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Abstract: Cryopreservation of immature testicular tissue (ITT) prior to chemo/radiotherapy is now
ethically accepted and is currently the only way to preserve fertility of prepubertal boys about to
undergo cancer therapies. So far, three-dimensional culture of testicular cells isolated from
prepubertal human testicular tissue was neither efficient nor reproducible to obtain mature
spermatozoa, and ITT transplantation is not a safe option when there is a risk of cancer cell
contamination of the testis. Hence, generation of testicular organoids (TOs) after cell selection is a
novel strategy aimed at restoring fertility in these patients. Here, we created TOs using hydrogels
developed from decellularized porcine ITT and compared cell numbers, organization and function
to TOs generated in collagen only hydrogel. Organotypic culture of porcine ITT was used as a
control. Rheological and mass spectrometry analyses of both hydrogels highlighted differences in
terms of extracellular matrix stiffness and composition, respectively. Sertoli cells (SCs) and germ
cells (GCs) assembled into seminiferous tubule-like structures delimited by a basement membrane
while Leydig cells (LCs) and peritubular cells localized outside. TOs were maintained for 45 days
in culture and secreted stem cell factor and testosterone demonstrating functionality of SCs and LCs,
respectively. In both TOs GC numbers decreased and SC numbers increased. However, LC numbers
decreased significantly in the collagen hydrogel TOs (p < 0.05) suggesting a better preservation of
growth factors within TOs developed from decellularized ITT and thus a better potential to restore
the reproductive capacity.

Keywords: decellularization; extracellular matrix; immature testicular tissue; three-dimensional
culture; testicular cells; organoids; fertility preservation; artificial testis; spermatogonial stem cells

1. Introduction

Improvements of cancer therapy now allow more than 80% of children to survive their disease
in Europe [1]. Unfortunately, chemotherapy and radiotherapy are associated with side effects,
including gonadotoxicity, pointing to the need to develop fertility preservation methods [2]. If in
adult men cryopreservation of a sperm sample before the start of gonadotoxic treatment is routinely
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proposed, this is not an option for prepubertal boys for whom cryopreservation of immature
testicular tissue (ITT) containing spermatogonial stem cells (S5Cs) is the only available method to
preserve their fertility. A significant number of centers worldwide now offer this option [3-5]. In the
case of non-hematological cancer or benign disease, autologous transplantation of ITT could be a
promising method to restore fertility of patient from cryopreserved ITT [6,7]. Importantly, the power
of this technique was recently demonstrated in monkey, with offspring generation following ITT
autotransplantation [8]. In the context of cancer carrying the risk of neoplastic cell contamination of
the testes, in vitro maturation and transplantation of a selected population of germ cells (GCs)
including SSCs are so far the two approaches that may be considered to restore fertility using
cryostored ITT [3]. In vitro maturation of ITT followed by successful generation of offspring were
reported in mice [9] but in humans only generation of haploid GCs was achieved although with a
very low efficiency [10,11]. Transplantation of isolated SSCs into seminiferous tubules also gave
promising results in animals with offspring generation in several species [12-16] and embryo
formation in monkey [17]. However, it has been reported that not only the GCs but also the somatic
compartment of the testes, the so-called SSC niche, may be damaged by cancer therapies [18,19],
which could hamper the success of SSC transplantation. In this regard, testicular organoids (TOs)
developed with selected germ and somatic cells isolated from cryopreserved ITT with subsequent
reconstitution of the SSC niche that could be transplanted back to the patient, represents a promising
novel approach to restore fertility with cryostored ITT.

Formation of a functional organoid relies on the capacity of the cells to self-assemble in a three-
dimensional structure showing organization and functions similar to those of the organ they mimic
but also on exogenous components such as differentiation factors and a supportive testicular
extracellular matrix (ECM) [20]. In the testis, spermatogenesis takes place in seminiferous tubules,
containing GCs and Sertoli cells (SCs), which are surrounded by peritubular cells and the interstitial
compartment where Leydig cells (LCs) produce testosterone. Testicular ECM components such as
fibronectin and laminin produced by SCs and peritubular cells, respectively, as well as proteoglycans
and collagen IV produced by both cell types, play an important role in spermatogenesis [21,22].
Indeed, abnormal localization of laminin and collagen were associated with Sertoli cell-only
syndrome, cryptorchidism and testicular atrophy [23,24].

Moreover, the importance of the ECM for testicular cell suspensions (TCSs) organization in vitro
was demonstrated in rats where TCSs were shown to form cords harboring mature SCs and partially
differentiated GCs in ECM extracts but not onto plastic [25]. Three-dimensional culture of TCSs in
natural ECM extracts such as Matrigel® and collagen was performed in mice [26,27] and rats [25,28—
30] and generation of TOs whose structure and functions resemble that observed in vivo was only
recently achieved in rodents [26,29]. To keep advantage of the testicular ECM, culture of human TCS
onto decellularized testicular tissue scaffolds was also investigated. However, while the functionality
of the seeded cells was demonstrated, either a proper cells organization was lacking [31] or the
migration was reached but without proper cellular rearrangement [32]. Moreover, incubation of adult
human TCSs in low attachment plates with medium containing testis-derived ECM resulted in their
reaggregation into spheroids with GCs localizing in the center while peritubular and SCs surrounded
the spheroids [33].

Furthermore, attempts to form TOs with cells from large animals (pigs and non-human
primates) and human also led to cellular reaggregation with an abnormal organization as GCs and
SCs were found in the outer part while LCs and peritubular cells located inside the TOs suggesting
that TCSs cannot rebuild seminiferous tubule-like (ST-like) structures in low attachment plates [34].

Succeeding in TOs formation with TCSs isolated from large animals could bring valuable
knowledge for development of human TOs that may further be used to unravel the physiopathology
of reproductive disorders in the male and to develop a novel fertility restoration option in cases where
transplantation of cryostored ITT is not a safe option. Accordingly, as pig and human share common
properties at the genetic and physiologic level it makes porcine tissues or organs ideal models for
human disease and xenotransplantation studies [35]. To preserve advantages of the testicular ECM
(tECM) composition while facilitating the reorganization of TCSs in a hydrogel, decellularized
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porcine ITT scaffolds were solubilized and used for TOs formation. TOs formed in tECM were
compared to TOs generated in collagen and to ITT cultured in a conventional organotypic system.

2. Results

2.1. Evaluation of Hydrogels

Solubilized tECM was produced by digestion of decellularized ITT fragments and drops of
different sizes were used to evaluate manipulability after gelation (Figure 1A,B). Extracted
deoxyribonucleic acid (DNA) was quantified and similar levels were found in tECM (130.7 + 73.3
ng/20 uL drop) and control collagen (68.9 + 14.0 ng/20 uL drop) hydrogels (Figure 1C).
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Figure 1. Formation of testicular extracellular matrix (tECM) hydrogel. (A) Porcine immature
testicular tissues (ITTs) were dissected in small fragments and decellularized before being lyophilized
and digested in a solution of HCl/pepsin (1 = 20). (B) Drops of 5, 10, 15, 20 and 25 pL were incubated
for 1 h at 34 °C to evaluate manipulability after gelation. (C) DNA amount/20 uL of tECM and
collagen.

Analysis of tECM and collagen by two-dimensional liquid chromatography-tandem mass
spectrometry (2D-LC-MS/MS) resulted in identification of 2176 and 63 proteins, respectively. Among
the identified ECM-proteins, 41 were found in both hydrogels (Table S1). The collagen hydrogel was
highly enriched in collagen type I but contained also other types of collagen (II, IIl, V and VI) in
smaller amounts. However, tECM hydrogel was essentially composed of collagen types I, IV, VI, XII
and XIV but also contained types II, III, V, VII, X, XV, XVIII and XXVIL. Moreover, only one kind of
ECM-glycoprotein was identified in the collagen hydrogel while tECM hydrogel contained more than
20 ECM-glycoproteins among whose fibronectins and laminins were the most abundant.
Additionally, 13 proteoglycans were identified in tECM but none were present in the collagen
hydrogel.

Rheological analysis showed a higher storage modulus (G’) for the collagen hydrogel compared
to tECM hydrogel (Figure 2). However, each hydrogel had a higher G’ than the loss modulus (G”)
suggesting a solid-like property of both hydrogels.
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Figure 2. Rheological properties of hydrogels. Gelation kinetics were determined by monitoring of
variations of storage (G’) and loss (G”) moduli. Data represented means + standard deviation. n = 3.

2.2. Characterization of ITT-Isolated Cells

Immunofluorescence detection was performed to evaluate the proportions of GCs, SCs,
peritubular cells and LCs in TCSs isolated from ITTs before generation of TOs (Figure 3A,B). Results
revealed that 2.7 + 0.9% expressed the GC marker DDX4, 38.4 + 10.2% expressed the SC marker SOX9,
46.4 +12.3% expressed the LC marker CYP19A1 and 21.7 + 6.9% expressed the peritubular cell marker
ACTA2.
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Figure 3. Percentage of different testicular cell types in testicular cell suspension (TCS). (A) The graph
represents the percentage of germ cells (GCs; DDX4), Sertoli cells (SCs; SOX9), Leydig cells (LCs;
CYP19A1) and peritubular cells (ACTA2) in TCS obtained following digestion of ITT and used for

testicular organoid (TO) generation. (B) Representative image of DDX4, SOX9, CYP19A1 and ACTA2
immunofluorescence analysis of TCS used for generation of TOs. n = 4.

2.3. Evaluation of Porcine TO Organization

Periodic acid Schiff performed after 1 day of culture revealed no organization of testicular cells
in ECM hydrogels. Figure 4 shows that ST-like structures surrounded by a basement membrane

appeared in both ECMs during the nine first days of culture and were maintained until the end of
the culture.
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Figure 4. Periodic acid Schiff staining of control tissue and TOs formed in tECM and collagen during
the culture period. Scale bars = 60 pum.

The total number of cells per section was significantly higher in the control group at each time
point of the culture but did not show significant variations between the tECM and collagen groups
at any time point (Figure 5A). However, cell numbers/section decreased significantly over time in
control and collagen groups (Figure 5A). Percentage of area occupied by tubular structures found in
control and TOs groups was also quantified (excepted in hydrogel groups on day 1 as ST-like
structures were not yet formed) and remained stable in each group from day 9 to the end of the
culture (Figure 5B).
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Figure 5. Control tissues and TOs characterization. (A) Number of cells per section. (B) Percentage of
control tissue or TO occupied by tubular structures. n = 4, * p < 0.05, *** p < 0.001. Different letters
represent significant differences (p < 0.05) between groups at each time point.

Identification of GCs, SCs, LCs and peritubular cells was performed by immunohistochemistry
(IHC) against DDX4, SOX9, CYP19A1 and ACTA2 antigens and demonstrated presence of all cell
types during culture (Figure 6A). Moreover, DDX4 and SOX9 positive cells were localized inside ST-
like structures while LCs and peritubular cells were observed outside. Rare CYP19A1-positive cells
were identified inside tubular structures. Quantification of GCs, SCs and LCs was performed but this
was not possible for peritubular cells due to the difficulty of discerning these cells from each other.

Numbers of DDX4+ cells were stable in the control group during the culture period. However,
compared to day 1 of culture, numbers of DDX4+ cells were significantly lower in tECM group on
day 27, 36 and 45 (p < 0.05) and in collagen group on day 27 and 45 (p < 0.05; Figure 6B).

SC numbers remained stable in the control group while they were significantly higher on day 9,
18, 27, 36 and 45 compared to day 1 of culture (p < 0.01) in tECM and collagen groups (Figure 6C).

With regard to LCs, the ratio between CYP19A1+ cells and total number of cells/section showed
a significant decrease in the collagen group on day 9, 18, 36 and 45 (p < 0.05) compared to day 1. No
significant differences were found in control and tECM groups (Figure 6D).
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Figure 6. Identification and quantification of the different testicular cell types in control tissue and TOs. (A) Immunohistochemical analysis showing GCs (DDX4),
SCs (SOX9), LCs (CYP19A1) and peritubular cells (ACTAZ2) in control tissue and TOs on the 9™ day of culture. Quantification of GCs (B), SCs (C) and LCs (D) over
the culture period in control tissue and TOs. n =4, * p <0.05, ** p < 0.01, *** p <0.001, *** p < 0.0001. Scale bars = 60 pm.
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2.4. Functional Evaluation of Porcine TOs

The functionality of LCs evaluated by measurement of testosterone concentration showed a
stable secretion in tECM and collagen TOs during the entire culture period but an increase in control
group on day 18, 27, 36 and 45 (p < 0.05) compared to day 1 and 9. From day 18 until the end of the
culture, testosterone secretion was significantly higher in the control group compared to tECM and
collagen groups (p < 0.05; Figure 7A). However, testosterone secretion in tECM and collagen groups
were not significantly different. Regarding SC functionality, stem cell factor (SCF) secretion was
stable during the entire culture period and no differences were detected between the three groups
except on day 1 for tECM compared to the control group (p < 0.001; Figure 7B). Maturation of SCs
evaluated using a score based on anti-Mullerian hormone (AMH) immunostaining demonstrated a
significant decrease over time in control (p < 0.001) but not in tECM and collagen groups (Figure
7C,D).

A
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Testosterone concentration™
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Figure 7. Evaluation of LC and SC functionality and maturation in control tissue and TOs.
Testosterone (A) and stem cell factor (SCF) (B) were quantified in culture supernatants (n = 3). (C)
Maturation of SCs was monitored in control tissue and TOs by immunohistochemistry (IHC) for anti-
Mullerian hormone (AMH; n = 4). (D) Representation of the scores used to determine AMH intensity
staining. * p < 0.05, *** p <0.001, **** p < 0.0001. Scale bars = 60 pm.

2.5. Evaluation of GC Differentiation

To detect meiotic differentiating GCs, IHC against synaptonemal complex protein 3 (SCP3) was
performed on day 1, 9, 18, 27, 36 and 45 of culture. Figure 8A shows that the percentage of SCP3
positive cells/section in the control group was stable during the whole culture period while it
decreased in TOs to reach zero at the end of the culture. Moreover, higher numbers of SCP3 positive
cells/section were observed in control compared to tECM on day 1, 18, 27 and 36 (p < 0.05) and
collagen on day 1, 18, 27, 36 and 45 (p < 0.05). Detection of SCP3 in control and TOs is showed in
Figure 8 B,C, respectively. Presence of differentiated GCs at the post-meiotic stage was evaluated by
IHC against cAMP responsive element modulator (CREM) on controls and TOs and showed
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183  detection of the protein along the basement membrane only in 2/4 control tissues (Figure 8D) on day
184 45 of culture but not in TOs (Figure 8E).
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186 Figure 8. Evaluation of GC differentiation in control and TOs. (A) Number of SCP3 positive
187 cells/section (1 =4). Weak staining was observed for SCP3 in 1/4 non-cultured ITTs on day 0. Detection
188 of SCP3 in control (B) and TOs (C) on day 9 of culture. Detection of cAMP responsive element
189 modulator (CREM) positive cells after 45 days of culture in control tissue (D) but not in TOs (E). * p <
190 0.05 and ** p < 0.01. Scale bars = 60 um.

191 3. Discussion

192 There is a growing interest in three-dimensional organoid development notably for cancer
193 modeling, high-throughput drug screening but also for the study of normal and pathological
194  development of tissues/organs [36-38]. Here we reported for the first time, to the best of our
195  knowledge, successful development of functional TOs in large mammals using ECM-based
196  hydrogels.

197 Following decellularization of porcine ITT as described in previous work [31], acellular testicular
198  scaffolds were digested with pepsin and used to produce a hydrogel (tECM). In this study, the tECM
199  hydrogel was compared to a preparation of collagen, which previously allowed mouse ST-like
200  structure formation and partial GC differentiation up to pachytene spermatocytes [26]. Since physical
201  properties of the cell-supportive matrix were shown to modulate cellular expansion and organoid
202  formation in vitro [39], rheological evaluation of our ECM hydrogels was performed and revealed a
203  solid-like behavior of both hydrogels as their storage moduli were higher than their loss moduli [40].
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Higher moduli observed for collagen hydrogel could be explained by the fact that collagen, as the
most important ECM component for stabilization of hydrogels structure, and tECM were used at the
same total protein concentration. This implies that the collagen amount was inevitably lower in tECM
as we showed that it also contained other proteins that were shown to affect hydrogels mechanical
properties, such as GAGs [41,42].

Several reports demonstrated that matrix stiffness modulation is key as it resulted in
modification of primary [43] and stem cell [44] proliferation and differentiation. For instance,
Matrigel® stiffness can be modulated by modification of its concentration and solutions of 4, 8 and
17 mg/mL resulted in storage moduli of 20, 70 and 300 Pa respectively [45]. Recently, Sun et al.
reported differentiation of human spermatogonia isolated from testicular tissues of patients affected
by obstructive azoospermia into haploid spermatids [46]. Interestingly, they used a 9 mg/mL solution
of Matrigel® to cultivate mitotically inactivated SCs with GPR125* spermatogonia in three
dimensions and reported their differentiation into haploid cells after 20 days of culture. In their study,
Alves-Lopes et al. used Matrigel® at a concentration of 4-6 mg/mL to constitute rat TOs that were
maintained for 21 days in vitro, but unfortunately, differentiation was not evaluated [29]. In our
study, storage modulus of tECM did not exceed 20 Pa so it would be interesting to produce TOs with
tECM of different stiffnesses to evaluate the impact on TO culture outcomes, more specifically on GC
differentiation.

Components of the ECM are tissue-specific and constitute not only a structural support for cells
but also act on their capacity to organize in three-dimensional structures [25,30,47,48]. Indeed,
laminin was shown to promote cord-like structure in vitro [30] and both laminins and collagens are
involved in GC migration from the basal lamina to the lumen of seminiferous tubules through
regulation of restructuring events [49]. Therefore, it is relevant to hypothesize that formation of TOs
by combination of a hydrogel containing important proteins of the testicular ECM with immature
testicular cells could improve their reorganization and function.

As expected, analysis of protein content by 2D-LC-MS showed more collagen type I in the
collagen hydrogel compared to the tECM hydrogel. However, collagens IV, VI, XII and XIV were
more abundant in tECM hydrogel and other important ECM components such as fibronectin, laminin
and nidogen-1 were not detected in the collagen hydrogel. GAGs are also known to be important
components of the ECM as they were found to regulate the polymerization process of ECM-derived
hydrogels, notably through their action on fibrils density [41]. Important proteoglycans (core protein
attached to one or more GAG) were identified by 2D-LC-MS only in our tECM, notably, agrin and
heparan sulfate, which were reported to be constituents of basement membranes [50,51] and decorin,
which plays a role in collagen fibril assembly [52]. This greater similarity with the matrix composition
found in vivo could be involved in the better preservation of LCs within the TOs produced with the
tECM hydrogel.

One of the major features of organoids relies on the ability of seeded cells to reform organ-like
structures [53]. In an interesting study, Yokonishi et al. demonstrated reformation of testicular
structures in culture of immature mice testicular cells without the need of a 3D supportive matrix
although germ cell differentiation beyond the meiotic phase was not observed [54]. However, when
a 3D collagen supportive matrix was added in culture of immature rat cells, differentiation up to the
spermatid stage was reached [28]. In their study, Baert et al. cultured human adult and peripubertal
testicular cells onto decellularized testis scaffolds and reported maintenance of the major somatic
cells of the testicular niche as well as proliferating GCs but did not observe a testis-specific cellular
organization [32]. Furthermore, in one of our previous studies, we observed the inability of human
adult SCs to migrate deeply into decellularized porcine ITT scaffolds [31]. These observations could
be attributed to the developmental status of the cells, which may influence their morphogenic
capacity. Indeed, so far only immature cells were shown to be able to reform testicular structures in
vitro [29,55]. Here, we demonstrated formation and maintenance of ST-like structures by immature
porcine TCSs from day 9 to 45 of culture in tECM and collagen hydrogels. Periodic acid Schiff allowed
identification of a basement membrane around these structures and the different cell types
reorganized themselves into testis-like structures similar to in vivo tissue organization as peritubular
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and LCs were located outside ST-like structures while SCs and GCs were observed inside the ST-like
structures. However, some rare CYP19A1-labeled cells were found within the tubules that may
correspond to rare gonocytes as it was demonstrated that some of them may still be present during
the postnatal period [56]. To our knowledge, such seminiferous-like tubule reorganization was never
achieved in large mammals.

During the culture, SC numbers/section were stable in control cultured tissue but increased in
tECM and collagen groups. Immature SCs are characterized by a proliferative activity and a strong
AMH expression until puberty followed by a down-regulation reflecting their terminal
differentiation [57]. Analysis of AMH expression demonstrated SC maturation in control tissue but
not in TOs, which could explain the higher number of SCs/section in TOs. The lack of SCs maturation
in both TOs could result from the lower level of testosterone, which is involved in in situ SCs
maturation [58]. However, functionality of SCs was confirmed throughout the culture as SCF was
detected until the 45* day in both TOs except for a lower SCF level measured at the onset of culture
in the tECM group. The latter observation is most likely due to an artifact due to supernatant
mishandling as SCF secretion was not different from control tissue in all other culture time points. In
future experiments, evaluation of expression of androgen receptor and proteins associated with the
blood-testis barrier would give more information on the SCs maturation status [59].

In the prepubertal testis, SCs represent the major cell type and their proliferation is responsible
for the volume increase of the gonad before puberty. Following puberty, testicular volume increases
up to 15 fold mainly due to GCs proliferation making them the most abundant cell type in the testis
[60]. In our study, the percentage of GC found in TCSs following tissue digestion was 2.7%, which is
in accordance with the results of other researchers who found 1.6% of GC in TCSs isolated from
prepubertal pigs [61]. During culture, numbers of GCs/section remained stable in control tissue while
a progressive decrease was observed in both TOs reaching zero on day 45. This observation was also
reported in the study of Alves-Lopes et al. who reported a reduction of the GC percentage/TO from
12% on day 7 to 4% on day 14 in rat TOs formed in Matrigel® [29]. Plausible explanations could be
that GCs, which do not migrate into ST-like structures of TOs, enter apoptosis and/or induction of a
cellular stress during the enzymatic digestion step. Due to the small number of GCs in TOs such
evaluation was not performed in this experiment and needs to be further investigated.

The importance of testicular architecture for the mediation of SSC responsiveness to retinoic acid
was recently underlined in mice [62]. As ST-like structures did not appear when complete medium
(basic medium enriched with bone morphogenic protein 4 (BMP4), retinol, human chorionic
gonadotropin (hCG) and follicle-stimulating hormone (FSH)) was added to TOs from the first day of
culture (data not shown), basic medium composed of KnockOut™ Serum Replacement (KSR) and
basic fibroblast growth factor (FGF2) was used during the first 8 days of culture to allow ST-like
structures formation. Complete medium was thus used from day 9 onwards and as expected, induced
a significant increase of testosterone levels in control tissue on day 18, 27, 36 and 45. The higher
number of cells in control tissues compared to TOs could explain the higher testosterone
concentration found in culture supernatants. However, testosterone secretion during the whole
culture period as well as the small although non-significant increase observed in TO groups suggests
LC responsiveness to hCG in TOs. Assessment of LC numbers/section showed a significant decrease
of LCs only in collagen TOs suggesting a poorer LC preservation in this group. Presence of fibronectin
only in the tECM hydrogel could be one explanation of this result as integrin-mediated adhesion to
fibronectin was reported as a mitogen signal for LCs [63]. Nevertheless, the slight decrease observed
in control and tECM groups suggest that it is still important to further improve the culture media
composition.

To assess differentiation of GCs in control and TOs, IHC against meiotic (SCP3) and post (CREM)
meijotic markers was performed and indicated stability of the percentage of SCP3 positive
cells/section in control but progressive loss in both TOs. It may be assumed that the low number and
the abnormal location of CREM-positive cells along the basement membrane in control tissues could
be related to an incomplete establishment of the blood—testicular barrier that normally separates basal
and adluminal compartments. This phenomenon was already observed in organotypic culture of
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human immature testicular tissue and could preclude the normal germ cell differentiation process
including the migration towards the adluminal compartment [59].

Cell numbers/section and area occupied by tubular structures in control and TOs suggested
absence of growth in vitro. Cell confinement could be one of the factors that may play a role and that
should further be analyzed. Indeed, in vivo, a non-elastic fibrous membrane named albuginea is
responsible for the interstitial pressure in the testis [64]. Experiments conducted in rat revealed the
importance of the pressure exerted by albuginea as capsulotomy resulted in infertility 30 days after
surgery [65] and several studies showed that growth and migration are modified when cells are
placed in a confined environment [66,67]. Improvement of TOs oxygenation could also result in better
culture outcomes as a recent study demonstrated a higher growth of ITT when cultured between an
oxygen-permeable polydimethylsiloxane (PDMS) chip and an agar block partially immersed into
medium compared to standard organotypic culture [68].

In conclusion, we demonstrated for the first time that TCSs isolated form porcine ITT could form
TOs with seminiferous tubule organization comparable to the native organ when in vitro cultured in
hydrogels. While both TOs showed somatic cell functionalities that were maintained until the end of
the culture, tECM hydrogel allowed a higher number of LCs compared to collagen hydrogel. As GCs
numbers decreased and SCs increased in both TOs and limited development of the TOs was achieved,
further studies including modification of the medium composition, protein concentration of tECM
and modulation of the pressure exerted onto TOs would be valuable.

4. Materials and Methods

4.1. Decellularization of Porcine Immature Testicular Tissue

In accordance to the European directive for the protection of pigs (2008/120/EC), piglets intended
for meat production can be castrated. Following castration, testes were placed in phosphate buffer
saline (PBS) and transported to the lab at 4 °C. A total of 40 prepubertal testes recovered from
castrated animals aged between 4 and 7 days old were decellularized using our previously
established protocol [31]. Briefly, tissues were dissected in small fragments of +5 mm? and stored at
=80 °C in PBS until use. Tissues were thawed in a water bath prewarmed at 37 °C, washed for 15 min
in 2x PBS and agitated in 0.01% sodium dodecyl sulfate (SDS; VWR Chemicals, Leuven, Belgium,
33629.266) for 7 h followed by 1 h of agitation in 1% Triton X-100 (Sigma-Aldrich, Overijse, Belgium,
X-100). During the decellularization process, rinse steps (5 min of agitation in deionized water + 15
min in 2x PBS) were performed on the 24, 4th, 6th and 7t hour before being rinsed in PBS and kept at
4°C in PBS. The next day, decellularized tissues were sterilized by agitation in 0.1% peracetic acid
(Sigma-Aldrich, 77240)/4% ethanol (VWR, 20821.310) at 4 °C and rinsed three times in PBS (Lonza,
Verviers, Belgium, BE17-516F).

4.2. Hydrogel Formation

Following lyophilization, tissues were mechanically powdered with scissors and digested for 24
h in 0.01 M HCI (Sigma-Aldrich, 1.00319) containing 2 mg/mL of pepsin (Sigma-Aldrich, P6887) in
sterile 50 mL tubes (VWR, 734-0448). Digested tECM was centrifuged for 5 min at 1000 g to eliminate
debris before neutralization of pH and salt concentration of the solution were realized by addition of
one-tenth the digest volume of 0.1IM NaOH (Sigma-Aldrich, 1.06462) and one-ninth the digest
volume of 10x PBS (Sigma-Aldrich, D1408), respectively. Solubilized tECM was aliquoted and kept
at -80 °C until use.

4.3. Evaluation of the Solubilized tECM and Collagen

4.3.1. DNA Content Quantification

Total DNA was extracted from 200 pL of solubilized tECM and from collagen type I solution
(Sopachem, Ghent, Belgium, 638-00661) both diluted at 24 mg/mL of protein using
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PureLink™genomic DNA mini kit (Thermo Fisher,Ghent, Belgium, K1820-01) following instructions
of the manufacturer. DNA content was measured in triplicate with Nanodrop (Thermofisher).

4.3.2. Rheological Analysis

Rheological characteristics of tECM and collagen were determined for three biological replicates
using a parallel plate rheometer (Anton Paar, Graz, Austria, MCR102). Cold hydrogels were kept on
ice and placed between two pre-cooled (4 °C) 25 mm plates separated by a 0.2 mm gap in a humidified
chamber. Plates were progressively warmed to 34 °C and samples were subjected to an oscillatory
strain of 1% at a constant angular frequency of 1 rad s for two hours with measurements taken every
0.5 min.

4.3.3. Mass Spectrometry Analysis

4.3.3.1. Sample Preparation for Mass Spectrometry Analysis

Total protein content was quantified by the BCA assay (Waltham, Massachusetts, USA). Five
hundred ug of proteins were reduced and alkylated. Proteins were then precipitated by the use of a
methanol/chloroform procedure, before being resuspended in 100 mM ammonium bicarbonate
(Sigma Aldrich, MO, USA). Protein digestion was performed using trypsin (Promega, WI, USA).

4.3.3.2. 2D-LC/MS

2D-LC-MS analysis was performed essentially as previously described [69]. Peptides were
dissolved in solvent A (0.1% trifluoroacetic acid (TFA) in 2% ACN), directly loaded onto reversed-
phase pre-column (Acclaim PepMap 100, Thermo Scientific, San Jose, CA) and eluted in backflush
mode. Peptide separation was performed using a reversed-phase analytical column (Acclaim
PepMap RSLC, 0.075 mm x 250 mm, Thermo Scientific) with a linear gradient of 4-36% solvent B
(0.1% TFA in 98% ACN) for 36 min, 40-99% solvent B for 10 min and holding at 99% for the last 5
min at a constant flow rate of 300 nL/min on an Ultimate 3000 RSLN nanoHPLC system (Thermo
Scientific). The peptides were analyzed by an Orbitrap Fusion Lumos tribrid mass spectrometer
(Thermo Scientific). The peptides were subjected to nanospray ionization (NSI) source followed by
tandem mass spectrometry (MS/MS) in Fusion Lumos coupled online to the ultra performance liquid
chromatography. Intact peptides were detected in the Orbitrap at a resolution of 120,000. Peptides
were selected for MS/MS using higher-energy collisional dissociation setting at 35 and collision-
induced dissociation at 30 with multistage activation for neutral loss of phosphoric acid (97.976 Da);
ion fragments were detected in the lontrap. A data-dependent procedure of MS/MS scans was
applied for the top precursor ions above a threshold ion count of 5.0E3 in the MS survey scan with
30.0s dynamic exclusion. The total cycle time was set to 4 s. Mass spectrometry level 1 spectra were
obtained with an automatic gain control (AGC) target of 4E5 ions and a maximum injection time of
50 ms, and mass spectrometry level 2 spectra were acquired with an AGC target of 1E4 (10,000) ions
and a maximum injection time of 35 ms. For MS scans, the mass over charge (m/z) scan range was
350 to 1800. The resulting MS/MS data was processed using Sequest HT search engine within
Proteome Discoverer 2.2 (Thermo Fisher Scientific,c MA, USA) against a human protein reference
database obtained from Uniprot. Trypsin was specified as cleavage enzyme allowing up to two
missed cleavages, four modifications per peptide and up to three charges. Mass error was set to 10
parts per million for precursor ions and 0.1 Da for fragment ions. Oxidation on methionine,
phosphorylation on serine, threonin and tyrosine were considered as variable modifications. False
discovery rate was assessed using Percolator (Thermo Fisher Scientific, MA, USA) and thresholds for
protein, peptide and modification sites were specified at 1%.

4.4. Preparation and Evaluation of TOs

4.4.1. Testicular Tissue Dissociation
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Fresh testicular tissues recovered from castrated animals were transported to the lab at 4 °C in
HBSS (Sigma-Aldrich, H9269) containing 10 units/mL of penicillin and 10 ug/mL of streptomycin
(Thermofisher Scientific, Ghent, Belgium, 15140122) and dissected in small fragments. Tissues from
four animals were digested in HBSS supplemented with 1 mg/mL of collagenase D (Sigma-Aldrich,
11088858001) and 1 mg/mL of DNase I (Sigma-Aldrich, 11284932001) for 20 min at 37 °C with
repeated flushing every 3—4 min. Cellular suspensions were passed through a 70-pum cell strainer
(VWR, 732-2758) and rinsed two times with HBSS to eliminate residual collagenase and DNase.
Following counting with trypan blue and a Biirker chamber, testicular cells were used for preparation
of TOs.

4.4.2. Formation and Culture of TOs in tECM and Collagen

Collagen type I and tECM were prepared at a protein concentration of 2.4 mg/mL (maximum
concentration that could be obtained after collagen reconstitution) and kept on ice to avoid gelation.
To form TOs, 500,000 testicular cells were diluted in 200 uL of PBS and pelleted in the bottom of 1.5
mL Eppendorf tubes by centrifugation for 5 min at 400g followed by elimination of PBS. Using pipette
tips of 200 pL cut at about 1 cm from the pointed end, cell pellets were recovered with 20 puL of
hydrogel and placed onto the lid of a petri dish (hanging drop method) filled with 2 mL of PBS for 1
h to allow gelation of hydrogel without spreading onto plastic. Organoids and control fresh ITT
pieces of 1 mm? were transferred onto culture inserts (Millicell® cell culture inserts, Merck, Overijse,
Belgium, PICMO01250) and cultured in 300 uL. of DMEM/F12 (Thermo Fisher Scientific, 11330057)
containing 10% of KSR (ThermoFisher Scientific, 12618013) as it was demonstrated to promote
testicular structure formation from immature testicular cells [26], 10 ng/mL of FGF2 (R&D Systems,
233-FB-025) as it was shown to increase the growth of seminiferous cord in vitro [70] and favor self-
renewal and production of committed progenitors [71] and 3 mg/mL of ceftazidime (Biopharma,
Italy, Kefadim). Medium was changed every two days and enriched on the 9t day of culture with
100 ng/mL of BMP4 (ThermoFisher, PHC9534) as it stimulates c-kit expression [72], 1 uM of retinol
(Sigma-Aldrich, R7632) for its effect on spermatid and spermatozoa numbers during in vitro
maturation of ITT [73], 35 IU/L of FSH (Merck Serono, United Kingdom, Gonal F) for its protective
role of germ cell protection against apoptosis [74] and 2 IU/L of hCG (MSD, the Netherlands, Pregnyl)
for its LH-like action to stimulate testosterone secretion by Leydig cells [75] until the end of the
culture.

4.4.3. Histology and Immunohistochemistry/Immunofluorescence

Approximately 45 x 10¢ testicular cells recovered from fresh ITT dissociation before generation
of TOs were fixed in 4% paraformaldehyde (PFA; VWR, 9713) for 15 min then pelleted in 3 mL of 2%
agar and embedded in paraffin prior to 5-pm sections preparation. Following deparaffinization and
rehydration in toluene and alcohol baths, endogenous peroxidase activity was blocked in 0.3% H2O:
for 30 min followed by antigen retrieval in citrate buffer for 50 min at 98 °C. Nonspecific reaction was
blocked with Tris-buffered saline (TBS) Tween 0.05% (ITBST) containing 5% BSA (Sigma-Aldrich,
A7030) for 30 min before primary antibodies (Table 1) diluted in TBST/1% BSA were added to
samples for one night at 4 °C. The next day, secondary anti-rabbit or anti-mouse antibodies (Envision
+ system-labeled polymer-horseradish peroxidase; Agilent, Heverlee, Belgium, K4003 or K4001) were
added for 40 min at room temperature (RT). Following washing in TBST, antibody signals were
detected using Alexa Fluor™ 488 Tyramide (Thermofisher, B40953). Nuclei were counterstained
using 10 ug of bisBenzimide H 33442 trihydrochloride (Sigma-Aldrich, 14533) diluted in TBST/10%
BSA. After final washes in TBST and distilled water, slides were mounted using Dako fluorescence
mounting medium (Agilent, 53023). Images were acquired on a Zeiss Axiolmager.z1 (Zeiss,
Germany) and quantification of nuclei and cells expressing DDX4, SOX9, CYP19A1 and ACTA was
performed on three randomly selected fields/section using Fiji Image] software (National Institute of
Health, USA, v1.47).

Control tissues and TOs were rinsed in PBS and fixed for 1 hour in 4% PFA at RT. Following
alcohol dehydration, control tissues and TOs were immersed in xylene and embedded in paraffin for
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preparation of five pm-thick sections on Superfrost Plus slides (VWR, 631-0108). Sections underwent
deparaffinization and rehydration before periodic acid Schiff staining or IHC. For IHC, endogenous
peroxidase activity and antigen retrieval were performed as described in the previous paragraph.
Slides were washed in 0.05 M TBS containing 0.05% of Triton X-100 (wash buffer) and incubated for
30 min in blocking solution composed of 10% normal goat serum (Thermofisher, 10000C) and 1%
BSA. Primary antibodies (Table 1) diluted in 1% normal goat serum/0.1% BSA solution were added
to the sections and incubated overnight at 4 °C in a humidified chamber. The next day, secondary
anti-rabbit or anti-mouse antibodies were added for 60 min at RT. Diaminobenzidine (Agilent, K3468)
was used as a chromogen. Following brief counterstaining with Mayer’s hematoxylin (Agilent,
53301), the slides were mounted with Dako mounting medium (Agilent, CS703). Slides were scanned
with the Leica SCN400 scanner (Leica Biosystems, Wetzlar, Germany) and images were captured
with the Aperio Imagescope software (Leica Biosystem, Vista, CA, USA). Positive and negative
controls are presented in Figure S1.

Specific cell numbers/section were determined using the Fiji Image] software by calculating the
percentage of cells stained for DDX4, SOX9 or CYP19A1/section and the total number of cells/section
(= number of nuclei/section) using the following formula: (number of stained cells/section)/(total
number of nuclei/section) x 100.

Area of tubular structure within tissues and TOs were determined with the Aperio Imagescope
software. Percentage of tissue or TO occupied by tubular structures was then determined as follow:
(total area occupied by tubular structures)/(total area of tissue or TO) x 100.

Table 1. Antibodies used in the study.

Antibody Reference Manufacturer Dilution Target cell
ACTA2 A2547 Sigma-Aldrich 1:2000 Peritubular cells
AMH MCA2246 Bio-Rad 1:800 Sertoli cells
CREM Ab230543 Abcam 1:100 Spermatids
CYP19A1 Ab139492 Abcam 1:2000 Leydig cells
DDX4 Ab13840 Abcam 1:2000 Germ cells
SOX9 Ab185966 Abcam 1:2000 Sertoli cells
SCP3 HPA039635 Sigma-Aldrich 1:3000 Spermatocytes

4.4.4. Evaluation of LC and SC Functionality by ELISAs

Reagents of the SCF (Bio-Connect Diagnostics, The Nederland’s SEA120Po) and testosterone
(VWR, ABNOKAZ2349) ELISA kits were prepared following manufacturer’s instructions.
Supernatants from control, tECM and collagen groups were homogenized and centrifuged before use
(n = 3). In the SCF assay, undiluted samples were used. For testosterone concentration evaluation,
150-fold dilution was necessary for supernatants of the control group while a five-fold dilution was
applied to supernatants of the tECM and collagen groups. Final concentrations were calculated taking
into account the dilution factors.

4.5. Statistical Analysis

Statistical analyses were performed with the GraphPad Prism 7 software (GraphPad Software,
La Jolla, CA, USA). Data are presented as mean + SD. All results were analyzed using a two-way
ANOVA followed by a Tukey’s post-hoc test (1 =4 for IF, histologic and IHC analyses, n =3 for ELISA
measures). Scores relative to AMH intensity staining were subjected to a linear regression analysis (1
= 4). Maturation of SCs was validated if the slope of line obtained for the linear regression was
significantly non-zero indicating a decrease of the score over time.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/xxx/s1, Table S1: List of
ECM proteins identified by 2D-LC-MS in tECM and collagen preparation. Proteins are classified alphabetically
and different colors were used to categorize them: green = collagens, orange = ECM-glycoproteins, yellow =
proteoglycans, blue = other ECM-affiliated proteins and grey = non ECM-affiliated proteins. *acession numbers
=F1SGG3* and FIRGX4**. Sum posterior error probability (PEP) score = protein score calculated as the negative




490
491
492
493
494
495

496
497
498
499
500

501
502
503

504
505

506

507

Int. ]. Mol. Sci. 2019, 20, 5476 17 of 21

logarithms of the PEP values of the connected peptide spectrum matches (PSMs); Figure S1: IHC controls.
Porcine ITT recovered from pigs aged between 4 and 7 days old was used as positive control for DDX4 (A), SOX9
(B), CYP19A1 (C) and ACTA2 (D) immunostainings. Positive staining for SCP3 and CREM were detected in
mature (6 months old) porcine testicular tissue (F-H) but not in ITT (E-G). The expression of AMH was detected
in STs of porcine ITT (I) but not in mature testicular tissue (J). Pictures E and F represent negative controls
(without primary antibodies) with anti-mouse (E) and anti-rabbit (F) secondary antibodies. Scale bars = 50 pum.
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2D-LC-MS  Two-dimensional liquid chromatography-tandem mass spectrometry
ACTA2 Actin alpha 2

AMH Anti-Mullerian hormone

BMP4 Bone morphogenic protein 4

CREM CAMP responsive element modulator
CYP19A1  Cytochrome P450 Family 19 Subfamily A Member 1
DDX4 DEAD-Box Helicase 4

ELISA Enzyme-linked immunosorbent assay
FGF2 Fibroblast growth factor 2

FSH Follicle-stimulating hormone

G Storage modulus

G" Loss modulus

GAG Glycosaminoglycan

GC Germ cell

hCG Human chorionic gonadotropin

IHC Immunohistochemistry

ITT Immature testicular tissue

KSR Knock-out serum replacement

LC Leydig cell

PBS Phosphate-buffered saline

SC Sertoli cell

SCF Stem cell factor

SOX9 SRY-Box 9

SsC Spermatogonial stem cell

SCP3 Synaptonemal complex protein 3
ST-like Seminiferous tubule-like

TBS Tris-buffered saline

TBST TBS-Triton

TCS Testicular cell suspension

tECM Testicular extracellular matrix
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TO Testicular organoid
References
1. Gatta, G.; Botta, L.; Rossi, S.; Aareleid, T.; Bielska-Lasota, M.; Clavel, J.; Dimitrova, N.; Jakab, Z.; Kaatsch,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

P.; Lacour, B.; et al. Childhood cancer survival in Europe 1999-2007: Results of EUROCARE-5--a
population-based study. Lancet Oncol. 2014, 15, 35-47.

Wallace, W.H. Oncofertility and preservation of reproductive capacity in children and young adults. Cancer
2011, 117, 2301-2310.

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

Picton, H.M.; Wyns, C.; Anderson, R.A.; Goossens, E.; Jahnukainen, K.; Kliesch, S.; Mitchell, R.T.; Pennings,
G.; Rives, N; Tournaye, H.; et al. A European perspective on testicular tissue cryopreservation for fertility
preservation in prepubertal and adolescent boys. Hum. Reprod. 2015, 30, 2463-2475.

Valli-Pulaski, H.; Peters, K.A.; Gassei, K.; Steimer, S.R.; Sukhwani, M.; Hermann, B.P.; Dwomor, L.; David,
S.; Fayomi, A.P.; Munyoki, S.K.; et al. Testicular tissue cryopreservation: 8 years of experience from a
coordinated network of academic centers. Hum. Reprod. 2019, 34, 966-977.

Del Vento, F.; Vermeulen, M.; de Michele, F.; Giudice, M.G.; Poels, J.; des Rieux, A.; Wyns, C. Tissue
engineering to improve immature testicular tissue and cell transplantation outcomes: One step closer to
fertility restoration for prepubertal boys exposed to gonadotoxic treatments. Int. J. Mol. Sci. 2018, 19, 286.
Vermeulen, M.; Poels, J.; de Michele, F.; des Rieux, A.; Wyns, C. Restoring fertility with cryopreserved
prepubertal testicular tissue: Perspectives with hydrogel encapsulation, nanotechnology, and
bioengineered scaffolds. Ann. Biomed. Eng. 2017, 45, 1770-1781.

Fayomi, A.P.; Peters, K.; Sukhwani, M.; Valli-Pulaski, H.; Shetty, G.; Meistrich, M.L.; Houser, L.; Robertson,
N.; Roberts, V.; Ramsey, C.; et al. Autologous grafting of cryopreserved prepubertal rhesus testis produces
sperm and offspring. Science 2019, 363, 1314-1319.

Sato, T.; Katagiri, K.; Gohbara, A.; Inoue, K.; Ogonuki, N.; Ogura, A.; Kubota, Y.; Ogawa, T. In vitro
production of functional sperm in cultured neonatal mouse testes. Nature 2011, 471, 504-507.
Abofoul-Azab, M.; AbuMadighem, A.; Lunenfeld, E.; Kapelushnik, J.; Shi, Q.; Pinkas, H.; Huleihel, M.,
Development of postmeiotic cells in vitro from spermatogonial cells of prepubertal cancer patients. Stem
Cells Dev. 2018, 27, 1007-1020.

de Michele, F.; Poels, J.; Vermeulen, M.; Ambroise, J.; Gruson, D.; Guiot, Y.; Wyns, C. Haploid germ cells
generated in organotypic culture of testicular tissue from prepubertal boys. Front. Physiol. 2018, 9, 1413.
Brinster, R.L.; Avarbock, M.R. Germline transmission of donor haplotype following spermatogonial
transplantation. Proc. Natl. Acad. Sci. USA 1994, 91, 11303-11307.

Hamra, F.K; Gatlin, J.; Chapman, K.M.; Grellhesl, D.M.; Garcia, J.V.; Hammer, R.E.; Garbers, D.L.
Production of transgenic rats by lentiviral transduction of male germ-line stem cells. Proc. Natl. Acad. Sci.
USA 2002, 99, 14931-14936.

Honaramooz, A.; Behboodi, E.; Megee, S.0.; Overton, S.A.; Galantino-Homer, H.; Echelard, Y.; Dobrinski,
I. Fertility and germline transmission of donor haplotype following germ cell transplantation in
immunocompetent goats. Biol. Reprod. 2003, 69, 1260-1264.

Trefil, P.; Micakova, A.; Mucksova, ]J.; Hejnar, J.; Poplstein, M.; Bakst, M.R.; Kalina, J.; Brillard, J.P.
Restoration of spermatogenesis and male fertility by transplantation of dispersed testicular cells in the
chicken. Biol. Reprod. 2006, 75, 575-581.

Herrid, M.; Olejnik, J.; Jackson, M.; Suchowerska, N.; Stockwell, S.; Davey, R.; Hutton, K.; Hope, S.; Hill,
J.R. Irradiation enhances the efficiency of testicular germ cell transplantation in sheep. Biol. Reprod. 2009,
81, 898-905.

Hermann, B.P.; Sukhwani, M.; Winkler, F.; Pascarella, ].N.; Peters, K.A.; Sheng, Y.; Valli, H.; Rodriguez, M.;
Ezzelarab, M.; Dargo, G.; et al. Spermatogonial stem cell transplantation into rhesus testes regenerates
spermatogenesis producing functional sperm. Cell Stem Cell 2012, 11, 715-726.

Howell, S.J.; Radford, J.A.; Ryder, W.D.; Shalet, S.M. Testicular function after cytotoxic chemotherapy:
Evidence of Leydig cell insufficiency. J. Clin. Oncol. 1999, 17, 1493-1498.

Bar-Shira Maymon, B.; Yogev, L.; Marks, A.; Hauser, R.; Botchan, A.; Yavetz, H. Sertoli cell inactivation by
cytotoxic damage to the human testis after cancer chemotherapy. Fertil. Steril. 2004, 81, 1391-1394.
Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586-1597.



560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

Int. ]. Mol. Sci. 2019, 20, 5476 19 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Tung, P.S.; Fritz, L.B. Morphogenetic restructuring and formation of basement membranes by Sertoli cells
and testis peritubular cells in co-culture: Inhibition of the morphogenetic cascade by cyclic AMP derivatives
and by blocking direct cell contact. Dev. Biol. 1987, 120, 139-153.

Tung, P.S.; Skinner, M.K,; Fritz, I.B. Cooperativity between Sertoli cells and peritubular myoid cells in the
formation of the basal lamina in the seminiferous tubule. Ann. NY Acad. Sci. 1984, 438, 435-446.

Pollanen, P.P.; Kallajoki, M.; Risteli, L.; Risteli, J.; Suominen, J.J. Laminin and type IV collagen in the human
testis. Int. J. 1985, 8, 337-347.

Santamaria, L.; Martinez-Onsurbe, P.; Paniagua, R.; Nistal, M. Laminin, type IV collagen, and fibronectin
in normal and cryptorchid human testes. An immunohistochemical study. Int. ]. Androl. 1990, 13, 135-146.
Hadley, M.A,; Byers, S.W.; Suarez-Quian, C.A.; Kleinman, H.K.; Dym, M. Extracellular matrix regulates
Sertoli cell differentiation, testicular cord formation, and germ cell development in vitro. . Cell Biol. 1985,
101, 1511-1522.

Zhang, J.; Hatakeyama, J.; Eto, K.; Abe, S. Reconstruction of a seminiferous tubule-like structure in a 3
dimensional culture system of re-aggregated mouse neonatal testicular cells within a collagen matrix. Gen.
Comp. Endocrinol. 2014, 205, 121-132.

van der Wee, K.; Hofmann, M.C. An in vitro tubule assay identifies HGF as a morphogen for the formation
of seminiferous tubules in the postnatal mouse testis. Exp. Cell Res. 1999, 252, 175-185.

Lee, ].H.; Kim, H.J.; Kim, H.; Lee, S.J.; Gye, M.C. In vitro spermatogenesis by three-dimensional culture of
rat testicular cells in collagen gel matrix. Biomaterials 2006, 27, 2845-2853.

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

Hadley, M.A.; Weeks, B.S.; Kleinman, H.K.; Dym, M. Laminin promotes formation of cord-like structures
by Sertoli cells in vitro. Dev. Biol. 1990, 140, 318-327.

Vermeulen, M.; Del Vento, EF.; de Michele, F.; Poels, J.; Wyns, C. Development of a cytocompatible scaffold
from pig immature testicular tissue allowing human sertoli cell attachment, proliferation and functionality.
Int. J. Mol. Sci. 2018, 19, 227.

Baert, Y.; De Kock, J.; Alves-Lopes, ].P.; Soder, O.; Stukenborg, J.B.; Goossens, E. Primary human testicular
cells self-organize into organoids with testicular properties. Stem Cell Rep. 2016, 8, 30-38.

Pendergraft, S.S.; Sadri-Ardekani, H.; Atala, A.; Bishop, C.E. Three-dimensional testicular organoid: A
novel tool for the study of human spermatogenesis and gonadotoxicity in vitro. Biol. Reprod. 2017, 96, 720—
732.

Sakib, S.; Uchida, A.; Valenzuela-Leon, P.; Yu, Y.; Valli-Pulaski, H.; Orwig, K.; Ungrin, M.; Dobrinski, L
Formation of organotypic testicular organoids in microwell culture. Biol. Reprod. 2019, 100, 1648-1660.
Humphray, S.J.; Scott, C.E.; Clark, R.; Marron, B.; Bender, C.; Camm, N.; Davis, J.; Jenks, A.; Noon, A.; Patel,
M.; et al. A high utility integrated map of the pig genome. Genome Biol. 2007, 8, R139.

Boretto, M.; Cox, B.; Noben, M.; Hendriks, N.; Fassbender, A.; Roose, H.; Amant, F.; Timmerman, D.;
Tomassetti, C.; Vanhie, A_; et al. Development of organoids from mouse and human endometrium showing
endometrial epithelium physiology and long-term expandability. Development 2017, 144, 1775-1786.
Turco, M.Y.; Gardner, L.; Hughes, ].; Cindrova-Davies, T.; Gomez, M.].; Farrell, L.; Hollinshead, M.; Marsh,
S.G.E.; Brosens, ].J.; Critchley, H.O.; et al. Long-term, hormone-responsive organoid cultures of human
endometrium in a chemically defined medium. Nat. Cell Biol. 2017, 19, 568-577.

Phan, N.; Hong, ]J.J.; Tofig, B.; Mapua, M.; Elashoff, D.; Moatamed, N.A.; Huang, ].; Memarzadeh, S.;
Damoiseaux, R.; Soragni, A. A simple high-throughput approach identifies actionable drug sensitivities in
patient-derived tumor organoids. Commun. Biol. 2019, 2, 78.

Gjorevski, N.; Sachs, N.; Manfrin, A.; Giger, S.; Bragina, M.E.; Ordonez-Moran, P.; Clevers, H.; Lutolf, M.P.
Designer matrices for intestinal stem cell and organoid culture. Nature 2016, 539, 560-564.

Sawkins, M.].; Bowen, W.; Dhadda, P.; Markides, H.; Sidney, L.E.; Taylor, A.J.; Rose, F.R.; Badylak, S.F,;
Shakesheff, K.M.; White, L.J. Hydrogels derived from demineralized and decellularized bone extracellular
matrix. Acta Biomater. 2013, 9, 7865-7873.

Brightman, A.O.; Rajwa, B.P.; Sturgis, J.E.; McCallister, M.E.; Robinson, J.P.; Voytik-Harbin, S.L. Time-lapse
confocal reflection microscopy of collagen fibrillogenesis and extracellular matrix assembly in vitro.
Biopolymers 2000, 54, 222-234.

Stuart, K.; Panitch, A. Influence of chondroitin sulfate on collagen gel structure and mechanical properties
at physiologically relevant levels. Biopolymers 2008, 89, 841-851.



614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667

Int. ]. Mol. Sci. 2019, 20, 5476 20 of 21

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

You, J.; Park, S.A.; Shin, D.S; Patel, D.; Raghunathan, V.K.; Kim, M.; Murphy, CJ.; Tae, G.; Revzin, A.
Characterizing the effects of heparin gel stiffness on function of primary hepatocytes. Tissue Eng. Part A
2013, 19, 2655-2663.

Nikhil, M., T.F,, Yue C, Qu Y, Phan D, Choudhury, Y., Tan MH, Yu, H. Substrate stiffness modulates the
maturation of human pluripotent stem-cell-derived hepatocytes. ACS Biomater. Sci. Eng. 2016, 2, 1649-1657.
Chaudhuri, O.; Koshy, S.T.; Branco da Cunha, C.; Shin, ].W.; Verbeke, C.S.; Allison, K.H.; Mooney, D.J.
Extracellular matrix stiffness and composition jointly regulate the induction of malignant phenotypes in
mammary epithelium. Nat. Mater. 2014, 13, 970-978.

Sun, M.; Yuan, Q.; Niu, M.; Wang, H.; Wen, L.; Yao, C.; Hou, J.; Chen, Z.; Fu, H.; Zhou, F.; et al. Efficient
generation of functional haploid spermatids from human germline stem cells by three-dimensional-
induced system. Cell Death Differ. 2018, 25, 747-764.

Vernon, R.B.; Lane, T.F.; Angello, ].C.; Sage, H. Adhesion, shape, proliferation, and gene expression of
mouse Leydig cells are influenced by extracellular matrix in vitro. Biol. Reprod. 1991, 44, 157-170.

Tung, P.S,; Fritz, I.B. Extracellular matrix components and testicular peritubular cells influence the rate and
pattern of Sertoli cell migration in vitro. Dev. Biol. 1986, 113, 119-134.

Cheng, C.Y.; Wong, EW.; Yan, H.H.; Mruk, D.D. Regulation of spermatogenesis in the microenvironment
of the seminiferous epithelium: New insights and advances. Mol. Cell Endocrinol. 2010, 315, 49-56.
Groffen, A.J.; Ruegg, M.A.; Dijkman, H.; van de Velden, T.J.; Buskens, C.A.; van den Born, J.; Assmann,
K.J.; Monnens, L.A.; Veerkamp, J.H.; van den Heuvel, L.P. Agrin is a major heparan sulfate proteoglycan
in the human glomerular basement membrane. ]. Histochem. Cytochem. 1998, 46, 19-27.

Hadley, M.A.; Dym, M. Immunocytochemistry of extracellular matrix in the lamina propria of the rat testis:
Electron microscopic localization. Biol. Reprod. 1987, 37, 1283-1289.

Raspanti, M.; Viola, M.; Forlino, A.; Tenni, R.; Gruppi, C.; Tira, M.E. Glycosaminoglycans show a specific
periodic interaction with type I collagen fibrils. ]. Struct. Biol. 2008, 164, 134-139.

Lancaster, M.A.; Knoblich, J.A. Organogenesis in a dish: Modeling development and disease using
organoid technologies. Science 2014, 345, 1247125.

Yokonishi, T.; Sato, T.; Katagiri, K.; Komeya, M.; Kubota, Y.; Ogawa, T. In vitro reconstruction of mouse
seminiferous tubules supporting germ cell differentiation. Biol. Reprod. 2013, 89, 15.

Zenzes, M.T.; Engel, W. The capacity of testicular cells of the postnatal rat to reorganize into histotypic
structures. Differentiation 1981, 20, 157-161.

Haeussler, S.; Wagner, A.; Welter, H.; Claus, R. Changes of testicular aromatase expression during fetal
development in male pigs (Sus scrofa). Reproduction 2007, 133, 323-330.

Rajpert-De Meyts, E.; Jorgensen, N.; Graem, N.; Muller, J.; Cate, R.L.; Skakkebaek, N.E. Expression of anti-
Mullerian hormone during normal and pathological gonadal development: Association with
differentiation of Sertoli and granulosa cells. J. Clin. Endocrinol. Metab. 1999, 84, 3836-3844.

Buzzard, ].J.; Wreford, N.G.; Morrison, J.R. Thyroid hormone, retinoic acid, and testosterone suppress
proliferation and induce markers of differentiation in cultured rat sertoli cells. Endocrinology 2003, 144,
3722-3731.

de Michele, F.; Poels, ].; Giudice, M.G.; De Smedt, F.; Ambroise, J.; Vermeulen, M.; Gruson, D.; Wyns, C.
In-vitro formation of the blood-testis barrier during long-term organotypic culture of human prepubertal
tissue: Comparison with a large cohort of pre/peripubertal boys. Mol. Hum. Reprod. 2018, 24, 271-282.

Rey, R. Regulation of spermatogenesis. In The Developing Testis Physiology and Pathophysiology, Soder, O.
Ed.; Kanger: Basel, Switzerland, 2003, Volume 5, pp. 38-55.

Lee, Y.A,; Kim, Y.H.; Ha, S.J.; Kim, K.J.; Kim, B.J.; Kim, B.G.; Choi, S.H.; Kim, I.C.; Schmidt, J].A.; Ryu, B.Y.
Cryopreservation of porcine spermatogonial stem cells by slow-freezing testis tissue in trehalose. |. Anim.
Sci. 2014, 92, 984-995.

Lord, T.; Oatley, M.J.; Oatley, .M. Testicular architecture is critical for mediation of retinoic acid
responsiveness by undifferentiated spermatogonial subtypes in the mouse. Stem Cell Rep. 2018, 10, 538-552.
Wu, N.; Murono, E.P.; Carver, W.E.; Terracio, L.; Bacro, T. Evidence that alphabbetal integrins mediate
Leydig cell binding to fibronectin and enhance Leydig cell proliferation stimulated by a Sertoli cell-secreted
mitogenic factor in vitro. Endocrine 1996, 5, 75-83.

Setchell, B.P.; Maddocks, S.; Brooks, D.E. Anatomy, vasculature, innervation, and fluids of the male
reproductive tract. The physiology of reproduction, Knobil, E.; Neill, ].D. Eds.; Raven Press: New York, NY,
USA, 1994, Volume 1, pp. 1063-1175.



668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695

696

Int. ]. Mol. Sci. 2019, 20, 5476 21 of 21

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Qin, D.N,; Lung, M.A. Effect of testicular capsulotomy on fertility of rats. Asian J. 2001, 3, 21-25.

Logue, J.; Waterman, C.; Chadwick, R. A simple method for precisely controlling the confinement of cells
in culture. Protoc. Exch. 2018, doi:10.1038/protex.2018.033.

Liu, Y.J.; Le Berre, M.; Lautenschlaeger, F.; Maiuri, P.; Callan-Jones, A.; Heuze, M.; Takaki, T.; Voituriez, R.;
Piel, M. Confinement and low adhesion induce fast amoeboid migration of slow mesenchymal cells. Cell
2015, 160, 659-672.

Kojima, K.; Nakamura, H.; Komeya, M.; Yamanaka, H.; Makino, Y.; Okada, Y.; Akiyama, H.; Torikai, N.;
Sato, T.; Fujii, T.; et al. Neonatal testis growth recreated in vitro by two-dimensional organ spreading.
Biotechnol. Bioeng. 2018, 115, 3030-3041.

Arts, I.S,; Ball, G.; Leverrier, P.; Garvis, S.; Nicolaes, V.; Vertommen, D.; Ize, B.; Tamu Dufe, V.; Messens, J.;
Voulhoux, R.; et al. Dissecting the machinery that introduces disulfide bonds in Pseudomonas aeruginosa.
mBio 2013, 4, e00912-e00913.

El Ramy, R.; Verot, A.; Mazaud, S.; Odet, F.; Magre, S.; Le Magueresse-Battistoni, B. Fibroblast growth
factor (FGF) 2 and FGF9 mediate mesenchymal-epithelial interactions of peritubular and Sertoli cells in the
rat testis. J. Endocrinol. 2005, 187, 135-147.

Ebata, K.T.; Yeh, J.R.; Zhang, X.; Nagano, M.C. Soluble growth factors stimulate spermatogonial stem cell
divisions that maintain a stem cell pool and produce progenitors in vitro. Exp. Cell Res. 2011, 317, 1319—
1329.

Pellegrini, M.; Grimaldi, P.; Rossi, P.; Geremia, R, Dolci, S. Developmental expression of
BMP4/ALK3/SMAD?S signaling pathway in the mouse testis: A potential role of BMP4 in spermatogonia
differentiation. J. Cell Sci. 2003, 116, 3363-3372.

Arkoun, B.; Dumont, L.; Milazzo, ].P.; Way, A.; Bironneau, A.; Wils, ].; Mace, B.; Rives, N. Retinol improves
in vitro differentiation of pre-pubertal mouse spermatogonial stem cells into sperm during the first wave
of spermatogenesis. PLoS ONE 2015, 10, e0116660.

Ruwanpura, S.M.; McLachlan, R.I; Stanton, P.G.; Loveland, K.L.; Meachem, S.J. Pathways involved in
testicular germ cell apoptosis in immature rats after FSH suppression. J. Endocrinol. 2008, 197, 35-43.

Kerr, J.B.; Sharpe, R.M. Effects and interactions of LH and LHRH agonist on testicular morphology and
function in hypophysectomized rats. J. Reprod. Fertil. 1986, 76, 175-192.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



