5-dpp
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and 8-dpp rats [21], fresh or frozen 4-7 dpp pigs [22,
23], human embryonic gonads [24], and human pre-
pubertal testicular tissues (6 month-old and 5 year-
old) [20]. Due to the scarcity and value of human
testicular tissue, we used bovine ITTs in this study as a
research model; these tissues underwent the same rig-
orous and standardized clinical cryopreservation pro-
cesses as human tissues at the Oxford Cell and Tissue
Biobank (OCTB). Holstein bulls commence sperma-
togenesis at 20 weeks-of-age and complete this pro-
cess by 32 weeks-of-age [25], thus providing a lengthy
window of prepubertal/pubertal development for
research investigations. Furthermore, bovine testes
have a very similar structure to human testes and their
testicular microenvironment more closely resembles
that of human testes than that of mice or rats, thus
making them a valuable model for studying develop-
mental processes in the prepubertal testis. The devel-
opment of in vitro culture systems for testicular cells
is a promising approach that allows for the observa-
tion of cells under controlled conditions by applying
bioengineering techniques. To the best of our know-
ledge, only one prior study employed fresh puber-
tal (7-10 months) bovine testicular cells to produce
testicular organoids [26]. In the OCTB, the youngest
individuals who have undergone cryopreservation of
their testicular tissues were merely a few months old.
At present, there is no established early prepubertal
testicular organoid culture system capable of support-
ing early-stage germ cells, such as gonocytes, from
frozen-thawed ITTs in the bovine model that were
processed and frozen with a clinically viable tech-
nique. Therefore, we aimed to address this research
gap by developing an early prepubertal testicular
organoid culture system using ITTs that were pro-
cessed and cryopreserved using an established clinical
protocol.

The objective of this study was to establish an
efficient prepubertal testicular organoid culture sys-
tem using frozen-thawed early-stage bovine ITTs to
maintain and propagate gonocytes/SSCs in vitro. We
also investigated the combination of various hor-
mones to develop an effective hormone supplement-
ation strategy for the in vitro culture of prepubertal
testicular organoids. By utilizing a clinical cryopreser-
vation program, we demonstrate the potential for the
future in vitro maintenance and propagation of SSCs
and other clinical applications using cryopreserved
human ITTs.

2. Materials and methods

2.1. Acquisition and cryopreservation of testicular
tissue

Six bovine testes were obtained from three two-
week-old neonatal Holstein calves (Bos taurus)
at Tockenham Corner abattoir (Swindon, UK).



10P Publishing

Biomed. Mater. 19 (2024) 025040

All testes were transferred on ice to the laborat-
ory in transfer medium containing sterile Hanks’
Balanced Salt Solution (Sigma-Aldrich, Missouri,
US) supplemented with 2% penicillin-streptomycin
(Sigma-Aldrich), 0.1 M sucrose (Sigma-Aldrich),
and 10 mg ml~! of bovine serum albumin (BSA,
Thermo Fisher Scientific, Massachusetts, US). ITTs
were then dissected into fragments (3 x 3 x 3 mm®
in size) and processed using a standard clinical
testicular tissue cryopreservation operating proced-
ure that is used routinely for human tissue in the
Oxford Cell and Tissue Biobank (OCTB; Oxford,
UK) [27]; cryopreservation was performed in a
computer-controlled freezer (Ice Cube 14 S, SY-
LAB, Purkersdorf, Austria). Tissue fragments were
then stored in LN, for future analysis. When thaw-
ing, vials were removed from LN, and immersed
in a 37 °C water bath for 2 min; this was fol-
lowed by three 5 min washes with cold transport
medium.

2.2. Histology and immunohistochemistry of ITTs
The testicular tissue fragments were fixed in
4% formalin (Sigma-Aldrich, UK) overnight
and embedded in paraffin wax. Serial sections
(5 um thick) were then prepared from the
embedded tissues using a microtome (Leica,
Germany).

For hematoxylin and eosin (H&E) staining, tis-
sue sections were first deparaffinized and rehydrated
and then stained in haematoxylin solution (Sigma-
Aldrich, UK) for 30 s, followed by eosin solution for
1 min.

For immunohistochemical staining, we first inac-
tivated endogenous peroxidases by applying 0.3% of
H,0,. Non-specific binding sites were then blocked
with goat serum blocking solution for 30 min at
room temperature. Primary antibodies were then
incubated with ITT sections overnight at 4 °C. Anti-
PGP9.5 primary antibody (1:100 dilution; Abcam,
Cambridge, UK) was used as a marker for gono-
cytes/SSCs and anti-vimentin primary antibody
(1:200; Santa Cruz Biotechnology, CA, USA) was
used as a marker for Sertoli cells (table S1); although
vimentin is not an exclusive marker for Sertoli cells,
it has been used effectively in previous related studies
[28-31]. The following morning, sections were
washed with phosphate buffered saline (PBS) and
then incubated with the secondary antibody provided
in the VectaStain™ ABC kit (Vector Laboratories,
Burlingame, CA, USA). Subsequently, signals were
visualized by 3,3'-diaminobenzidine; this was fol-
lowed by counterstaining with hematoxylin. In our
experimental approach, we included negative con-
trols which were performed in parallel experiments
using only secondary antibodies. The stained sections
were then evaluated for morphological appearance
using a Nikon microscope (Japan).
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2.3. Isolation and enrichment of primary neonatal
testicular cells

After thawing, tissues were dissociated into single-cell
suspensions using a two-step enzyme digestion
procedure according to a previously published
method [32] with some modifications. In brief, tis-
sues were mechanically disaggregated and cut using
needles and a scalpel; then, the fragment was incub-
ated in the first digestion solution (table S2) at 34 °C
for 30 min with shaking followed by a second incub-
ation in the second digestion solution at 34 °C for
30 min with shaking. Dissociated testicular cells were
collected and suspended in culture medium contain-
ing 5% Percoll density gradient (Hunter Scientific,
Saffron Walden, UK); this was carefully placed onto
layers of a 30%—40% Percoll density gradient fol-
lowed by centrifugation for 25 min at 1000 x g and
34 °C. Testicular cells within and between different
Percoll density phases were then collected and washed
thoroughly for further processing.

2.4. Preparation, culture, and 3D organoid culture
Enriched testicular cells were suspended in culture
medium, mixed with Matrigel on ice at a ratio of 1:1,
and then carefully dispensed as 50 pl droplets on pre-
warmed plates followed by incubation at 34 °C for
30 min to polymerize the gel (figure 1(A)). Culture
medium was then added to cover the Matrigel dome
after polymerization. Cell densities of 1 x 10° cells,
1 x 10° cells, and 1 x 107 cells per Matrigel
droplet were used in the experiment. The basic
culture medium was Minimum Essential Medium-
alpha (MEM-«) supplemented with 10% knockout
serum replacement (KSR) and other supplements
(table S3). In some experiments, the organoid cul-
ture medium was supplemented with growth factors,
including FSH (10 IU/L; Sigma-Aldrich), testoster-
one (107¢ M; Sigma-Aldrich), GDNF (20 ng mL™!;
Sigma-Aldrich), FGF2 (2 ng ml~1; Thermo Fisher
Scientific), and LIF (100 ng ml~1; Thermo Fisher
Scientific). Organoids were passaged every 10-14 d.
The medium was changed every two days, and the
sizes of the testicular cell spheroids were recorded.

2.5. Cell viability

Cell viability was assessed using a live/dead cell
imaging kit (Thermo Fisher Scientific) in accord-
ance with the manufacturer’s instructions. Images
were acquired using a fluorescence microscope and
analyzed by Image] (National Institutes of Health,
Bethesda, MD, USA).

2.5.1. Cryopreservation and recovery of testicular
organoids

All cryovials containing the organoids and 1 ml
of cryoprotectant were maintained at 4 °C in
a Mr. Frosty freezing container (Thermo Fisher
Scientific) for 30 min and then transferred to
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Figure 1. Overall view of the establishment of the prepubertal testicular organoid culture system and testicular cell preparation.
(A) Frozen and thawed ITTs were digested and enriched using a Percoll density gradient. The cells were then suspended in culture
medium and mixed with Matrigel on ice. The resulting mixture was seeded as small droplets and placed into an incubator. Once
the Matrigel became gel-like, culture medium was added. After a few days of in vitro culture, testicular organoids were formed
inside the Matrigel dome. The figure was created with BioRender.com. (B) Representative immunohistochemistry and staining
with PGP9.5 and Vimentin antibody and H&E (hematoxylin and eosin) staining of frozen/thawed two-week-old bovine testes.
Scale bar = 20 um. Cell viability (C) and apoptosis (D) were measured before and after the frozen/thawed procedure. (E) The
proportions of germ cells (PGP9.5 positive) and Sertoli cells (vimentin positive) were assessed before and after Percoll gradient
enrichment. Data are presented as the mean = SD. **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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a —80 °C freezer overnight followed by long-
term storage in LN,. When thawing, organoids
were removed from the LN, tank and imme-
diately transferred to a 34 °C water bath for
2 min followed by two washes in culture
medium.

2.6. Immunocytochemical analysis of organoids

The immunocytochemical staining of testicular
organoids was optimized based on a generalized
protocol for all 3D organoids [33]. Anti-PGP9.5
antibody and anti-PLZF antibody were used to
identify neonatal gonocytes/SSCs while an anti-
vimentin antibody was used to identify Sertoli cells
through immunocytochemical staining (table S1). An
anti-KI67 antibody were used to stain proliferating
cells. In brief, testicular organoids were fixed in 4%

paraformaldehyde for 30 min, permeabilized with
0.1% Triton X-100 (v/v) (Sigma-Aldrich) for 15 min,
and then blocked using 1% BSA for 1 h at room
temperature. The organoids were then incubated with
primary antibodies at optimized dilutions (table S1)
for 24 h at 4 °C. The organoids were then washed
three times followed by incubation with secondary
antibodies for 24 h at 4 °C. After three washes, the
organoids were mounted using mounting medium
containing 4)6-diamidino-2-phenylindole (DAPI).
We employed confocal microscopy to capture Z-stack
images of the entire organoid. The representative
images presented in our study were selected from the
middle sections of the organoids, thus allowing us to
provide a representative view of their internal com-
position. Images were analyzed by Volocity software
(PerkinElmer, Waltham, MA, USA) and Image].
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2.7. RNA extraction and qRT-PCR
Total RNA was extracted from testicular organoids
using the PureLink™ RNA Mini Kit (Thermo Fisher
Scientific) in accordance with the manufacturer’s
instructions. In brief, testicular organoids were lysed
and homogenized, followed by incubation with a
mixture of chloroform and isoamyl alcohol; the col-
orless aqueous layer containing RNA was then collec-
ted, placed in a spin cartridge, allowed to bind to the
membrane, and washed. Purified RNA was stored at
—80 °C for subsequent analysis.

cDNA was synthesized from 100 ng of RNA
using the SuperScript™ IV One-Step RT-PCR Kit
(Thermo Fisher Scientific) and a reverse transcrip-
tion thermal cycler program. qQRT-PCR assays were
performed in 96-well plates with a QuantStudio™ 3
system (Applied Biosystems, Foster City, CA, USA).
In each reaction, a total volume of 20 pl per well
was used, containing 4 pl of diluted cDNA tem-
plates, 10 pl of Fast SYBR Green Master Mix (Thermo
Fisher Scientific), 1 ul each of 10 uM forward and
reverse primers, and 4 pl of DNase-/RNase-free water.
Samples were run in triplicate along with a non-
template control. S-ACTIN, which has been identi-
fied and validated as a stable gene for qRT-PCR in
bovine testes, was used as a housekeeping gene. Seven
selected genes were targeted in this research (table
S4), including PGP9.5, PLZF, GFRa1, C-KIT, STRAS,
AMH, and STAR. Data were analyzed by Microsoft
Excel™ (Microsoft, Redmond, WA, USA) and the
2~AAC method [34].

2.8. Statistical analyses

The Shapiro—Wilk test was used to test the normal-
ity of quantitative data. Data with a normal distri-
bution are presented as a mean + standard devi-
ation, whereas data with a non-normal distribution
are presented as a median (25% percentile, 75% per-
centile). GraphPad Prism 9.3.0 software (GraphPad
Software, San Diego, CA, USA) was used to cre-
ate graphs and perform tests for statistical signific-
ance. Statistical differences between groups were ana-
lyzed by the student’s ¢-test or by analysis of variance.
Differences were considered significant at p < 0.05.

3. Results

3.1. Cryopreservation and the dissociation of ITTs
Figure 1(A) depicts an overall view of the establish-
ment of the bovine prepubertal testicular organoid
culture system. Bovine I'TTs were cryopreserved using
a standard clinical testicular tissue cryopreservation
program in the OCTB to mimic the processing and
condition of human ITTs. Subsequently, the ITTs
were digested, enriched, and seeded in an appropri-
ate 3D culture system.

Histological analysis of the frozen/thawed tis-
sues revealed well-preserved seminiferous cords in
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bovine ITTs. Immunohistochemistry staining suc-
cessfully identified germ cells (PGP9.5 positive) and
Sertoli cells (Vimentin positive) (figure 1(B)). To
assess the quality of the frozen/thawed ITTs, cell viab-
ility and apoptosis were measured before and after the
cryopreservation procedure. After the cryopreserva-
tion program, the cell viability of the frozen/thawed
tissues was 83.02 + 2.96% (figure 1(C)); the pro-
portion of cellular apoptosis was 9.78 + 1.67%
(figure 1(D)). A Percoll gradient density was then util-
ized to enrich isolated testicular cells, resulting in a
significant increase in the proportion of germ cells
t0 26.13 £ 2.73% (figure 1(E)). The Percoll-enriched
cells were subsequently used for the generation of pre-
pubertal testicular organoids.

3.2. Effect of cell-seeding density on the formation

of immature testicular organoids

To optimize the cell-seeding density in 3D culture and
investigate the effects of cell density on the formation
of organoids in 3D culture, we first tested three cell
densities: 1 x 10° cells/well, 1 x 10° cells/well, and
1 x 107 cells/well, in Matrigel droplets (50 ul) in 24-
well plates (figure 2(A)). The formation of testicu-
lar organoids was observed at 24-48 h after seeding
in Matrigel. The presence of germ cells and Sertoli
cells in the testicular organoids was confirmed by
immunocytochemical staining for established germ
cell markers (PGP9.5 and PLZF) and a Sertoli cell
marker (vimentin), respectively (figure 2(B)). In 3D
testicular organoids, we observed structures with
Sertoli cells surrounding the exterior of the organoids,
while germ cells were present at the centers or on
one side. The presence of Sertoli cells and Leydig
cells in testicular organoids was confirmed by ana-
lyzing the gene expression of AMH and STAR sep-
arately by qRT-PCR (as shown in figure 2(E)) dur-
ing the culture period. The expression levels of AMH
and STAR remained relatively stable and did not show
significant changes throughout the 14 day period of
culture.

We measured the diameters of the organoids as
an indicator of their relative size. There were no
significant differences in the diameter of organoids
on day 2 when compared across the three groups
(figure 2(C)). The diameters of organoids on day
2 in the 1 x 10° cells/well group, 1 x 10° cell-
s/well group, and the 1 x 107 cells/well group,
were 32.79 £ 6.26 um, 37.14 £+ 10.86 um, and
41.79 £ 10.04 um, respectively. These diameter meas-
urements were similar to the diameter of 2 week-old
neonatal bovine seminiferous cords, which ranged
from approximately 30-50 pm, as determined by
H&E staining of intact ITTs obtained from the
same calves. On day 11, the mean diameter of
organoids in the 1 x 107 cells/well group was
68.87 £ 17.30 wm; this was significantly greater than
the diameter of organoids in the 1 x 10° cells/well
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Figure 2. The formation of organoids from enriched testicular cells seeded at different initial seeding densities in
three-dimensional (3D) Matrigel culture. (A) Representative brightfield images of testicular organoids after 1 d of culture of
initially seeding cells at a density of 1 x 107 cells/well. The Matrigel dome was clear and transparent. After 11 d of culture,
testicular organoids were formed at densities of 1 x 10° cells/well, 1 x 10° cells/well, and 1 x 107 cells/well cell-seeding densities.
Scale bar in top images = 2 mm. Scale bar in bottom images = 50 um. (B) Representative immunofluorescence images of
testicular organoids showing the expression of germ cell markers (PLZF and PGP9.5), vimentin, and KI67. Scale bar = 20 um.
(C) The diameters of organoids were measured for each group with different seeding densities. (D) The number of organoids per
10° pm? was counted. Three biological replicates were performed (n = 3). Expression levels of AMH (E), a marker of immature
Sertoli cells, and STAR (F), a marker of Leydig cells throughout the 14 day period of culture. Data are shown as the

mean =+ standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

group (53.54 £ 11.02 pm; p < 0.05). The mean dia-
meter of organoids in the 1 x 10° cells/well group was
60.53 £+ 12.12 pm.

In addition, we quantified and analyzed the num-
ber of organoids formed at varying seeding densities.
The mean number of organoids in the 1 x 10° cell-
s/well group was 2.43 £ 0.60/10° um? on day 2 and
5.57 £ 1.60/10°> um? on day 11; this was significantly
greater than the organoids in the 1 x 10° cells/well
group on day 2 and day 11 (p < 0.05, figure 2(D)).
The mean number of organoids in the 1 x 107 cell-
s/well group was 5.41 & 1.79/10° um?* on day 2 and
8.11 4 0.55/10° um? on day 11; these values were sig-
nificantly higher than the other two groups on day 2
and day 11, respectively (p < 0.05).

Considering the limited number of testicular cells
available in neonatal testicular tissues, and the incon-
sistency of the size and number of organoids, we

selected a density of 1 x 10° cells/well for testicular
organoid generation in subsequent experiments.

3.3. Effect of serum-free culture medium on
organoids

Next, we investigated the effects of serum or serum
replacements by culturing 3D testicular organoids
in culture medium supplemented with 10% fetal
bovine serum (FBS), 5% KSR, 10% KSR, or 15%
KSR. As with our previous 2D culture results [35],
no cellular aggregation was observed in cells cultured
with MEM-a + 10% FBS (figure 3(A)). However,
organoid formation was observed in culture medium
containing low KSR supplementation (MEM-« + 5%
KSR) (figure 3(B)). Testicular cells cultured in MEM-
a + 10% KSR and MEM-a + 15% KSR culture
medium formed organoids in our in vitro 3D system
with a similar rate and size (figures 3(C) and (D)).
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10% FBS

10% KSR

replicates were performed (n = 3).

Figure 3. Formation of organoids cultured in culture medium supplemented with serum or serum replacement. (A) No
organoids were formed in MEM-a medium with 10% fetal bovine serum (FBS) in the three-dimensional (3D) Matrigel culture
system. However, organoids were formed after 1 d of culture in a 3D Matrigel culture system using MEM-a medium
supplemented with 5% (B), 10% (C), or 15% (D) knockout serum replacement (KSR). Scale bar = 50 um. Three biological

5% KSR

3.4. Effect of cell-seeding methods with Matrigel
Next, we investigated and compared the effects of
three different cell seeding methods on the formation
of testicular organoids, including ‘mixed-seeding)
‘inside-seeding’ and ‘on top-seeding. In the ‘mixed-
seeding’ group, culture medium with suspended cells
was mixed with the same volume of Matrigel at a 1:1
ratio to form an organoid mixture. Then, one droplet
of the mixture was carefully seeded into a plate and
incubated at 34 °C for 30 min to allow the dome
to polymerize; this was followed by the addition of
1 mL of culture medium to each well. In the ‘inside-
seeding’ group and the ‘on top-seeding’ group, a drop
of a Matrigel:medium (1:1) mixture was incubated at
34 °C for 10 min for polymerization before the cell
suspension was injected into the middle of, or on top
of, the Matrigel dome, respectively. This was followed
by a 20 min incubation at 34 °C before adding 1 mL
of culture medium to each well. We found that the
organoids formed at a faster rate with clearer bound-
aries during the first 72 h in the ‘inside-seeding’ group
and the ‘on top-seeding’ group (figure 4).

3.5. Cryopreservation and recovery of immature
testicular organoids

To investigate the feasibility of cryopreserving testic-
ular organoids over the long-term for clinical
and practical purposes, six cryoprotectant agents
(CPA1-CPA6) were used to cryopreserve organoids.
Testicular organoids were collected in situ and divided
into six groups before being cryopreserved in dif-
ferent CPAs using a Mr. Frosty freezing container.

After 60 d of storage in LN, organoids were thawed,
and cell viability was determined by live/dead cell
imaging. Cell viability in the post-cryopreserved
organoids was significantly lower than that in fresh
testicular organoids (p < 0.05; figure 5). Comparison
among the CPA groups indicated that cell viability
in the CPA3 group was 79.75 £ 2.99% and that this
was significantly higher than the 73.33 4 0.58% cell
viability in the CPA5 group (p < 0.05). Of all the cryo-
preservation groups tested, the CPA3 group exhibited
the highest cell viability and was, therefore, selected
for subsequent experiments.

3.6. Effects of growth factors on the in vitro
maintenance of organoids

To generate a microenvironment for gonocytes, we
next investigated the effects of different growth factor
combinations within testicular organoid cell culture
by evaluating the expression levels of selected genes
(figure 6(A)). In the control group, the basic culture
medium consisted of MEM-«, 10% KSR, and basic
additives. In the GDNF + FGF2 + LIF (GFL) group,
GDNE, FGF2, and LIF were added to the basic cul-
ture medium; our aim was to promote self-renewal/
proliferation. In the FSH + testosterone (FT) group,
FSH and testosterone were added to the basic culture
medium to promote differentiation. Cell viability was
assessed by live/dead assay on days 1, 7, 14, and 28 in
the three groups (figures 6(B) and (C)). On day 28
of culture, the cell viability was significantly higher in
the FT group when compared to the control group
(p < 0.05). Live/dead cell staining of 192 testicular
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Figure 4. Formation of testicular organoids in three cell-seeding methods in a 3D Matrigel culture system. (A) Three methods of
cell seeding. (B) and (C) Testicular cell suspensions were mixed with the same volume of Matrigel (mixed-seeding group) before
cell seeding and cultured for 1 d (B) and 3 d (C). (D) and (E) Cells were injected into the Matrigel after incubation for 10 min
(inside-seeding group) and were cultured for 1 d (E) and 3 d (E). (F) and (G) Cells were gently seeded on top of the Matrigel after
incubation for 10 min (on top-seeding group) and cultured for 1 d (F) and 3 d (G). Scale bar = 50 pm. Three biological replicates

were performed (n = 3). Figure created with BioRender.com.
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Figure 5. Cell viability prior to and after prepubertal
testicular organoid cryopreservation and the composition
of six different cryoprotectant agents (CPAs). Cell viability
was evaluated by live/dead staining. *p < 0.05, **p < 0.01,
**%p < 0,001, and ****p < 0.0001. DMSO, dimethyl
sulfoxide; FBS, fetal bovine serum; KSR, knockout serum
replacement.

organoids results showed that dead cells began to
appear at the center of the organoids. During cul-
ture, the organoids in the three groups showed similar

round shapes but were of various sizes (figures 6(D)
and (E)). The mean size of the organoids was
evaluated on days 3, 7, and 14 after cell seeding.
Significant differences were evident between the three
groups on days 7 and 14 (p < 0.05). The mean
size of organoids on day 7 was 505.4 & 51.44 um?,
593.8 + 47.17 um® and 380.0 & 40.25 pm? in the
control, GFL, and FT groups, respectively. On day 14,
the mean size of the organoids was 618.7 & 39.3 pum?,
1030.00 & 116.5 um?® and 768.4 4+ 78.49 pm? in the
control, GFL, and FT groups, respectively.

In addition, the organoids were analyzed by
immunocytochemistry to identify the germ cells
and proliferating cells present in the organoids.
Proliferating cells (KI67-positive) were present in sig-
nificantly higher numbers in organoids on day 28 in
the GFL group (p < 0.05, figures 6(F) and (G)), but
fewer proliferating cells were detected in the control
group. No significant changes were observed in the
proportion (%) of PGP9.5-positive cells in organoids
during culture over a 28 d period (figure 6(H)). The
expression levels of selected genes were measured
by qRT-PCR (figure 6(I)). The expression levels of
GFRa1, a gonocyte marker, had decreased signific-
antly by 76% in the control and 78% in the GFL
groups on day 28 when compared to the levels on
day 1 (p < 0.05). There was no significant change
in the expression of PGP9.5, an established marker
for SSCs. The gene expression levels of PLZF were
significantly reduced on day 14 in all three groups
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Figure 6. Effects of different growth factors on the in vitro growth of testicular organoids. (A) According to experimental design,
organoids were divided into the following three groups: a control group, a GDNF + FGF2 + LIF (GFL) group, and a

FSH + testosterone (FT) group. All organoids were cultured for 28 d in a 3D Matrigel culture system. Figure created with
BioRender.com (B) Representative viability images of organoids on day 28 of culture. (C) Representative brightfield images of
organoids on day 28 of culture. D) Viability of cells in organoids was assessed on days 1, 7, 14, 21, and 28. Data are presented as
the mean £ SEM. (E) Changes in organoid size during the first 14 d after cell seeding in the three groups. Scale bar = 50 um. (F)
Representative immunocytochemical images of gonocytes in the three groups on day 28. Negative: negative control staining
performed with only the secondary antibody. Positive staining for the PGP9.5 germ cell marker (red) and KI67 proliferation cell
marker (green). (G) Percentage of KI67-positive cells on dayl and day 28. (H) The proportion (%) of PGP9.5-positive cells on day
1 and day 28. (I) The effects of different hormones on organoids were evaluated by comparing the expression levels of germ
cell-related genes, including GFRal, UCH-L1, PLZF, and STRAS, as well as the ¢-KIT spermatogenesis-related gene. GDNE, glial
cell-derived neurotrophic factor; FGF2, fibroblast growth factor 2; LIF, leukemia inhibitory factor; FSH, follicle-stimulating
hormone. Three biological replicates were performed (n = 3). Data are presented as the mean &= SEM. *p < 0.05, **p < 0.01,

#¥%p < 0.001, ****p < 0.0001.

when compared to the levels on day 1 (p < 0.05);
these levels remained low on day 28. The expression
of C-KIT, a spermatogenesis-related gene, was signi-
ficantly increased on day 28 in the GFL group when
compared to the GFL group on day 1 and on day
14, the control group, and the FT group on day 28
(p < 0.05).

4. Discussion
In the present study, we developed an in vitro 3D

Matrigel-based system and optimized culture con-
ditions utilizing enriched frozen/thawed neonatal

bovine testicular cells for the maintenance of gono-
cytes/SSCs. We also compared effects of different
combination of hormones in 3D culture. We pro-
cessed neonatal bovine ITTs with the same clinical
cryopreservation program used for human tissues in
order to facilitate potential translation to human I'TTs
in the future. In the presence of a suitable 3D scaffold
and the requisite biochemical components, testicu-
lar cells demonstrated the capacity to autonomously
organize themselves into organoids. These organoids
establish an in vitro microenvironment with Sertoli
cells surrounding the outside and germ cells located
in the middle or only one side of the organoids.
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Due to the low proportion of SSCs in ITT, we
used enriched gonocytes/SSCs in our culture sys-
tem and provided sufficient nourishment and sup-
port. Our present findings showed that even at a
relatively lower cell-seeding density (e.g. 10° cell-
s/well), isolated testicular cells from immature bovine
testis could successfully self-assemble into organoids,
which could potentially be applied to small young
human ITT biopsies in the clinic. We also found
that a higher cell density of 1 x 107 cells/well
increased the diameter and number of organoids
formed in each well. During culture, dead cells and
cellular apoptosis were easier to identify in the cen-
ter of organoids with larger diameters when apply-
ing live/dead cell imaging and TUNEL staining; this
may be attributed to the lack of space, nutrients, or
oxygen for cells located at the center of organoids.
Therefore, to better control the size and quality
of organoids, a moderate cell-seeding density of
1 x 10° cells/well was considered as the optimal initial
cell-seeding density for generating neonatal bovine
testis organoids. In previously developed testicu-
lar culture systems, the initial cell-seeding densit-
ies varied widely, including 2.8 x 10> cells/well,
5 x 10° cells/well, 6 x 10° cells/well, and 2 x 10°
cells/well [20, 36, 37].

The biophysical features of Matrigel are depend-
ent on the concentration of the polymer incorpor-
ated. This factor is critical for the formation of
organoids from different tissues. Matrigel is more
fluid-like at low temperatures, and solidifies over
time, reaching a consistent state after a few hours
in an incubator. In the present study, we tested
different seeding procedures and found that cells
migrated more rapidly when seeded on the top or
inside of the Matrigel after incubation for 10 min
when compared to cells suspended in culture medium
and Matrigel mixture prior to incubation. These
results may be explained by the observation that
when seeded inside or on top of the Matrigel, the
cells were suspended within the culture medium and
were more able to move rapidly, thus making it
easier for them to bind to each other and form cell
clusters. Mixtures with 25% or higher concentrations
of Matrigel gradually become solid-like within 3 h
and then remain stable [38]. Therefore, during the
10 min incubation at the beginning of our experi-
ments, the Matrigel dome was predominantly liquid-
like; thus, the testicular cells injected within or on
top of the Matrigel were able to migrate freely due
to the lower polymer concentration. It is possible
that within the central region of the Matrigel dome,
the polymer concentrations are lower, thus allow-
ing cells in this area to form organoids more rap-
idly. Further studies now need to establish whether
the factors secreted by cells or from the ECM can
guide cellular migration and cause changes in cellular
morphology.
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The efficient and effective long-term organoid
storage may accelerate the development of organoid
technology and clinical translation. The cryopreser-
vation of intact organoids instead of dissociated
organoids is recommended for intestinal organoids
due to better cell recovery [39]. Based on the find-
ings of the present study, we suggest the use of 1 M
DMSO, 20% KSR, and 0.1 M sucrose in the cryo-
protectant used to cryopreserve prepubertal testicular
organoids. Our results showed that over 70% of cells
in the frozen/thawed organoids remained viable, and
their viability remained high in subsequent cultures.
The cryopreservation of 3D organoids enhances our
potential to produce and store testicular organoids
from ITTs on a large scale to allow organoids to
become an accessible in vitro model for clinical use
or drug toxicity tests.

Developing an in vitro germ cell culture system
poses challenges for cell survival, maintenance, prolif-
eration, and maturation. A range of growth factors are
commonly used for the short- and long-term culture
of SSCs. Only limited research has been performed on
gonocyte cultures using growth factors. One reason
for this may be that gonocytes only exist for a
short time after birth; furthermore, we know little
about the mechanisms involved in their functional-
ity. Our results demonstrated that the use of a cul-
ture medium supplemented with GDNF, FGF2, and
LIF, resulted in the generation of larger organoids; this
was consistent with increased SSC expansion repor-
ted in a previous study [40]. The increased size of
germ cell colonies/organoids may be the result of dif-
ferent cytoskeletal organizations due to GDNF and
FGF2, which separately promote flat colony form-
ation and colony clumping [40]. Our results also
showed that the combination of GDNF, FGF2 and
LIF maintain a higher proportion of proliferating
cells (KI67-positive), including proliferating gono-
cytes. This might relate to the regulation of GDNF for
the self-renewal of SSCs via the GDNF/RET/GFRAL1
signaling pathways [10, 41]. Previous studies have
shown that the GDNF/RET/GFRALI signaling path-
way activates the PI3K/AKT intercellular signal-
ing pathway, thereby influencing the expression of
BCL6B, ETV5, LHX1, ID4, and POU3FI transcrip-
tion factors which have been demonstrated to pro-
mote SSC self-renewal [42, 43]. FGF2, which is pro-
duced and released by mammalian Sertoli cells, drives
in vitro SSC self-renewal by upregulating the expres-
sion levels of ETV5, BCL6B, and LHXI genes via
MAP2K1 activation [44]. SSC proliferation is also
regulated by autocrine activation of the PI3K/AKT
and MAPK/ERK pathways by FGF2 [45]. Research
has also shown that FGF2 is involved in the expansion
of SSCs and the formation of germ cell colonies [40].
LIF has been shown to maintain the pluripotency of
mouse embryonic stem cells and the self-renewal of
SSCs. GDNE, FGF2, and LIF have all been used for
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the long-term maintenance of porcine SSCs in vitro
for up to 1 month in 2D cultures [46]; these findings
concur with our current results.

With regards to gene expression levels, the com-
bination of GDNF, FGF2, and LIF maintained the
expression levels of the UCH-LI and STRAS8 germ
cell markers but reduced expression levels of the
GFRal gonocyte marker, thus indicating the trans-
formation from gonocytes to undifferentiated SSCs.
Interestingly, a significant increase in the gene expres-
sion levels of C-KIT, which is associated with sperma-
togenesis, was observed on day 28 in organoids cul-
tured with GDNE, FGF2, and LIF. However, a previ-
ous study suggested that c-kit is associated with the
migration of neonatal rat gonocytes to the basement
membrane within one week after birth and is associ-
ated with the pseudopods that appear on gonocytes
during migration [47]. It is possible that the expres-
sion of C-KIT is suppressed and remains at a relatively
low level in the testes of neonatal calves prior to the
migration of gonocytes. When migration starts, the
expression of the C-KIT gene increases and supports
gonocyte migration in vitro. In the present study,
immunocytochemical staining with the KI67 prolif-
eration cell marker detected a higher number of pro-
liferating germ cells (UCH-L1-positive) in organoids
cultured with GDNE, FGF2, and LIF, thus indicat-
ing the transformation of gonocytes to proliferating
SSCs.

When added to the culture medium, FSH and
testosterone resulted in a higher cell viability on
day 28 of testicular organoid culture. The expres-
sion levels of the STRA8 gene increased and then
decreased during the 28 d of culture, showing that
no advanced differentiation of germ cells was detec-
ted during culture. Culture with FSH and testosterone
resulted in a larger mean diameter of the organoids
on day 28, as well as a higher number of Ki-67-
positive cells compared to control group, thus indic-
ating that FSH and testosterone might also support
the proliferation of cells in organoids. During the
postnatal development of Holstein bulls, there is a
notable increase in the concentration of FSH which
reaches maximal levels at 2 months and 5 months of
age, respectively [48]. Previous research has shown
that the FSH signaling pathway may be associated
with gonocyte transformation [49]. Further studies
might need to investigate the different combinations
of multiple growth factors as well as the mechanisms
underlying the influence of gonadotrophins on the
development of gonocytes.

The present study had several limitations that
need to be considered. First, we mainly optimized
culture conditions for 28 d to grow and maintain
organoids in vitro. Further studies need to invest-
igate longer periods of culture. Second, we did not
investigate in vitro spermatogenesis from gonocytes
to sperm or the potential maturation of other somatic
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cells in the present study. Thirdly, further studies
are warranted to investigate the potential to util-
ize animal models to advance our understanding
of human ITTs. Finally, in this study, we utilized a
restricted set of markers to identify various cell types
within prepubertal testicular organoids. To achieve a
more comprehensive understanding of cellular devel-
opment in cultured organoids, additional markers
should be incorporated, particularly those specific
to different developmental stages of germ cells or
somatic cells within the stem cell niche. Furthermore,
it is necessary to consider that the development of
SSCs and their associated niches from post-birth to
peri-puberty in calves and humans remains signific-
antly underexplored. Addressing this substantial gap
in our understanding requires further investigations
to unravel the intricate processes involved during this
critical developmental phase. Consequently, while
limited by a restricted set of markers, the present
study represents a significant milestone in advancing
our understanding of testicular organoid generation.
It is important that future studies fully characterize
the cellular composition of such organoids by apply-
ing immunocytochemical and molecular sequencing
approaches.

5. Conclusion

Herein, we report the establishment of an in vitro
3D neonatal testicular organoid culture system by
investigating a series of culture conditions that affect
the formation, storage, and development of gono-
cyte organoids, including cell-seeding density, serum
replacement supplement, Matrigel ratio, organoid
cryopreservation, and the presence of growth factors.
Gonocytes in organoids were cultured in vitro for up
to 28 d. During culture, we observed Sertoli cells sur-
rounding the outside while germ cells were located
in the middle or only one side of the organoids. We
also observed proliferating germ cells on day 28 of
culture. We also proved that these neonatal testicu-
lar organoids can be efficiently cryopreserved for fur-
ther use with good cell viability and minimal cel-
lular apoptosis. In addition, GDNF, FGF2, and LIF
supplementation maintained a high proportion of
proliferating cells, while promoting the transform-
ation of gonocytes into SSCs. FSH and testoster-
one were found to be beneficial for maintaining
the viability and proliferation of cells in organoids.
Importantly, 3D neonatal testicular organoids repres-
ent a novel tool for in vitro studies of germ cell devel-
opment, cellular interactions, endocrinology, and
toxicity.

Our findings indicate that we successfully
developed an in vitro immature testicular organoid
culture system which could possibly be applied
in many future scenarios, including (1) human
germ cell/Sertoli cell/SSC niche development during
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prepuberty and peri-puberty; (2) human germ cell
number expansion for future research or clinical
application; (3) in vitro spermatogenesis and fertility
restoration for prepubertal boys with cancer; and (4)
drug toxicity screening for personalized medicine.

Data availability statement

All data that support the findings of this study are

included within the article (and any supplementary
files).

Acknowledgments

The authors wish to acknowledge members of staff at
the Oxford Cell and Tissue Biobank (OCTB) for their
support and training with regards to tissue processing
and cryopreservation.

Conflict of interest

The authors confirm that there are no known con-
flicts of interest related to this publication.

Funding statement

This research was supported by the Clarendon
Scholarship (University of Oxford) awarded to
ST and the Nuffield Department of Women’s and
Reproductive Health, University of Oxford.

ORCID iD

Shiyan Tang ® https://orcid.org/0000-0001-9022-
5454

References

[1] World Health O 2021 CureAll Framework: WHO Global
Initiative for Childhood Cancer: Increasing Access, Advancing
Quality, Saving Lives vol 2021 (World Health Organization)

[2] Ribeiro R C et al 2008 Baseline status of paediatric oncology

care in ten low-income or mid-income countries receiving

my child matters support: a descriptive study Lancet Oncol.

9721-9

Wasilewski-Masker K et al 2014 Male infertility in long-term

survivors of pediatric cancer: a report from the childhood

cancer survivor study J. Cancer Surviv. 8 437-47

Tharmalingam M D et al 2020 Cisplatin and carboplatin

result in similar gonadotoxicity in immature human testis

with implications for fertility preservation in childhood

cancer BMC Med. 18 374

[5] Tournaye H, Dohle G R and Barratt C L 2014 Fertility
preservation in men with cancer Lancet 384 1295-301

[6] Gaskell T L, Esnal A, Robinson L L, Anderson R A and
Saunders P T 2004 Immunohistochemical profiling of germ
cells within the human fetal testis: identification of three
subpopulations Biol. Reprod. 71 2012-21

[7] Fukuda T, Hedinger C and Groscurth P 1975 Ultrastructure
of developing germ cells in the fetal human testis Cell Tissue
Res. 161 55-70

[8] Oatley ] M and Brinster R L 2012 The germline stem cell
niche unit in mammalian testes Physiol. Rev. 92 577-95

(3

(4

12

S Tang et al

[9] Chen SR and Liu Y X 2015 Regulation of spermatogonial
stem cell self-renewal and spermatocyte meiosis by Sertoli
cell signaling Reproduction 149 R159-67

[10] Naughton CK, Jain S, Strickland A M, Gupta A and
Milbrandt J 2006 Glial cell-line derived neurotrophic
factor-mediated RET signaling regulates spermatogonial
stem cell fate Biol. Reprod. 74 314-21

[11] Masaki K et al 2018 FGF2 has distinct molecular functions
from GDNF in the mouse germline niche Stern Cell Rep.

10 1782-92

[12] Takashima S et al 2015 Evaluation of mucosal healing in
ulcerative colitis by fecal calprotectin vs. fecal
immunochemical test Am. J. Gastroenterol. 110 873—80

[13] Raverdeau M, Gely-Pernot A, Feret B, Dennefeld C,

Benoit G, Davidson I, Chambon P, Mark M and
Ghyselinck N B 2012 Retinoic acid induces Sertoli cell
paracrine signals for spermatogonia differentiation but cell
autonomously drives spermatocyte meiosis Proc. Natl Acad.
Sci. USA 109 16582—7

[14] Wang P, Suo L J, Wang Y F, Shang H, Li G X, Hu ] H and

Li Q-W 2014 Effects of GDNF and LIF on mouse

spermatogonial stem cells proliferation in vitro

Cytotechnology 66 309-16

Baert Y, Rombaut C and Goossens E 2017 Scaffold-based

and scaffold-free testicular organoids from primary human

testicular cells Methods Mol Biol 1576 283-90

Baert Y, De Kock J, Alves-Lopes J P, Séder O, Stukenborg ] B

and Goossens E 2017 Primary human testicular cells
self-organize into organoids with testicular properties Stern

Cell Rep. 8 30-38

[17] Oliver E and Stukenborg J B 2020 Rebuilding the human
testis in vitro Andrology 8 825-34

[18] Yin X, Mead Benjamin E, Safaee H, Langer R, Karp Jeffrey M
and Levy O 2016 Engineering stem cell organoids Cell Stem
Cell 18 25-38

[19] Yang Y et al 2022 In vitro reconstitution of the
hormone-responsive testicular organoids from murine
primary testicular cells Biofabrication 27 15

[20] Sakib S, Uchida A, Valenzuela-Leon P, Yu Y, Valli-Pulaski H,
Orwig K, Ungrin M and Dobrinski I 2019 Formation of
organotypic testicular organoids in microwell culture Biol.
Reprod. 100 1648-60

[21] Alves-Lopes J P, Soder O and Stukenborg J-B 2017 Testicular
organoid generation by a novel in vitro three-layer gradient
system Biomaterials 130 76-89

[22] Sakib S, Yu Y, Voigt A, Ungrin M and Dobrinski I 2019
Generation of porcine testicular organoids with testis specific
architecture using microwell culture JoVE 152 60387

[23] Vermeulen M, Del Vento F, Kanbar M, Pyr Dit Ruys S,
Vertommen D, Poels ] and Wyns C 2019 Generation of
organized porcine testicular organoids in solubilized
hydrogels from decellularized extracellular matrix Int. J. Mol.
Sci. 20 5476

[24] Oliver E, Alves-Lopes J P, Harteveld F, Mitchell R T,

Akesson E, Soder O and Stukenborg J-B 2021 Self-organising
human gonads generated by a Matrigel-based gradient
system BMC Biol. 19 212

[25] Curtis S K and Amann R P 1981 Testicular development and
establishment of spermatogenesis in Holstein bulls J. Anim.
Sci. 53 1645-57

[26] Cortez ], Leiva B, Torres C G, Parraguez V H, De Los
Reyes M, Carrasco A and Peralta O A 2022 Generation and
characterization of bovine testicular organoids derived from
primary somatic cell populations Animals 12 2283

[27] Lakhoo K, Davies J, Chakraborty S, Berg S, Tennyson R,
Fowler D, Manek S, Verrill C and Lane S 2019 Development
of a new reproductive tissue cryopreservation clinical service
for children: the Oxford programme Pediatr. Surg. Int.
351271-8

[28] Devkota B, Sasaki M, Takahashi K-I, Matsuzaki S, Matsui M,
Haneda S, TAKAHASHI M, Osawa T and Miyake Y-I 2006
Postnatal developmental changes in immunohistochemical

[15

[16


https://orcid.org/0000-0001-9022-5454
https://orcid.org/0000-0001-9022-5454
https://orcid.org/0000-0001-9022-5454
https://doi.org/10.1016/S1470-2045(08)70194-3
https://doi.org/10.1016/S1470-2045(08)70194-3
https://doi.org/10.1007/s11764-014-0354-6
https://doi.org/10.1007/s11764-014-0354-6
https://doi.org/10.1186/s12916-020-01844-y
https://doi.org/10.1186/s12916-020-01844-y
https://doi.org/10.1016/S0140-6736(14)60495-5
https://doi.org/10.1016/S0140-6736(14)60495-5
https://doi.org/10.1095/biolreprod.104.028381
https://doi.org/10.1095/biolreprod.104.028381
https://doi.org/10.1007/BF00222114
https://doi.org/10.1007/BF00222114
https://doi.org/10.1152/physrev.00025.2011
https://doi.org/10.1152/physrev.00025.2011
https://doi.org/10.1530/REP-14-0481
https://doi.org/10.1530/REP-14-0481
https://doi.org/10.1095/biolreprod.105.047365
https://doi.org/10.1095/biolreprod.105.047365
https://doi.org/10.1016/j.stemcr.2018.03.016
https://doi.org/10.1016/j.stemcr.2018.03.016
https://doi.org/10.1038/ajg.2015.66
https://doi.org/10.1038/ajg.2015.66
https://doi.org/10.1073/pnas.1214936109
https://doi.org/10.1073/pnas.1214936109
https://doi.org/10.1007/s10616-013-9574-2
https://doi.org/10.1007/s10616-013-9574-2
https://doi.org/10.1007/7651_2017_48
https://doi.org/10.1007/7651_2017_48
https://doi.org/10.1016/j.stemcr.2016.11.012
https://doi.org/10.1016/j.stemcr.2016.11.012
https://doi.org/10.1111/andr.12710
https://doi.org/10.1111/andr.12710
https://doi.org/10.1016/j.stem.2015.12.005
https://doi.org/10.1016/j.stem.2015.12.005
https://doi.org/10.1088/1758-5090/ac992a
https://doi.org/10.1088/1758-5090/ac992a
https://doi.org/10.1093/biolre/ioz053
https://doi.org/10.1093/biolre/ioz053
https://doi.org/10.1016/j.biomaterials.2017.03.025
https://doi.org/10.1016/j.biomaterials.2017.03.025
https://doi.org/10.3791/60387
https://doi.org/10.3791/60387
https://doi.org/10.3390/ijms20215476
https://doi.org/10.3390/ijms20215476
https://doi.org/10.1186/s12915-021-01149-3
https://doi.org/10.1186/s12915-021-01149-3
https://doi.org/10.2527/jas1982.5361645x
https://doi.org/10.2527/jas1982.5361645x
https://doi.org/10.3390/ani12172283
https://doi.org/10.3390/ani12172283
https://doi.org/10.1007/s00383-019-04503-3
https://doi.org/10.1007/s00383-019-04503-3

10P Publishing

Biomed. Mater. 19 (2024) 025040

localization of «-smooth muscle actin (SMA) and vimentin
in bovine testes J. Reprod. Dev. 52 43—49

[29] Zhang Z, Hill ], Holland M, Kurihara Y and Loveland KL
2008 Bovine sertoli cells colonize and form tubules in
murine hosts following transplantation and grafting
procedures J. Androl. 29 418-30

[30] Saito H, Yokota S and Kitajima S 2023
Immunohistochemical analysis of the vimentin filaments in
Sertoli cells is a powerful tool for the prediction of
spermatogenic dysfunction Acta Histochem. 125 152046

[31] Tripathi U K et al 2014 Differential proteomic profile of
spermatogenic and Sertoli cells from peri-pubertal testes of
three different bovine breeds Front. Cell Dev. Biol. 2 24

[32] Alves-Lopes J P, Soder O and Stukenborg J B 2018 Use of a
three-layer gradient system of cells for rat testicular organoid
generation Nat. Protocols 13 24859

[33] Dekkers ] F et al 2019 High-resolution 3D imaging of fixed
and cleared organoids Nat. Protocols 14 175671

[34] Livak K J and Schmittgen T D 2001 Analysis of relative gene
expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) method Methods 25 4028

[35] Tang S, Jones C, Dye J and Coward K 2023 Dissociation,
enrichment, and the in vitro formation of gonocyte colonies
from cryopreserved neonatal bovine testicular tissues
Theriogenology 210 143-53

[36] Edmonds M E and Woodruff T K 2020 Testicular organoid
formation is a property of immature somatic cells, which
self-assemble and exhibit long-term hormone-responsive
endocrine function Biofabrication 12 045002

[37] Cham T-C, Ibtisham F, Fayaz M A and Honaramooz A 2021
Generation of a highly biomimetic organoid, including
vasculature, resembling the native immature testis tissue
Cells 10 1696

[38] Borries M, Barooji Y F, Yennek S, Grapin-Botton A,
Berg-Serensen K and Oddershede L B 2020 Quantification
of visco-elastic properties of a matrigel for organoid
development as a function of polymer concentration Front.
Phys. 8 579168

[39] Han S-H, Shim S, Kim M-J, Shin H-Y, Jang W-S, Lee S-J,
Jin Y-W, Lee -S-S, Lee S B and Park S 2017 Long-term
culture-induced phenotypic difference and efficient

13

S Tang et al

cryopreservation of small intestinal organoids by treatment
timing of Rho kinase inhibitor World J. Gastroenterol.
23 964-75

[40] Takashima S, Kanatsu-Shinohara M, Tanaka T, Morimoto H,
Inoue K, Ogonuki N, Jijiwa M, Takahashi M, Ogura A and
Shinohara T 2015 Functional differences between
GDNF-dependent and FGF2-dependent mouse
spermatogonial stem cell self-renewal Stem Cell Rep.
4 489-502

[41] Jijiwa M et al 2008 GDNF-mediated signaling via RET
tyrosine 1062 is essential for maintenance of spermatogonial
stem cells Genes Cells 13 365—74

[42] Lee J, Kanatsu-Shinohara M, Inoue K, Ogonuki N, Miki H,
Toyokuni S, Kimura T, Nakano T, Ogura A and Shinohara T
2007 Akt mediates self-renewal division of mouse
spermatogonial stem cells Development 134 18539

[43] Oatley J, Avarbock M, Telaranta A, Fearon D and Brinster R
2006 Identifying genes important for spermatogonial
stem cell self-renewal and survival Proc. Natl Acad. Sci.
103 9524-9

[44] Ishii K, Kanatsu-Shinohara M, Toyokuni S and Shinohara T
2012 FGF2 mediates mouse spermatogonial stem cell
self-renewal via upregulation of Etv5 and Bcl6b through
MAP2K1 activation Development 139 1734-43

[45] Zhang Y, Wang S, Wang X, Liao S, Wu Y and Han C 2012
Endogenously produced FGF2 is essential for the survival
and proliferation of cultured mouse spermatogonial stem
cells Cell Res. 22 773—6

[46] Guan K et al 2006 Pluripotency of spermatogonial stem cells
from adult mouse testis Nature 440 1199-203

[47] Orth J M, Qiu J, Jester W F Jr and Pilder S 1997 Expression
of the c-kit gene is critical for migration of neonatal rat
gonocytes in vitro Biol. Reprod. 57 676-83

[48] Macmillan K L and Hafs H D 1968 Pituitary and
hypothalamic endocrine changes associated with
reproductive development of holstein bulls J. Anim. Sci.
27 1614-20

[49] LiR, Vannitamby A, Yue S S K, Handelsman D and Hutson ]
2017 Mouse minipuberty coincides with gonocyte
transformation into spermatogonial stem cells: a model for
human minipuberty Reprod. Fertil. Dev. 29 2430-6


https://doi.org/10.1262/jrd.17062
https://doi.org/10.1262/jrd.17062
https://doi.org/10.2164/jandrol.107.004465
https://doi.org/10.2164/jandrol.107.004465
https://doi.org/10.1016/j.acthis.2023.152046
https://doi.org/10.1016/j.acthis.2023.152046
https://doi.org/10.3389/fcell.2014.00024
https://doi.org/10.3389/fcell.2014.00024
https://doi.org/10.1038/nprot.2017.140
https://doi.org/10.1038/nprot.2017.140
https://doi.org/10.1038/s41596-019-0160-8
https://doi.org/10.1038/s41596-019-0160-8
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.theriogenology.2023.07.022
https://doi.org/10.1016/j.theriogenology.2023.07.022
https://doi.org/10.1088/1758-5090/ab9907
https://doi.org/10.1088/1758-5090/ab9907
https://doi.org/10.3390/cells10071696
https://doi.org/10.3390/cells10071696
https://doi.org/10.3389/fphy.2020.579168
https://doi.org/10.3389/fphy.2020.579168
https://doi.org/10.3748/wjg.v23.i6.964
https://doi.org/10.3748/wjg.v23.i6.964
https://doi.org/10.1016/j.stemcr.2015.01.010
https://doi.org/10.1016/j.stemcr.2015.01.010
https://doi.org/10.1111/j.1365-2443.2008.01171.x
https://doi.org/10.1111/j.1365-2443.2008.01171.x
https://doi.org/10.1242/dev.003004
https://doi.org/10.1242/dev.003004
https://doi.org/10.1073/pnas.0603332103
https://doi.org/10.1073/pnas.0603332103
https://doi.org/10.1242/dev.076539
https://doi.org/10.1242/dev.076539
https://doi.org/10.1038/cr.2012.17
https://doi.org/10.1038/cr.2012.17
https://doi.org/10.1038/nature04697
https://doi.org/10.1038/nature04697
https://doi.org/10.1095/biolreprod57.3.676
https://doi.org/10.1095/biolreprod57.3.676
https://doi.org/10.2527/jas1968.2761614x
https://doi.org/10.2527/jas1968.2761614x
https://doi.org/10.1071/RD17100
https://doi.org/10.1071/RD17100

	An in vitro three-dimensional (3D) testicular organoid culture system for efficient gonocyte maintenance and propagation using frozen/thawed neonatal bovine testicular tissues
	1. Introduction
	2. Materials and methods
	2.1. Acquisition and cryopreservation of testicular tissue
	2.2. Histology and immunohistochemistry of ITTs
	2.3. Isolation and enrichment of primary neonatal testicular cells
	2.4. Preparation, culture, and 3D organoid culture
	2.5. Cell viability
	2.5.1. Cryopreservation and recovery of testicular organoids

	2.6. Immunocytochemical analysis of organoids
	2.7. RNA extraction and qRT-PCR
	2.8. Statistical analyses

	3. Results
	3.1. Cryopreservation and the dissociation of ITTs
	3.2. Effect of cell-seeding density on the formation of immature testicular organoids
	3.3. Effect of serum-free culture medium on organoids
	3.4. Effect of cell-seeding methods with Matrigel
	3.5. Cryopreservation and recovery of immature testicular organoids
	3.6. Effects of growth factors on the in vitro maintenance of organoids

	4. Discussion
	5. Conclusion
	References


