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A B S T R A C T

Mesenchymal stem cells (MSC) display self-renewal and mesodermal differentiation potentials. These character-
istics make them potentially useful for in vitro derivation of gametes, which may constitute experimental thera-
pies for human and animal reproduction. Organoids provide a spatial support and may simulate a cellular niche
for in vitro studies. In this study, we aimed at evaluating the potential integration of fetal bovine MSCs derived
from adipose tissue (AT-MSCs) in testicular organoids (TOs), their spatial distribution with testicular cells during
TO formation and their potential for germ cell differentiation. TOs were developed using Leydig, Sertoli, and per-
itubular myoid cells that were previously isolated from bovine testes (n = 6). Thereafter, TOs were character-
ized using immunofluorescence and Q-PCR to detect testicular cell-specific markers. AT-MSCs were labeled with
PKH26 and then cultured with testicular cells at a concentration of 1 × 106 cells per well in Ultra Low Attach-
ment U-shape bottom (ULA) plates. TOs formed by testicular cells and AT-MSCs (TOs + AT-MSCs) maintained a
rounded structure throughout the 28-day culture period and did not show significant differences in their diame-
ters. Conversely, control TOs exhibited a compact structure until day 7 of culture, while on day 28 they displayed
cellular extensions around their structure. Control TOs had greater (P < 0.05) diameters compared to
TOs + AT-MSCs. AT-MSCs induced an increase in proportion of Leydig and peritubular myoid cells in
TOs + AT-MSCs; however, did not induce changes in the overall gene expression of testicular cell-specific mark-
ers. STAR immunolabelling detected Leydig cells that migrated from the central area to the periphery and formed
brunches in control TOs. However, in TOs + AT-MSCs, Leydig cells formed a compact peripheral layer. Sertoli
cells immunodetected using WT1 marker were observed within the central area forming clusters of cells in
TOs + AT-MSCs. The expression of COL1A associated to peritubular myoids cells was restricted to the central re-
gion in TOs + AT-MSCs. Thus, during a 28-day culture period, fetal bovine AT-MSCs integrated and modified
the structure of the TOs, by restricting formation of branches, limiting the overall increase in diameters and in-
creasing the proportions of Leydig and peritubular myoid cells. AT-MSCs also induced a reorganization of testicu-
lar cells, changing their distribution and particularly the location of Leydig cells.

1. Introduction

Mesenchymal stem cells (MSCs) are adult progenitor cells character-
ized by their multipotent differentiation potential toward various meso-
dermal lineages, including osteogenic, adipogenic, and chondrogenic
[1]. In addition to their differentiation capacity, MSCs possess self-
renewal potential, which allow them to maintain a reserve of undiffer-

entiated and multipotent cells in tissues for regenerative function [2,3].
MSCs can be isolated from several tissues, including among others, adi-
pose, umbilical cord, synovial membrane, dental pulp, amniotic and
chorionic membrane [4–6]. Their unique properties and broad tissue
distribution make MSCs a promising tool for various therapeutic ap-
proaches and research efforts in the field of regenerative biology and
medicine [7].
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The potential therapeutic applications of MSCs are mainly associ-
ated to their advantages for isolation, differentiation and trophic poten-
tial associated to regenerative capacity. Unlike other types of stem cells,
MSCs can be obtained at various stages of development and in adult-
hood, making them an abundant autologous or allogenic source for cell
therapy. These properties make MSCs an useful tool in diverse areas of
regenerative medicine, while also an alternative to overcome ethical
limitations associated with the use of embryonic stem cells (ESCs). Nu-
merous preclinical and clinical trials have confirmed the efficacy of
MSCs in various diseases. In reproductive medicine, MSCs have been
experimentally used for the treatment of reproductive disorders both in
females and males [8–10]. It has been described that MSCs from various
sources have the ability to restore ovarian function and promote follicu-
lar development, producing factors such as IGF, VEGF and others,
which can restore tissue function and reduce apoptosis in pathologies
such as premature ovarian failure (POF) and primary ovarian insuffi-
ciency (POI) [2,10]. In males, MSC therapy has been used in the treat-
ments of azoospermia and oligozoospermia [8]. Additionally, it has
been documented that exosomes released by MSCs possess the capabil-
ity to support the spermatogenic process within the testes of animal
models afflicted with infertility [11]. In accordance with these and
other studies, MSCs sourced from various tissues have exhibited the ca-
pacity to differentiate into germ cell-like cells, as evidenced by the ex-
pression of germ cell markers [12–14]. In light of these findings, MSCs
hold promise as a viable therapeutic avenue for addressing issues of in-
fertility.

The testicular niche can be defined as the anatomical space where
spermatogonial stem cells (SSC) differentiate and develop under con-
trol of signals, from surrounding cells and the support of extracellular
matrix (ECM). In testis, the cellular components of the niche of sper-
matogonia would include Sertoli, Leydig, peritubular, endothelial and
nerve cells [15,16]. By comprehensively studying and elucidating the
complex microenvironment in which germ cells reside, researchers can
gain insights into the crucial factors and signaling pathways involved in
germ cell development, maturation, and function. This knowledge can
lead to the development of targeted interventions and therapies to ad-
dress infertility issues, such as optimizing in vitro culture conditions, en-
hancing germ cell survival and differentiation, and identifying novel
approaches for germ cell transplantation or regenerative therapies. Ul-
timately, a profound understanding of the germ cell niche holds the po-
tential to revolutionize infertility treatments and improve reproductive
outcomes.

In recent years, the use of 3D cultures, such as organoids, has be-
come important in vitro tools for cell modeling purposes. One of the ob-
jectives of the organoid culture is to recreate cellular niche or environ-
ment, providing in vitro cultured cells with conditions similar to those
of a tissue [17]. Essentially, 3D cultures allow for functional differentia-
tion, which is not achievable in 2D cultures, as the latter do not provide
the necessary conditions for the cellular organization and interaction
observed in vivo [18]. Regardless of the type of organoid, the basic com-
ponents include: 1) basement membrane extract or hydrogel, such as
Matrigel; 2) tissue-specific stem or progenitor cells; and 3) culture
medium containing growth factors that mimic in vivo signaling
[19–21].

Despite the growing interest in organoid systems over the past
decade, testicular organoids (TOs) have only recently started to garner
attention. One of the first reports on TOs were generated from primary
adult and pubertal human testicular cells, which were capable to auto-
assemble without a testicular scaffold [22]. Also in 2017, TOs from tes-
ticular rat cells and human immortalized Leydig and Sertoli cells were
reported [23,24]. These TOs were able to secrete inhibin B, testosterone
and cytokines. Sertoli cells in TOs also gave rise to tight junction pro-
teins and appeared to support germ cell development. Since then, TOs
have been generated in other species such as pigs, primate and mice
[16,25,26]. Recently, our group isolated Leydig, Sertoli and peritubular

myoids cells to generate the first reported bovine TOs by using ULA
plate culture system [27]. These bovine TOs displayed specific loca-
tions for Leydig, Sertoli and peritubular myoid cells, and were able to
produce testosterone and increase its concentrations after 27 days of
culture [27].

Despite the numerous therapeutic properties of MSCs, in vitro mod-
els based on MSCs still have limited applications, possibly, in part, due
to a lack of knowledge regarding their mechanisms of action. Currently,
there is a pressing need for novel biotechnological interventions to ad-
dress infertility. The development of TOs presents promising potential
in this context. The therapeutic function of MSCs is grounded on their
capacity to differentiate into cells in need of replacement, alongside
their immunomodulatory and paracrine activities, as well as their an-
tioxidative effect contributing to tissue healing. The utilization of MSCs
in conjunction with TOs emerges as an intriguing strategy that holds
promise in addressing this issue, which has not been evaluated before.
The co-culture of adipose tissue MSCs (AT-MSCs) with TOs presents a
unique opportunity to study the effect of MSC on testicular cell popula-
tions. AT-MSCs have been reported to offer certain advantages com-
pared to BM-MSCs (bone marrow-derived mesenchymal stem cells),
such as their easier isolation, faster in vitro growth, and even a higher
quantity within AT when compared to BM [42,52,63–65]. In this study
we aimed at evaluating the potential integration of fetal bovine AT-
MSCs in TOs (TOs + AT-MSCs) and their spatial distribution with tes-
ticular cells during TOs formation. Furthermore, we developed and
used TOs to recreate the testicular niche under in vitro conditions and to
evaluate the potential of AT-MSCs for differentiation into germ cells.

2. Materials and methods

2.1. Ethics

All experimental procedures have been approved and were per-
formed in accordance with the guidelines and regulations of the Bioeth-
ical Committees of the Faculty of Veterinary and Animal Sciences at the
University of Chile (Certificate N° 19266-VET-UCH) and the Pontifical
Catholic University of Chile (Certificate N° 230315003).

2.2. Isolation of bovine AT-MSCs

Bovine fetal MSCs were obtained from AT isolated from the abdomi-
nal omentum. Under aseptic condition, approximately 10 g of AT were
excised from the omentum of each fetus and were transferred to a tube
containing 20 mL of PBS (pH 7.4; Hyclone Laboratories, Utah, USA),
supplemented with 100 μg/mL streptomycin, 100 U/mL penicillin, and
0.25 mg/mL amphotericin B. Subsequently, the AT was incubated in an
enzymatic solution containing 0.5 % type 1 collagenase (Sigma-
Aldrich, MO, USA) diluted in balanced Hanks' saline solution (HBSS)
(1 mL/g of AT) for manual disaggregation. The tissue was then incu-
bated with agitation for 45 min at 37 °C. The disaggregated tissue was
filtered through 40 μm pores and then centrifuged at 400 g for 5 min.
The cell pellet was resuspended in expansion medium (DMEM supple-
mented with 10 % fetal bovine serum (FBS), 100 μg/mL streptomycin,
100 U/mL penicillin, and 0.25 mg/mL amphotericin B) and transferred
to T75 culture bottles (Falcon, New Jersey, USA) at 38 °C in a humid at-
mosphere with 5 % CO2. The non-adherent cells were removed by
changing the culture medium after 2 days. The cells were expanded un-
til the 3rd passage, reaching 90 % confluence. Subsequently, AT-MSCs
were cryopreserved in expansion medium with 10 % DMSO in liquid ni-
trogen until the beginning of the experiments.

2.3. AT-MSC membrane labelling with PKH26

AT-MSCs were collected as previously described and labeled with
PKH26 dye following the manufacturer's instructions (Sigma-Aldrich,
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MO, USA) to track their localization in the TOs. Briefly, the cells were
resuspended and then centrifuged (400×g) for 5 min to obtain a loose
pellet. Subsequently, the supernatant was removed, and 1 mL of diluent
C was added to the cell pellet, which was gently pipetted to ensure com-
plete dispersion. A dye solution was prepared by adding 4 μL of PKH26
to 1 mL of Diluent C. Quickly, 1 mL of cell suspension was added to
1 mL of dye solution and mixed immediately. The stained cells were in-
cubated for 1–5 min, followed by the addition of 2 mL of serum and an
additional incubation for 1 min. Cells were then centrifuged at 400×g
for 10 min at 20–25 °C, and the supernatant was carefully removed.
Subsequently, they were resuspended in 10 mL of culture medium,
transferred to a new tube, and centrifuged two more times at 400×g for
5 min each with culture medium to ensure the removal of unbound dye.
Finally, cells were resuspended in standard culture medium.

2.4. Bovine testis collection and preparation

A total of 6 bovine puberal testis (7–11 month) were used to obtain
testicular cells. Testis were initially washed with calcium-magnesium
free HBSS (Hyclone Laboratories, Utah, USA) supplemented with
100 μg/mL streptomycin and 100 U/mL penicillin (HBSS P/E). Subse-
quently, the tunica albuginea was removed, and the parenchyma was
carefully dissected. Approximately 15 g of testicular tissue were cut
into fragments. The tissue fragments were then suspended in HBSS P/E
and allowed to settle by gravity, after which the supernatant containing
germ cells was discarded to separate the testicular cells from the extra-
cellular matrix.

2.4.1. Isolation of bovine sertoli and myoids peritubular cells
Testicular cell isolation from bovine testis was performed following

a previously established protocol [27,28]. The testicular tissue was fur-
ther incubated in a beaker containing HBSS P/E at a ratio of 3:1 (tissue
volume to HBSS P/E volume) and agitated at 37 °C for 20 min. Follow-
ing this, the supernatant was discarded, and an enzymatic solution
composed of HBSS P/S, 2.5 % trypsin, 1 % type IV collagenase, and
1 mg of DNase, was added for an additional 25-min incubation period.
The resulting cell suspension was then centrifuged at 200 g for 5 min,
and the supernatant was discarded. The cell pellet was resuspended in
DMEM-F12 medium supplemented with 100 U/mL penicillin and
100 μg/mL streptomycin at a 10:1 vol ratio (DMEM to tissue). The cell
suspension was allowed to settle by gravity for 30 min at room temper-
ature, and the supernatant containing interstitial cells was collected for
further isolation of Leydig cells. Meanwhile, the remaining tubular frag-
ments, after sedimentation, were resuspended in DPBS containing 1 M
glycine and 2 mM EDTA (pH 7.4) for 10 min to eliminate peritubular
myoid cells. The suspension was subjected to gravity sedimentation
twice, and the supernatant containing peritubular myoid cells was col-
lected. These cells were subsequently centrifuged and cultured in MEM
supplemented with 10 % FBS, 100 U/mL penicillin, 100 μg/mL strepto-
mycin, and 100 μg/mL amphotericin B. The pellet obtained after cen-
trifugation, containing Sertoli cells, was seeded in DMEM-F12 medium
supplemented with 10 % FBS, 100 U/mL penicillin, 100 μg/mL strepto-
mycin, and 100 μg/mL amphotericin B.

2.4.2. Purification of bovine leydig cells on discontinuous percoll gradient
The fraction enriched in Leydig cells and interstitial cells was sub-

jected to gravity sedimentation for a duration of 15 min. Subsequently,
Leydig cells and interstitial cells were recovered from the supernatant
through centrifugation, employing a 5-min centrifugation at 200g. The
resulting pellet was resuspended in culture medium and subjected to a
discontinuous 5-layer Percoll gradient, comprising concentrations of
21, 26, 34, 60 and 100 % in PBS. After a 30-min centrifugation at
1500g, the cell bands between 26 and 34 %, as well as between 34 and
60 %, were collected separately. These collected cell bands were di-
luted with 2 vol of DMEM:F12 containing penicillin-streptomycin (P/

S), followed by a 10-min centrifugation at 200g. Subsequently, the cells
were plated and cultured in DMEM:F12 with P/S and supplemented
with 10 % fetal bovine serum (FBS). The culture medium was replaced
every 2–3 days.

2.5. Three-dimensional co-culture of AT-MSCs and bovine testicular cells

AT-MSCs were trypsinized and labeled with PKH26 dye for tracking
purposes during TO formation. AT-MSCs and testicular cells were co-
suspended at a total concentration of 1 × 106 cells (1:1 concentration;
5 × 105 pool of testicular cells and 5 × 105 of AT-MSCs) per well in
100 μL of standard culture medium in each of a 96-well Ultra-Low At-
tachment (ULA) U-shape bottom plate (Corning, NY, USA). The stan-
dard culture medium consisted of DMEM-F12 supplemented with 10 %
fetal bovine serum (FBS) (Gibco, Grand Island, USA), 100 U/mL peni-
cillin, 100 μg/mL streptomycin, and 100 μg/mL amphotericin B. After
7 days of culture, the cellular aggregates were incubated with 40 μL of
Matrigel® (Corning, NY, USA) for 10–20 min at 38 °C to facilitate solid-
ification. Subsequently, control TOs (TOs without AT-MSCs) and
TOs + AT-MSCs (TOs with AT-MSCs) were transferred to 6 cm diame-
ter ULA plates in standard culture medium. The cultures were main-
tained at 36 °C under a humid atmosphere with 5 % CO2 for an addi-
tional 21 days (total of 28 days). Culture medium was changed every
two days. Three replicates were performed for each experiment. The
cellular aggregates were evaluated using phase-contrast microscopy on
days 0, 1, 16, and 28 of culture. In addition, samples were collected on
days 0, 16, and 28 to assess the expression of germ cell differentiation
markers through immunofluorescence and Q-PCR analysis (Tables 1
and 2).

2.6. Quantitative-PCR analysis of testicular cell-specific markers in bovine
TOs

The quantification of mRNA levels for the endogenous genes
GAPDH and ACTIN, as well as of testicular cell markers αSMA, WT1,
and STAR, and germ cell marker DAZL was performed using quantita-

Table 1
Primary and secondary antibodies used for AT-MSCs and testicular cells im-
munodetection.
Antibody Target cell P/N Cat. Dilution

Anti-CD73 Mesenquimal Abcam Ab133582 1:50
Anti-COL1A Peritubular Santa Cruz sc-293,182 1:50
Anti-STARa Leydig Abcam ab96637 1:100
Anti-WT1b Sertoli Abcam ab89901 1:100
Goat anti-rabbit Secundary Abcam ab97050 1:100
a Wilm's Tumor 1.
b Steroidogenic acute regulatory.

Table 2
Primer sequence used in QPCR analysis.
Gene Nucleotide Sequence (5′-3′) Access Number

β- ACTINA Forward CGCACCACTGGCATTGTCAT NM_173979.3
Reverse TCCAAGGCGACGTAGCAGAG

αSMAa Forward CAGCCGAGAACTTTCAGGGAC NM_001034502.1
Reverse GGTGATGATGCCGTGCTCTA

STARb Forward GACACGGTCATCACTCACGA NM_174189.3
Reverse TACGCTCACAAAGTCTCGGG

WT1c Forward ACAGATGCACAGCCGGAAGC XM_015470745.2
Reverse GGTGGTCGGAACGGGAGAA

DAZL Forward TCCAAGTTCACCAGTTCAGG NM_001081725.1
Reverse CGTCTGTATGCTTCTGTCCAC

a Wilm's Tumor 1.
b Steroidogenic acute regulatory.
c Actin alpha 2, smooth muscle (α-SMA).
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tive real-time PCR (Q-PCR) (Table 2). Total RNA was extracted from the
TOs using the GeneJet RNA purification kit (Thermo Fisher Scientific,
MA, USA) following the manufacturer's instructions. Total mRNA was
quantified using a Qubit 3.0 Fluorometer (Thermo Fisher, CA, USA).
Genomic DNA was removed using a DNAse I kit (Thermo Scientific,
MA, USA). cDNA synthesis and amplification were performed using the
Affinity Script qPCR cDNA Synthesis Kit (Agilent Technologies, CA,
USA) and a TC1000-G thermocycler (SciLogex, CT, USA). The Q-PCR
reaction utilized the Brilliant SYBR Green qPCR Master Mix (Agilent
Technologies, CA, USA) and an Eco Real-Time PCR System (Illumina,
CA, USA). cDNA amplification was carried out for 40 cycles, and the
relative expression analysis was performed using the ΔΔCt method.

2.7. Testicular organoid whole-mounting staining

The cellular distribution of Leydig cells, Sertoli cells, peritubular
myoid cells, and AT-MSCs in TOs was analyzed using confocal immuno-
fluorescence following a previously established protocol [62]. Briefly,
TOs were fixed overnight in 4 % paraformaldehyde at 4 °C. Subse-
quently, antigen retrieval was performed by incubating the samples in a
10 mM sodium citrate aqueous solution containing 0.05 % Tween-20
(Merck, Frankfurt, Germany) at pH 6 for 15 min at 95 °C. After cooling
down for 15–30 min, the samples were washed three times with PBS
(phosphate-buffered saline) containing 0.1 % Tween-20. Permeabiliza-
tion of the samples was carried out using Triton X-100 (Merck, Frank-
furt, Germany) in 1X PBS for 2 h at room temperature. To block non-
specific binding, the samples were incubated with 2 % bovine serum al-
bumin (BSA) in PBS for 1 h at room temperature. Immunodetection of
the target proteins was performed by incubating the samples with pri-
mary antibodies diluted in 2 % BSA (Table 1) for 4 days at 4 °C. Follow-
ing primary antibody incubation, the samples were washed three times
with 0.1 % Tween in PBS. Subsequently, the samples were incubated
with secondary antibodies diluted in 2 % BSA for 2 days at 4 °C. Finally,
the samples were counterstained with Pure Blu DAPI Nuclear Staining
Dye (BioRad Hercules, CA, USA) to visualize the cell nuclei.

2.8. Digital image acquisition and processing

Digital images were acquired using a contrast phase microscope
connected to a digital camera (Motic, China). Confocal images of TOs

were taken with a Zeiss LSM 700 confocal microscope (Carl Zeiss,
Oberkochen, Germany) and digital 3D images were analyzed with Im-
ageJ software (National Institute of Health, USA, v1.47). The diameter
determination of TOs and TOs + AT-MSCs included both branched and
unbranched areas.

2.9. Statistical analysis

Statistical analyses were performed on relative gene expression, di-
ameters and testicular cell percentages on TOs and TOs + AT-MSCs us-
ing the Info Stat software (Cordova, Argentina). Each experimental
setup was repeated at least three times. The means values for each repli-
cate were analyzed by two-way ANOVA. Gene expression values, diam-
eters and testicular cell percentages of control TOs and TOs + AT-
MSCs between days of culture were analyzed using Tukey's multiple
comparison test (P < 0.05).

3. Results

3.1. AT-MSCs used in TOs formation previously displayed a homogeneous
and specific marker profile

AT-MSCs were isolated by adhesion to plastic culture dishes and
were labeled with PKH26 probe for tracking in the TOs (Fig. 1A). The
percentages of AT-MSCs present in the cultures were determined by im-
munodetection of the CD73 marker using flow cytometry. It was found
that 91.9 % ± 0.6 of cells were positive for CD73 (Fig. 1B). Testicular
cells were isolated from bovine testes using a protocol previously re-
ported by our group [27]. Sertoli cells, Leydig cells and peritubular my-
oid cells were subsequently used to form bovine TOs (Fig. 1C).

3.2. AT-MSCs co-cultivated with testicular cells generated and modified
TOs

AT-MSCs and testicular cells were cultured in ULA plates to form
cell aggregates (Fig. 2A). Subsequently, these aggregates were collected
and transferred to Matrigel and maintained in orbital shaking culture.
TOs were examined at days 1, 3, 7, 14 and 28 after the initiation of cul-
ture. Compact and tight TOs were generated at day 1 in both experi-
mental groups. TOs + AT-MSCs were uniform in shape during the en-

Fig. 1. Microphotograph of fetal bovine AT-MSCs labeled with PKH26 for tracking in TOs. (A) Monolayer culture of AT-MSCs after cryopreservation, thawing,
and cultivation. PKH26-labeled bovine AT-MSCs visualized by epifluorescence microscopy. (B) Representative histogram of CD73-positive AT-MSCs used in the
experiments and reported as means ± ED. (C) Phase contrast micrograph of Leydig, Sertoli, and peritubular myoid cells isolated from testes. Testicular cells
were cultured in monolayer and maintained up to the 5th or 6th passage. n = 3. Scale bar: 100 μm.
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Fig. 2. Generation and morphological evaluation of bovine TOs derived from primary bovine testicular cells. (A) Schematic diagram for bovine TOs and TOs + AT-
MSCs production (Blue arrow: Matrigel dome; purple arrow: TO). (B) Bright-field images of morphological changes and differences in cellular reorganization in TOs
and TOs + AT-MSCs. Arrows indicate the outer layer in TOs + AT-MSCs and the presence of brunches in control TOs, respectively. (C) Epifluorescence images of
TOs + AT-MSCs and TOs stained with Dapi. (Scale bar = 100 μm). Days 1, 7, 9, and 28 (Scale bar = 500 μm). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

tire experiment, while control TOs became irregular with formations of
branches since day 7 (Fig. 2B). Dapi cell-staining in TOs + AT-MSCs
and control TOs at days 3, 7, 14 and 28 allowed to observe that AT-
MSCs and testicular cells were mixed and packed together and self-
assembled into forming TOs (Fig. 2C). Dapi staining allowed to identify
numerous cell nuclei in control TO branches. The size of TOs + AT-
MSCs fluctuated between 604 and 864 and the mean diameters were
808 μm ± 37.2 on day 3, 654 μm ± 25.4 on day 7, 647 μm ± 16.3 on
day 14 and 596 μm ± 86.2 on day 28, with no significant differences
between days (Fig. 3A). In the TOs + AT-MSCs, a layer of spherical-

shaped cells was observed surrounding the central area on day 28 of
culture. The diameter of control TOs fluctuated between 555.15 and
1272.88 μm and the mean diameter were 578 μm ± 12.7 at day 3,
794 μm ± 27.6 at day 7, 1096 μm ± 38.3 at day 14 and
1245 μm ± 14.2 at day 28. Diameters of control TOs included
branched and unbranched areas and the average diameters were higher
(P < 0.05) compared to TOs + AT-MSCs during the 28 days of culture
(Fig. 3B).
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Fig. 3. Diameters and morphological comparison between bovine TOs and TOs + AT-MSCs. (A) TOs had a larger diameter (P < 0.05) compared to TOs + AT-
MSCs co-cultures. (B) Phase contrast microphotograph of TOs and TOs + AT-MSCs on day 28 of culture, showing the presence of extensions in TOs and an outer
layer of cells in TOs + AT-MSCs. n = 3. Superscript (*) indicates significant (P < 0.05) difference between TOs and TOs + AT-MSCs at each day of culture.
Scale bar: 500 μm.

3.3. AT-MSCs induced an increased in percentages of leydig and peritubular
myoid cells; however, did not exert changes in the overall gene expression of
testicular cell-specific markers in TOs

The percentage of STAR-positive cells in control TOs decreased
(P < 0.05) on days 14 and 28 (61 % ± 2.0 and 34 % ± 5.2, respec-
tively) compared to days 3 and 7 (74 % ± 23.1 and 58 % ± 22, re-
spectively) (Fig. 4A). Similarly, in TOs + AT-MSCs, the proportions of
Leydig cells decreased (P < 0.05) from 76 % ± 22.9 (day 3) and
52 % ± 38.1 (day 7) to 60 % ± 2.0 (day 14) and 58 % ± 7.9 (day 28);
however, at day 28 proportions of Leydig cells were higher (P < 0.05)
in TOs + AT-MSCs compared to TOs. The percentage of WT1-positive
cells in TOs increased (P < 0.05) from days 3 (39 % ± 9) and 7
(56 % ± 3) to day 28 (59 % ± 3.7). In contrast, in TOs + AT-MSCs,
cells positive for WT1 decreased from day 3 (72 % ± 12.0) to days 14
and 28 (54 % ± 3.5 and 52 % ± 9, respectively). Thus, on day 28, pro-
portion of cells positive for WT1 were lower (P < 0.05) in TOs + AT-
MSCs compared to TOs. Percentages of COL1A-positive cells in control
TOs decreased (P < 0.05) from 44 % ± 10 (day 3) and 38 % ± 10
(day 7) to 35 % ± 5.9 (day 14) and 19 % ± 2.1 (day 28). Similarly, in
TOs + AT-MSCs, cells positive for WT1 decreased (P < 0.05) from
45 % ± 9.9 (day 3) to 35 % ± 5.9 (day 14) and 44 % ± 2.4 (day 28).
At day 28, proportion of COL1A-positive cells were higher (P < 0.05)
in TOs + AT-MSCs compared to TOs. Levels of gene expression of se-
lected specific-markers for Leydig, Sertoli, peritubular myoids and germ
cells (STAR, WT1, α-SMA and DAZL) were analyzed in TOs and
TOs + AT-MSCs throughout culture period. Levels of mRNA of STAR

(Leydig cells), WT1 (Sertoli cells), and αSMA (peritubular myoid cells)
in TOs and TOs + AT-MSCs were similar (P > 0.05) during all days
evaluated (Fig. 4B). Gene expression of DAZL was not detected neither
in TOs nor in TOs + AT-MSCs.

3.4. AT-MSCs changed the distributions of somatic testicular cells in TOs

To investigate the spatial distribution of AT-MSCs and their associa-
tion with testicular cells, PKH26-positive AT-MSCs were co-cultivated
and co-localized with immunofluorescence associated to STAR (Leydig
cells), WT1 (Sertoli cells) and COL1A (Peritubular myoid cells) in TOs-
AT-MSCs during culture. At day 3, PKH26-positive AT-MSCs were lo-
cated at the center of TOs + AT-MSCs, whereas Leydig cells were visu-
alized in the peripheral areas (Fig. 5A and B). At day 7, AT-MSCs and
Leydig cells displayed mixed locations in the whole TOs + AT-MSCs.
From day 14–28, AT-MSCs were located at the center of TOs + AT-
MSCs, whereas Leydig cells formed a delimited layer in the periphery.
Leydig cells were located in the whole section, conforming the brunches
in control TOs. From days 3–28, Sertoli cells and PKH26-positive AT-
MSCs were mainly detected in the central area of TO + AT-MSC, re-
vealing some cell compartmentalization (Fig. 6A and B). In control TOs,
Sertoli cells were mainly located in the central region. From days 3–28,
peritubular myoid cells were located in the central area of TOs + AT-
MSCs TOs (Fig. 7A and B). Similarly, AT-MSCs labeled with PKH26
were observed in the central region of TOs + AT-MSCs. Higher magni-
fication allowed to detect a mixed location of peritubular myoid cells
and AT-MSCs in the center of TOs + AT-MSCs.

6



CO
RR

EC
TE

D
PR

OO
F

J. Cortez et al. Theriogenology xxx (xxxx) 1–13

Fig. 4. Proportions of testicular cell types at days of culture and relative mRNA expression of testicular cell specific markers in TO and TOs + AT-MSCs. (A)
Proportions of cells positive for STAR and COL1A were increased (P < 0.05); whereas percentages of cells positive for WT1 were decreased (P < 0.05) in
TOs + AT-MSCs compared to TOs. (B) The mRNA levels of STAR (Leydig cells), WT1 (Sertoli cells), and αSMA (peritubular myoid cells) were not significantly
different between TOs + AT-MSCs and control TOs at days 3, 7, and 28 of culture. (n = 3). Superscript (a,b,c) indicates significant (P < 0.05) difference for
testicular cell proportion between days of culture for TOs or TOs + AT-MSCs and (*) indicates significant (P < 0.05) difference for testicular cell proportion
between TOs and TOs + AT-MSCs at day 28 of culture.

3.5. Schematic representation of AT-MSCs and testicular cells in TOs
revealed their cell-specific location and migration

The immunofluorescent labeling of testicular cells before formation
of TOs proved to be a valuable technique for investigating the cellular
organization within TOs. By employing confocal microscopy, we were
able to precisely determine cell-specific spatial distribution and with
this information we proposed a schematic representative model of TOs
and TOs + AT-MSCs (Fig. 8). The observations from the projections of
TOs + AT-MSCs and control TOs revealed that AT-MSCs within the
TOs + AT-MSCs structure impacts the arrangement of Leydig cells. In
the presence of AT-MSCs, Leydig cells do not locate in branching struc-
tures; instead, they assemble into a distinct layer surrounding the cen-
tral region of the TOs. Sertoli cells and peritubular myoid cells were
predominantly located in the central area of TOs, regardless of the pres-
ence of AT-MSCs. This schematic representation contributes to a deeper
understanding of how AT-MSCs influence the formation of the TO struc-
ture.

4. Discussion

Organoids provide a means to replicate physiological and pathologi-
cal processes under in vitro conditions, faithfully recreating cell integra-
tion, migration and cell-to-cell and cell-to-matrix interactions
[20,29,30]. In this respect, TOs represent useful models for studying
testicular physiology and germ cell biology. Processes and methodolo-
gies employed for production of TOs are highly diverse, ranging from
variations in the numbers of testicular cells used to difference in culture
methods applied [23,25,31]. Organoids derived from dissociated testic-
ular cells can be cultured employing different techniques, including ma-
trix-based or self-support methodologies, 3D printing and hanging-
drop. Every methodology exhibits its distinct array of advantages and

drawbacks, as documented in the scientific literature
[15,16,24,31,59,61]. One of the most commonly techniques used in
organoid production is ECM scaffold method, due to its consistency for
generating similar organoids. A disadvantage associated with this tech-
nique is the reproducible generation of natural or synthetic ECM that
accurately mirrors the composition of ECM existing in the tissue
[23,27,53,59]. Spinning bioreactor method enable the simultaneous
production of a substantial quantity of 3D cultures, albeit with the
drawback of yielding organoids of heterogeneous shapes. Despite being
one of the most prevalent methods for organoid formation, its utiliza-
tion has been limited to the context of TO development [60]. The hang-
ing drop method is an air-liquid interface technique that relies on the
accumulation of cells at the liquid-air interface, which does not require
ECM for the straightforward and consistent formation of TOs [16,24].
Some disadvantages of this method include the inability to use liquid
drops larger than 50 μL and the difficulty of changing cell culture
medium without the potential impact to the organoid [61]. The use of
low-adherence cell culture plates is a simple and cost-effective method
with a high throughput capability [26,27]. Nonetheless, it may not con-
sistently yield organoids from certain cell types [61].

As part of this study, testicular cells were isolated from bull testis
and subsequently co-cultured with fetal bovine AT-MSCs to evaluate
the potential integration of these cells in TOs and their spatial distribu-
tion with testicular cells during TO formation. Furthermore, we devel-
oped and used TOs to recreate the testicular niche under in vitro condi-
tions and to evaluate the potential differentiation of AT-MSCs into germ
cells.

According to previous studies, the formation time of TOs varies be-
tween 2 and 9 days depending on the culture method and the number of
cells used [24,31,32]. In TOs models, dissociated cells are initially dis-
tributed uniformly throughout the Matrigel, which extends the forma-
tion time. By using ULA plates at the beginning of the culture, the disso-
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Fig. 5. Colocalization of Leydig cells and AT-MSCs in bovine TOs using confocal microscopy. (A) Immunolocalization of STAR in TOs during 28 days of culture.
STAR-positive cells were distributed in the periphery of TOs + AT-MSCs and formed a defined peripheral layer from days 14–28. AT-MSCs (PKH26 red) were located
in the central zone of TOs + AT-MSCs. (B) STAR expression in control TOs at days 3 and 28 of culture. Cell nuclei stained with DAPI. n = 3. Scale bars = 500 μm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

ciated cells confluence in the U-shape dish bottom and interacts within
each other more rapidly, facilitating the formation of a functional and
representative in vitro model. In this study, the formation time for both
TOs + AT-MSCs and control TOs was 24 h, indicating that the induc-
tion of proximity resulted in increased efficiency for TO production.
The diameters of TOs have not always been reported, however some
studies mentioned diameters between 100 and 600 μm, which repre-
sents a smaller range compared to diameters obtained in our study
[17,24,32]. A previously reported protocol used in this study for gener-
ation of bovine TOs, was used for individual isolation of Leydig, Sertoli,
and peritubular myoid cells and co-culture of these cells with AT-MSCs
for TO formation [27]. This protocol also included culture of dissoci-
ated cells in ULA plates, which promoted cellular aggregation, maxi-
mizing cell-cell contact and facilitating formation of 3D structures [33].
In the present study, the newly formed bovine TOs were capable of
maintaining somatic cell types including Sertoli, Leydig, peritubular
myoid cells and to preserve AT-MSCs throughout the 28-Day culture pe-
riod.

Only a few studies have integrated MSCs into organoids thus far and
there is no report of co-culturing fetal bovine AT-MSCs with bovine tes-
ticular cells during formation of TOs [3,34]. Until now, utilization of
MSCs in 3D co-cultures has demonstrated promising outcomes in vari-
ous organoid models. For instance, studies involving pulmonary epithe-
lial cell organoids have reported an enhanced formation efficiency and
increased size when MSCs were incorporated into cultures [3,34]. A
feature observed in our study was the distinct variation in diameter be-
tween TOs + AT-MSCs and control TOs. Specifically, when testicular

cells and AT-MSCs were co-cultured, TOs + AT-MSCs displayed a con-
stant diameter that resulted to be smaller compared to control TOs.
Moreover, TOs + AT-MSCs adopted a more compact morphology char-
acterized by the absence of branches. Notably, a discernible layer of
cells was also observed in the periphery of TOs + AT-MSCs. Some stud-
ies declared that MSCs have the capability to remodel the extracellular
matrix (ECM), promoting tissue organization and structural integrity
[35]. This has been observed in organoids and spheroids derived from
cardiac, hepatic, and neural cells co-cultivated with MSCs [35,36].
Overall, our data indicate that AT-MSCs induced remodelation of the
structure of the TOs, restricting formation of branches and limiting the
overall increase in diameters during culture period.

PKH26-labeled AT-MSC in TOs + AT-MSCs were observed during
the whole culture period, displaying a central and common location
with Sertoli and peritubular myoid cells. One of the characteristics at-
tributed to MSCs in 3D cultures is their ability to regulate cell migra-
tion. Previous investigations have revealed that MSCs effectively limit
cell motility in 3D environments [37]. Another noteworthy attribute is
that MSCs exert a protective effect by producing angiogenic factors and
anti-apoptotic molecules, thereby modulating adaptive signaling path-
ways in neighboring cells [36,38]. Furthermore, MSC have been shown
to influence cellular differentiation and proliferation, driving the devel-
opment of functional and mature cell types within the organoid struc-
tures [39]. This characteristic may explain the observed absence of
branching in TOs, suggesting that integration of AT-MSC influences the
structural organization of the organoid. Moreover. given the changes in
TOs morphology and considering that 3D structures, including
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Fig. 6. Colocalization of Sertoli cells and AT-MSCs in bovine TOs using confocal microscopy. (A) WT1-positive cells in TOs + AT-MSCs were observed forming clus-
ters of cells between days 3 and 14 of culture. By day 28, cells were distributed throughout the TOs. (B) WT1 expression in control bovine TOs at day 3 and 28 of cul-
ture. Cell nuclei were stained blue with DAPI. n = 3. Scale bars = 500 μm. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

organoids, can create a hypoxic central microenvironment [36], we can
speculate that the presence of AT-MSCs in the central region could miti-
gates hypoxia-induced apoptosis, improving viability and adaptation
under hypoxic conditions in TOs.

Cultures of isolated Leydig, Sertoli and peritubular myoid cells have
been widely used in a variety of studies in cattle [40–42]. However,
their isolation and culturing for the purpose of forming TOs had not
been described in cattle. Leydig cells are responsible for testosterone
production, which is an essential hormone that regulates spermatogen-
esis and the development of male sexual characteristics. Additionally,
Leydig cells provide support for the structure of the seminiferous
tubules and enable its contraction in the testis [43]. In the present
study, Leydig cells isolated from bovine testes were identified in TOs
based on the expression of the marker STAR, which corresponds to a
transporter protein involved in cholesterol transfer during testosterone
synthesis [44,45]. The location of STAR expression suggests that in con-
trol TOs, Leydig cells migrated from the central area to the peripheral
brunches; however, presence of AT-MSCs prevented this migration and
determined formation of a compact structure in TOs + AT-MSCs. In
testis, Sertoli cells are in direct contact with germ cells and are responsi-
ble for promoting germ cell progression towards spermatozoa. We iden-
tified bovine Sertoli cells using the WT1 marker, which plays a crucial
role in the differentiation of somatic cells during gonadal development
and maintains its expression in adult Sertoli cells [46,47]. In
TOs + AT-MSCs, Sertoli cells were observed within the central area, re-
vealing some compartmentalization in relation to AT-MSCs. This com-

partmentalization may also be associated with reduction in Sertoli cell
proportion in TOs + AT-MSCs. It has been previously reported that
Sertoli cells promote proliferation of MSCs via upregulation of genes in-
volved in the regulation of the cell cycle [48,49]. Thus, direct contact
with Sertoli cells in TOs + AT-MSCs may result in regulation of AT-
MSCs proliferation and differentiation, mimicking the Sertoli cell and
germ cell interaction in the testis. Peritubular myoid cells are located
around the seminiferous tubules, contributing to the formation of the
basement membrane along with Sertoli cells [50,51]. Peritubular my-
oid cells were identified using markers αSMA or COL1A. The αSMA pro-
tein is part of the cytoskeleton structure of peritubular myoid cells,
modulating cell shape and contractility, while COL1A is a component of
the basement membrane in which peritubular myoid cells adhere in the
seminiferous tubule [52]. There are no reports of co-cultures of per-
itubular myoid cells with MSCs so far, so the potential interaction be-
tween both cell types have not been described. Based on our study, the
expression of COL1A remained throughout the culture period in the
TOs + AT-MSCs, whereas in the control TOs, the expression progres-
sively decreased to nearly undetectable levels. Resulting proportions of
peritubular myoid cells were higher in TOs + AT-MSCs compared to
TOs. These results suggest that the presence of AT-MSCs influences the
expression of COL1A; however, this effect should be further investi-
gated in subsequent studies. Thus, increasing proportions of Leydig and
peritubular myoid cells, and decreasing percentages of Sertoli cells in
TOs + AT-MSCs, despite similar gene expression of mRNA of STAR,
WT1 and αSMA, suggest that AT-MSCs induced a reorganization of tes-
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Fig. 7. Colocalization of Peritubular myoid cells and AT-MSCs in bovine TOs using confocal microscopy. (A) COL1A-positive cells in TOs + AT-MSCs are observed
distributed within the central area throughout the culture period. (B) COL1A expression in control TOs at days 3 and 28 of culture. Cell nuclei were stained blue with
DAPI. n = 3. Scale bars = 500 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

ticular cells, changing the distribution and proportions of testicular
cells.

Exposure to BMP4 has been shown to induce the expression of germ
cell gene DAZL in MSCs in 2D cultures [53]. However, DAZL was not
detected in AT-MSCs when co-cultured with testicular cells (TOs + AT-
MSCs) or in control TOs. Previous 2D in vitro studies reported by our
group indicated that a concentration of 100 ng/mL of BMP4 was suffi-
cient to induce DAZL expression in MSCs induced to germ cell differen-
tiation. However, due to the different properties of 3D TOs, it would be
necessary to determine the optimal concentration of BMP4 in order to
induce activation of DAZL in AT-MSCs. The lack of DAZL mRNA expres-
sion in TOs indicates that the isolation method used in testicular cells,
allowed to eliminate the great majority of germ cells, which is one of
the requirements to evaluate the potential germ cell differentiation of
MSCs in this in vitro 3D model. However, the lack of DAZL expression in
TOs + AT-MSCs also indicate that AT-MSCs did not express germ cell
markers as a consequence of the absence of germ cell differentiation.
FGF2 and GDNF are factors that are commonly used in the formation of
TOs, as they promote the formation of structures similar to seminifer-
ous cords and support the maintenance of germ cells [23,54]. These fac-
tors are produced by Sertoli cells and peritubular myoid cells which are
important part of the testicular microenvironment and germ line devel-
opment. On the other hand, it has been reported that FGF2 inhibits AT-
MSC differentiation via the MAP kinase pathway and that it can pro-
mote proliferation of human AT-MSCs and stimulate cell cycle progres-
sion [55,56]. GDNF has similar effects on AT-MSCs, in addition to im-
proving their anti-inflammatory capacity [57,58]. These, among other
factors, constitute a fundamental aspect of in vivo testicular develop-

ment. Consequently, the composition of the culture medium is of para-
mount importance in fostering tubulogenesis and germ cell differentia-
tion within the TO itself.

Several attempts have been made to isolate testicular cells from dif-
ferent species, with the goal of forming functional TOs [59,60]. Until
now it has been possible to obtain TOs with structures similar to semi-
niferous tubules that have the capacity to produce testosterone and
maintain germ cells, but the need for a functional TO model remained.
The inclusion of AT-MSCs opened a new possibility for TO culture
methods, by including cells that modulate and may improve testicular
cell function and with the potential for germ cells differentiation.

5. Conclusion

Fetal bovine AT-MSCs can be co-cultured with Sertoli, Leydig and
Peritubular myoid cells and can integrate, survive and modify the struc-
ture of the TOs, during a 28-day culture period. AT-MSCs induce the re-
organization of testicular cells, particularly Leydig cells, thereby pre-
venting the formation of branches and changing the distribution and
proportions of testicular cells. The testicular microenvironment pro-
vided by TOs together with BMP4, FGF2 and GDNF is not sufficient to
induce DAZL expression in AT-MSCs. The multifunctional reported
properties of MSC, including their modulation of cell-cell interactions,
ECM remodeling, angiogenic potential, anti-apoptotic effects, and regu-
lation of cell migration, make them valuable candidates for enhancing
functionality and stability of organoid systems.
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Fig. 8. Confocal microphotography and schematic representation of TOs + AT-MSCs and control TOs. (A) Projection of TOs + AT-MSCs and control TO at day 28 of
culture. Co-culture of TOs + AT-MSCs composed of testicular cells and AT-MSCs. Leydig cells located in the outer area, while Sertoli cells, peritubular myoid cells,
and AT-MSCs (PKH26; red) located in the central area. Bovine testicular cells forming control TOs present branching structures composed of Leydig and peritubular
myoid cells. In the center of the structure, Sertoli cells were found along with peritubular myoid cells. (B) Schematic representation of the organization and localiza-
tion of testicular cells and AT-MSCs in TOs + AT-MSCs and TOs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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