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Abstract
In vitro spermatogenesis (IVS)has already been successfully achieved in rodents by organotypic and
softmatrix culture systems.However, the former does not allow single cell input, and the latter
presents as a simple thick layer inwhich all cells are embedded.We explored a new culture system
using amousemodel by employing an alginate-based hydrogel and 3Dbioprinting, to control scaffold
design and cell deposition.We produced testicular constructs consisting of printed cell-free scaffolds
(CFS)with prepubertal testicular cells (TC) in their easy-to-accessmacropores. Here, the pores
represented the only cell compartment (TC/CFS). Double-cell compartment testicular constructs
were achieved by culturingmagnetic-activated cell sorting-enriched epithelial cells in the pores of
interstitial cell-laden scaffolds (CD49f+/CLS). Cell spheres formed in the pores in theweeks following
cell seeding on bothCFS andCLS. Although restoration of the tubular architecture was not observed,
patches of post-meiotic cells including elongated spermatids were found in 66%of TC/CFS.
Differentiation up to the level of round spermatids and elongated spermatids was observed in all and
33%ofCD49f+/CLS constructs, respectively. Organ culture served as the referencemethod for IVS,
with complete spermatogenesis identified in 80%of cultivated prepubertal tissue fragments. So far,
this is the first report applying a 3Dbioprinting approach for IVS. Further optimization of the scaffold
design and seeding parametersmight be permissive for tubular architecture recreation and thereby
increase the efficiency of IVS in printed testicular constructs.While it remains to be testedwhether the
gametes generated on the alginate-based scaffolds can support embryogenesis following IVF, this IVS
approachmight be useful for (patho)physiological studies and drug-screening applications.

Introduction

Germ cells play a unique and fundamental role in
human reproduction through their role in transmit-
ting an individual’s genetic information to the next
generation. In males, spermatogenesis is the compart-
mentalized and tightly regulated process by which
spermatozoa (haploid) are produced from spermato-
gonial stem cells (SSCs, diploid) involving mitosis,
meiosis and spermiogenesis [1]. For nearly a century,
researchers have been trying to replicate this process in
culture and to achieve in vitro spermatogenesis (IVS)

[2]. In 2011, a Japanese group headed by Professor
Ogawa reconstitutedmouse sperm production in vitro
in an organ culture system. So far, this has been the
most successful andwidely used IVSmethod in animal
models for immature and mature tissue. Simply by
placing testicular tissue fragments at the gas–liquid
interphase with culture medium consisting of α-
minimum essential medium supplemented with
Knockout serum replacement (KSR), sperm were
obtained that fertilized oocytes following microinse-
mination, resulting in healthy fertile offspring [3].
However, the efficiency of that system was not
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optimal. Finding robust culture conditions to ensure
reliability and replicability was considered key. Reda
et al emphasized the beneficial role of 10% KSR and
recommended supplementation with melatonin and
Glutamax for mouse IVS [4]. Despite the limited
availability of fetal, newborn and prepubertal research
material, advances were also made towards a human
application in a study reporting proliferation of
spermatogonia and maturation of the somatic com-
partment in cultured immature human testicular
fragments [5]. Moreover, using the same methodol-
ogy, maintenance of the somatic environment and
proliferating germ cells have been observed in adult
human testicular tissue [6, 7].

A key feature of this culture system is preservation
of testicular cells (TCs) in their native 3D configura-
tion: germ cells and Sertoli cells organized in semi-
niferous tubules and surrounded by interstitial cells.
However, this is a limiting factor when manipulation
of a particular cell type before culture is desired, for
instance, to perform genetic modifications in a chosen
cell population. IVS starting from dissociated TCs
implies that an approach which restores the spatial
arrangement of TCs in a 3D culture is needed.

Interestingly, Yokonishi et al demonstrated the
capacity of neonatal mouse TCs to self-restore the tes-
ticular architecture in vitro after their dissociation into
single cells without scaffold support [8]. The cells
formed an aggregate in suspension culture and subse-
quently reorganized at the gas–liquid interphase into
tubules containing Sertoli cells and germ cells. The
germ cells were capable of differentiation, but did not
progress beyond the meiotic phase [8]. The size of the
aggregate and the lack of a microcirculatory system
may have prevented further differentiation, because
germ cells are vulnerable to hypoxic conditions and
prone to apoptosis [9]. Others cultured suspensions of
immature mouse TCs within a soft-agar culture sys-
tem (SACS) or methylcellulose culture system (MCS),
which resulted in the formation of several individual
small-sized 3D cellular aggregates rather than a single
big lump of cells [10, 11]. Embedding of the TCs in
these soft matrices resulted in a beneficial effect to the
cell–cell interactions, as after several weeks of culture,
morphologically normal spermatozoa were obtained
both in SACS and MCS. However, the aggregates
lacked a tissue-specific organization. Since these cul-
ture systems present as a simple thick layer, they do
not offer the possibility of creating more complex tis-
sue-specific construct patterns. Moreover, SACS irre-
versibly encapsulates cells, ruling out easy recovery of
living cells from the matrix for downstream
applications.

Taken together, although useful culture systems
have been established, a different approach is desired
for the construction of customizable 3D tissue scaf-
folds enabling controlled cell disposition. A solution
to this technical challenge might be near thanks to
recent advances in tissue engineering that have

enabled printing of biomimetic materials (so called
‘bioink’), with cells and supportive components
recreating complex 3D functional living tissues in a
defined and organized manner, termed ‘bioprinting’.
The common strategies of bioprinting include inkjet
or droplet printing, laser-assisted printing, stereo-
lithography and extrusion-based printing [12–14].
Hydrogels, being high-water content polymeric net-
works, have played a pivotal role as printer bioink pri-
marily in soft tissue engineering. Their similarity to
native ECM, their easy handling and processing, and
their tuneable biochemical and biophysical properties
allows the biomimetic material to be tailored for the
specific biomedical application, which critically
impacts the cell fate imposed by the 3D cell micro-
environment [15, 16]. Together with the extrusion
parameters, they determine the construct rigidity and
its cell encapsulation ability [17]. Alginate hydrogels
are extensively used as a natural polymer for 3D bio-
printing, but achieving shape fidelity is a known chal-
lenge while printing [18]. By combining the
outstanding shear thinning properties of nanofi-
brillated cellulose with the fast crosslinking nature of
alginate, a bioink was developed with remarkable
printability [19]. The aim of this study was to explore a
new IVS culture system using cell suspensions and
self-designed alginate-based scaffolds printed by
pneumaticmicroextrusion.

Materials andmethods

Study design
The study involved the production of testicular
constructs by culturing the total prepubertal TC
population in easy-to-access macropores of printed
cell-free scaffolds (CFS; single cell compartment) and
magnetic-activated cell sorting (MACS)-enriched
epithelial cells (CD49f+) in pores of cell-laden scaf-
folds (CLS; double cell compartment) containing
interstitial cells from juvenile mice. Donor material
was obtained from the C57BL/6JAcr3-EGFP mouse
differentiation reporter model to facilitate the mon-
itoring of IVS [20]. Organ culture of prepubertal tissue
served as reference method for IVS and was used to
validate our evaluationmethods.

Mice
Reporter transgenic male mice expressing EGFP in the
acrosome (C57BL/6JAcr3-EGFP) were generated in the
Transgenic Unit of the Czech Center for Phenoge-
nomics at the Institute of Molecular Genetics CAS
[21]. Testes were obtained from prepubertal (<7 dpp)
and adult (6 months old) male mice with approval of
Animal Welfare Committee of the Czech Academy of
Sciences (Animal Ethics Number 66866/2015-MZE-
17214, 18 December 2015). A Material Transfer
Agreement was obtained between the Institute of
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Biotechnology, Czech Academy of Sciences and Vrije
Universiteit Brussel on the 11th ofNovember, 2017.

Donor testes from F1 hybrid (SV129×C57BL/
6J) juvenile (21 dpp) mice were obtained according to
the guidelines of the Ethical Committee for the use of
Laboratory Animals of the Vrije Universiteit Brussel
(license LA2230395). Donor testes were decapsulated,
cut in half and cryopreserved/thawed as described
before [22].

Isolation, labeling andMACSof TCs
Testicular tissue from prepubertal C57BL/6JAcr3-EGFP

mice was enzymatically digested using 1.0 mgml−1

collagenase Ia (Sigma-Aldrich, Belgium), 0.5 mgml−1

hyaluronidase (Sigma-Aldrich) and 0.5 mgml−1

DNase (Sigma-Aldrich). The epithelial cells (SSCs and
Sertoli cells) were enriched by MACS in accordance
with the provider’s instructions (Miltenyi Biotec, The
Netherlands) using an antibody for CD49f (555735,
FITC Rat anti-CD49f; BD Biosciences, Belgium) at a
dilution of 40 μl per 106 cells in 100 μl. CD49f, also
known as α-6-integrin, helps anchoring the epithelial
cells to the laminin of the basement mem-
brane [23, 24].

Testis fragments from juvenile mice were digested
using only 1.0 mg ml−1 collagenase Ia, which resulted
in tubular fragments and single interstitial cells. To
enrich the latter, the fragments and single cells were
separated by sedimentation at unit gravity.

The total number of viable cells was assessed after
digestion and afterMACSusing trypan blue exclusion.

3Dbioprinting of scaffolds
Sketchup software (Trimble, USA) was used to draw
lattice structures (CFS: ⌀ 7 mm×0.15 mm, strand
distance 1.3 mm, strand thickness 0.6 mm; CLS:
3.5 mm×3.5 mm×0.15 mm, strand distance
1.1 mm, strand thickness 0.6 mm) and generate
STereoLithography files. These files were translated
into G-code using Heartware software (Cellink) and
printed on glass microscope slides by a pneumatic-
based microextrusion Inkredible+bioprinter (Cel-
link, Sweden) enclosed within a biosafety cabinet. To
print CFS, Cellink-RGD bioink (nanocellulose-algi-
nate hydrogel with an additional biofunctionalization
of arginine-glycine-aspartate motives to improve cell
attachment) was loaded into the cartridge and placed
in the dispensing unit of the bioprinter. In order to
print CLS, Cellink-RGD bioink was first diluted 1/10
with juvenile interstitial cells to obtain a final concen-
tration of 107 cells ml−1. Samples were homogenized
by vortexing and air bubbles were removed by
centrifugation. The bioink was dispensed using a 25-
gauge conical nozzle (inner diameter=0.437 mm
nozzle; Subrex, USA) at room temperature with a
pressure of 5–15 kPa and a plotting speed of
175–200 mm s−1. After crosslinking with 100 mM

aqueous CaCl2 solution (Cellink) for 5 min, the
scaffolds were rinsedwithαMEM.

Culture of testicular tissue fragments and constructs
C57BL/6JAcr3-EGFP testicular tissue fragments, TC/
CFS and CD49f+/CLS were cultured up to 40 d, 48 d
and 41 d, respectively, at 35 °C in a humidified
atmosphere containing normal oxygen tension (21%)
and 5% CO2. The cell culture medium containing
αMEMsupplemented with 1×GlutaMAX (32571028,
ThermoFisher, Belgium), 10% KSR (10828010, Ther-
moFisher), 10−7 M melatonin (M5250, Sigma-
Aldrich) and 1% pen/strep (ThermoFisher) was
replaced once aweek [4].

The samples were cultured at the gas–liquid inter-
face in 24-well plate hanging culture inserts
(MCRP24H48, Merck, Belgium). While tissue pieces
(n=3 Acr3-EGFP− and n=2 Acr3-EGFP+) were
placed directly on the membrane, CFS were trans-
ferred on a 0.35% agarose support which prevented
cell attachment to the membrane. CLS were slid into a
0.35% agarose socket. The socket was created by pipet-
ting 25 μl of liquid agarose around a printed mold
(dimensions 42 mm×42 mm×1.5 mm) placed on
an agarose support to fit the scaffold and ensure
proper cell seeding in the macropores. The testicular
constructs were prepared by seeding unsorted TCs on
CFS (n=3 Acr3-EGFP− and n=3 Acr3-EGFP+) or
CD49f+ cells on and CLS (n=3 Acr3-EGFP+) at a
density of 2×104 cells mm−2 scaffold. The non-inva-
sive evaluation of differentiation in testicular tissue
fragments and general culture follow-up were per-
formed using an inverted fluorescence microscope
(Olympus, Belgium) and ToupView (ToupTek Photo-
nics, China) software.

Immunofluorescence and histochemistry
To evaluate the efficiency of epithelial cell enrichment,
the percentages of Sertoli cells and spermatogonia
were determined on 4% paraformaldehyde-fixed
cytospins of both the CD49f+ and CD49f− fractions
using the specific markers SOX9 and MVH, respec-
tively [25]. Antigen retrieval was performed using a
0.01 M citrate buffer (pH 6.0) containing 0.05%
Tween-20 (Sigma-Aldrich) in a water bath at 95 °C
during 30 min. The samples were blocked with block-
ing solution containing 10% normal donkey serum
(NDS; Bioconnect, The Netherlands) in PBS for
30 min. Rabbit polyclonal anti-MVH primary anti-
body (ab13840, 2.5 μg ml−1; Abcam, UK) or rabbit
polyclonal anti-SOX9 primary antibody (AB5535,
5 μg ml−1;Merck)was added and incubated overnight
at 4 °C. The primary antibodies were diluted in
blocking solution containing 10% NDS and 5% BSA
(w/v) in PBS. The next day, the cytospins were
incubated with donkey anti-rabbit 488 secondary
antibody (A21206, Life technologies, 1:200) diluted in
PBS for 1 h at RT. All washing steps were performed in
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PBS. The cytospins were mounted with DAPI (4′,
6-Diamidino-2-Phenylindole; S36937, Invitrogen)
and the coverslips were sealed with nail polish. The
experiment was performed in triplicate. For each
replicate, the amount of positive and negative cells was
counted using ImageJ software (National Institute of
Health, USA) on three representative fields taken with
an inverted fluorescence microscope (Olympus) and
Cell^F software (Olympus).

At the end of the culture period, the testicular tis-
sue fragments and testicular constructs were fixed in
acidified alcoholic formalin (VWR, Belgium), embed-
ded in paraffin and cut into 5 μm thick sections at dif-
ferent depths. Sections were stained with periodic
acid-Schiff (PAS; VWR) in accordance with themanu-
facturer’s protocol and haematoxylin in order to per-
form morphological evaluation of the cultured
samples. Different types of germ cells were identified
based on morphological characteristics previously
described [26].

To confirm the presence of post-meiotic germ
cells, co-staining for EGFP and CREM or PNA was
performed. Antigen retrieval using a 0.01 M citrate
buffer (pH 6.0) containing 0.05% Tween-20 was per-
formed in a water bath at 95 °C for 30 min. The endo-
genous peroxidase enzyme was blocked by methanol/
3%H2O2 for 30 min at RT. The sections were blocked
with blocking solution containing normal chicken
serum 20% (v/v) (NChS, Sigma) and 5%BSA (w/v) in
TBS. Goat polyclonal anti-GFP primary antibody
(ab13840, 5 μg ml−1; Abcam) and rabbit polyclonal
anti-CREM primary antibody (SC-440, 1 μg ml−1;
Bio-Connect, The Netherlands) were added. The pri-
mary antibodies were diluted in the blocking solution
(TBS/NChS/BSA) and the sections were incubated
overnight at 4 °C. For CREM immunostaining, the
sections were incubated with horseradish peroxidase
(HRP)-conjugated chicken anti-rabbit secondary anti-
body (SC-2963, 5 μg ml−1; Bio-Connect) diluted in
blocking solution (TBS/NChS/BSA) for 30 min at RT.
The TSA™ Cy3 Plus System (NEL741001KT, Perkin
Elmer Life Sciences, Boston, USA)was applied accord-
ing to the manufacturer’s instructions for 3 min. For
EGFP immunostaining, the sections were incubated
with donkey anti-goat 488 secondary antibody
(A11055, Life technologies, 1:200, final concentration
1 μg ml−1) diluted in TBS for 60 min at RT. All wash-
ing steps were performed in TBS. When the acrosome
needed to be visualized, the sections were incubated
with Alexa Fluor 594-conjugated peanut agglutinin
(PNA; 5 μg ml−1; ThermoFisher) diluted in TBS for
1h30 at RT. The sections were mounted with DAPI
and the coverslips were sealedwith nail polish.

Adult and prepubertal mouse testicular tissue
sections were used as control. As background control,
normal rabbit immunoglobulin G (IgG, sc-2027, Bio-
Connect), normal goat IgG (sc-2028, Bio-Connect) or
normal mouse IgG (sc-2025, Bio-Connect) were
applied instead of the primary antibody.

Statistical analysis
Multiple t-test (Holm-Sidak method to correct for
multiple comparison) was used to statistically analyze
the enrichment of the epithelial fraction by MACS.
Data are presented as mean values±standard devia-
tion. A difference was considered to be statistically
significant if the p-value was�0.05.

Results

Organ culture as referencemethod for IVS
Non-invasivemonitoring of germ cell differentiation
In adult C57BL/6JAcr3-EGFP testis, EGFP is located in
the cytoplasm of meiotic cells and in the (forming)
acrosome of post-meiotic cells, thus Acr3-EGFP
expression can be used as a reporter of germ cell
differentiation, supplemental figure 1(A) is available
online at stacks.iop.org/BF/11/035011/mmedia. In
order to study the timing and extent of Acr3-EGFP
expression in cultured prepubertal Acr3-EGFP testes,
testicular fragments (n=5) were regularly evaluated
throughout a 40 d period. Both Acr3-EGFP− (n=2)
and Acr3-EGFP+ (n=3) testicular tissues did not
show positive EGFP fluorescent signal on day 0,
supplemental figure 1(A). From the second week
onwards, the formation of a lumen could be seen in
both Acr3-EGFP− and Acr3-EGFP+ testicular tissues
indicating tubular growth. On day 12, EGFP fluores-
cence was observed inside some tubules of
Acr3-EGFP+ fragments, in contrast to Acr3-EGFP−

fragments which exhibited no fluorescence. Through-
out the rest of the culture period, the number of
tubules with Acr3-EGFP labeling increased in
Acr3-EGFP+ testicular fragments, whereas, on day 40,
EGFP expression was, as expected, not detected in
Acr3-EGFP− testicular tissues, figure 1(A).

In-depth examination of germ cell differentiation
PAS/hematoxylin staining of adultAcr3-EGFP+ tissue
showed that round spermatids had a nucleus with a
characteristic dot, and were partially covered by an
acrosomal cap while elongated spermatids have a
flattened nucleus with an acrosome over the anterior
region, supplemental figure 1(B). Before organ cul-
ture, SSCs were most advanced cell type in the
prepubertal C57BL/6JAcr3-EGFP testicular fragments,
supplemental figure 1(B). Histology of cultured pre-
pubertal C57BL/6JAcr3-EGFP confirmed tubular
growth with lumen formation and the presence of
post-meiotic cells in two out of three Acr3-EGFP− and
two out of twoAcr3-EGFP+ testicular tissues after 40 d
of culture, figure 1(B). One Acr3-EGFP− replicate was
sclerotic.

Because cell identification by histology strongly
relies on tissue architecture, we performed a double
immunostaining for CREM (round spermatid mar-
ker) and EGFP to differentiate between round and
elongated spermatids. CREM staining in adult
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Acr3-EGFP+ tissuewas localized to the nuclei of round
spermatids while the elongated spermatids were
CREM−, supplemental figure 1(C). EGFP specifically
stains the cytoplasm (predominantly the acrosomal
cap and acrosome) of round and elongated spermatids

which corresponds with the PNA staining, supple-
mental figure 1(D). In vitro generated round and elon-
gated spermatids could selectively and reliably be
identified based on the shape of the nucleus, the status
of the acrosome visualized by PNA and the presence of

Figure 1.Organ culture as a referencemethod for IVS.Tubularmaturation and formation of post-meiotic germ cells were observed in
prepubertalAcr3-EGFP− (left column) andAcr3-EGFP+ (right column) testicular tissues after 40 d in culture. (A)Brightfield (BF)
showing tubules withAcr3-EGFP expression inAcr3-EGFP+ cells, but not inAcr3-EGFP− cells. (B)PASwith hematoxylin
counterstaining showing the histology of cultured tissues. (C)Co-immunostaining of EGFP (green) andCREM (red)was used to
specifically identify round spermatids. (D)Co-stainingwith an antibody against EGFP (green) and the PNA (red) dye highlighted the
acrosomal cap in round spermatids and the acrosome of elongated spermatids. Cell nuclei were stainedwithDAPI (blue). Round and
elongated spermatids are indicated by an arrow and arrowhead, respectively.
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the CREM marker in all healthy Acr3-EGFP+ and
Acr3-EGFP− tissues, figures 1(C), (D).

Fabrication of testicular constructs using bioprinted
scaffolds
CFS were printed in the shape of a circle with an
internal lattice structure that formed pores,

figures 2(A), (B). Unsorted TCs were seeded, which
over the following days clustered together and formed
spheroids within the CFS pores. Occasionally, spher-
oids from different pores formed connections with
each other, figure 2(C). After 48 d in culture, Acr3-
EGFP expression was observed in cells of Acr3-EGFP+

Figure 2. Fabrication of testicular constructs using bioprinted scaffolds. (A) and (B)The 3Ddesign (A) and printout (B) of CFS (cell-
free scaffolds; left column) andCLS (cell-laden scaffolds; right column). (C)Grossmorphology (left panels) andAcr3-EGFP
expression (right panels) of the spheroids growing on theCFS andCLS at culture day 48 and day 41, respectively. The inserts depict
low-magnification overviews. (D)The seminiferous epitheliumof prepubertalmice consists of spermatogonia, including
spermatogonial stem cells, and Sertoli cells expressingMVH+ (green) and SOX9+ (red), respectively. Cell nuclei were stainedwith
DAPI (white). (E)MVH+ and SOX9+ cellsmade up the vastmajority of theMACS-selected CD49f+ fractionwhichwas seeded on
CLS. TheCD49f− fraction consistedmainly of other cells, likely interstitial cells. *p=0.02, **p=0.01 and ***p=0.007.
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TC/CFS constructs, figure 2(C). Acr3-EGFP expres-
sionwas absent inAcr3-EGFP−TC/CFS.

CLS were printed with smaller dimensions com-
pared to CFS tominimize the empty space between the
interstitial cells in the scaffold and the CD49f+ cells
which were seeded in the macropores, figures 2(A),
(B). CD49f+ cells also formed spheroids during cul-
ture and contained EGFP+ cells indicating germ cell
differentiation, figure 2(C).

When studying the seminiferous epithelium of
prepubertal animals, only spermatogonia, including
SSCs, and Sertoli cells can be seen, figure 2(D). Char-
acterization of the MACS-selected populations
showed more epithelial cells were found in the
CD49f+ fraction than in the CD49f− fractions
(86.8±13.4 versus 33.6±12.5; p=0.007). Specifi-
cally, the CD49f+ fraction contained higher portions
of SOX9+ Sertoli cells (60.1±7.2 and 26.6±8.8;
p=0.02) and MVH+ spermatogonia (31.0±10.8
and 2.6±3.1; p=0.01), compared with CD49f−

fractions, figure 2(E).

Spermatogenesis in bioprinted testicular constructs
Immunofluorescent and immunohistochemical stain-
ing confirmed the presence of post-meiotic germ cells
in four out of six TC/CFS (66%) and three out of three
CD49f+/CLS (100%) testicular constructs. Round
spermatids showing cytoplasmic EGFP expression and
nuclear CREM expression were observed in all
Acr3-EGFP+ TC/CFS and CD49f+/CLS testicular
constructs, figure 3(A). Only one out of three
Acr3-EGFP− TC/CFS testicular constructs contained
round spermatids.

In addition, co-staining for EGFP and PNA differ-
entiated the presence of round and elongated sperma-
tids in 66% of TC/CFS and 33% of CD49f+/CLS
testicular constructs. Specifically, while all Acr3-GFP+

TC/CFS contained elongated spermatids with an
acrosome containing EGFP and/or binding of PNA,
only one Acr3-EGFP− TC/CFS and one CD49f+/CLS
construct contained such advanced germ cells,
figure 3(B). EGFP was not detected in Acr3-EGFP−

TC/CFS.
Sections of TC/CFS and CD49f+/CLS stained

with PAS/hematoxylin support the immunostaining
and histochemistry findings on germ cell differentia-
tion, figure 3(C). However studies of the overall
morphology of TC/CFS and CD49f+/CLS spheroids
revealed that they did not display a seminiferous
tubule-like histology, but either contained patches of
differentiating germ cells or, more often, had a fibrotic
appearance, figure 3(D). The CLS still contained inter-
stitial cells after 41 d of culture, but their density in the
hydrogel decreased over time, figure 3(E).

Discussion

Tissue engineering has grown in the last few decades as
a new interdisciplinary scientific field combining
principles of material chemistry, engineering, medi-
cine and life sciences. 3D bioprinting is a rapidly
emerging technology in tissue engineering and has
already been used for generation and transplantation
of several tissues, such as multi-layered skin and
cartilaginous structures [27]. Recently, a pioneering
reproductive study employed 3D bioprinting to design
scaffolds which supported mouse follicle growth.
Moreover, these bioprosthetic ovaries gave rise to
in vivo functional ovarian implants in surgically
sterilized mice [28]. We subsequently asked whether
this technique could be applied to male reproductive
biology research. For rodent IVS, there are already
functional systems of which the organ culture method
is themost reliable. However, the field would welcome
a new IVS system that would allow the creation of
customized 3D tissue constructs with controlled scaf-
folds design and cell deposition.

To address this demand, we first generated organ
cultures of C57BL/6JAcr3-EGFP testicular tissue frag-
ments as an IVS reference system with culture condi-
tions according to Reda et al [4]. This approach gave us
the opportunity to reliably validate our germ cell dif-
ferentiation assays. We reported spermatogenesis up
to the level of elongated spermatids by detecting Acr3-
EGFP expression combined with specific identifica-
tion of post-meiotic germ cells in 80% of testicular tis-
sue fragments. Despite slow-freezing and thawing the
fragments prior to culture, results comparable to the
study of Reda et al were obtained, which reported
spermatogenesis in 67% of the freshly cultured tissue
fragments. This is also in accordance with an earlier
study which demonstrated that cryopreservation of
testis tissues followed by organ culture maintains the
efficiency of IVS [29]. Next, we focussed on developing
testicular constructs using 3D bioprinting and
C57BL/6JAcr3-EGFP testicular single-cell suspensions.

Yokonishi et al previously demonstrated that
mouse TCs cultured at the gas–liquid interphase have
the ability to reconstruct the testicular architecture in
aggregates [8]. We combined this in vitro reconstruc-
tion technique with alginate-based CFS and obtained
single cell-compartment testicular constructs (TC/
CFS) with small-sized spheroids attached to the lining
of the macropores. It is remarkable that we observed
post-meiotic germ cells including elongated sperma-
tids in the TC/CFS, considering meiotic cells were the
most advanced cell type observed by Yokonishi et al in
their reconstructed tissues. This difference could be
explained by the different dimensions of the samples
and/or medium supplements used in both studies.
Cells growing in flatter structures are less likely to
experience hypoxia. Recently, it was shown that
spreading tissue two-dimensionally into a disc-shape
with singly-layered seminiferous tubules could
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prevent central necrosis in organ culture [30]. Yoko-
nishi’s reconstructed tissues had a diameter of roughly
2 mm, compared with our spheroids which measured
approximately 300 μm. In addition, instead of adding
GNDF, the culture medium was supplemented with

GlutaMAX and melatonin, which have an anti-cyto-
toxic effect and positively influence germ cell differ-
entiation in the organ culture system [4]. Both
differences may have had a beneficial effect on the dif-
ferentiation of SSCs towards post-meiotic germ cells.

Figure 3. Spermatogenesis in bioprinted testicular constructs. Histochemical and immunofluorescent staining of TC/CFS (testicular
cell/cell-free scaffolds; left column) andCD49f+/CLS (cell-laden scaffolds; right column) at culture days 48 and day 41, respectively.
(A) and (B)The detection of EGFP+ (green)/CREM+ (red) (A) and EGFP+ (green)/PNA+ (red) cells (B) in TC/CFS and
CD49f+/CLS testicular constructs confirmed the formation of round (arrow) and elongated (arrowheads) spermatids. Counter-
staining was performedwithDAPI (blue). (C)Germ cells occurred in patches in the spheroids as seen after PAS/hematoxylin staining
of TC/CFS andCD49f+/CLS. (D) Spheroidswithout germ cells had afibrotic appearance. (E)CLS still contained interstitial cells at
the end of the culture period, though at a lower density compared to the first day of culture. Dotted lines delineate pores of CLS. Cell
nuclei were stainedwithDAPI (white).
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Nevertheless, it is important to note that we did not
observe tubular structures. This could be due to sub-
optimal cell densities, whereby cell–cell and paracrine
inhibiting/activating interactions which are crucial
for tubular reorganization in vitro are deficient, as was
observed in an earlier study using rat TCs [31]. This
could also explain why post-meiotic germ cells were
found only in a few spheroids per TC/CFS replicate.
Higher cell densities might favor the formation of bet-
ter-connected spheroids with recognizable testicular
architecture resulting inmore efficient IVS.

While the scaffold in TC/CFS merely serves as
structural support and restoration of the tubular
structures is reliant on the self-organizational abilities
of the TCs, whereas culturing tubular cells in the mac-
ropores of interstitial CLS directly recreates the two
main testicular compartments. This would be of inter-
est for adult human and other testicular organoid
models particularly because mature somatic cells
appear unable to initiate reorganization of testicular
structures [31, 32]. Our reasons for selecting to encap-
sulate juvenile interstitial cells were twofold: (i) juve-
nile donors yield higher cell numbers per testis
compared to prepubertal donors, which is especially
important for 3D bioprinting [33], and (ii) since juve-
nile interstitial cells are more mature and already sup-
porting active spermatogenesis, it was assumed that
secreted factors would better stimulate tubular cells in
the scaffold macropores. This idea is reinforced by
previously published data showing that donor-derived
immature tubular cells were able to restart spermato-
genesis in empty seminiferous tubules of adult reci-
pientmicewith an intact testicular interstitium [34].

The efficiency of IVS (up to the formation of elon-
gated spermatids) in publications using organ culture
(67%) and soft agarose culture (68%) is comparable to
our TC/CFS (66%), but higher compared to
CD49f+/CLS constructs (33%) [4, 11]. It should be
kept in mind, however, that this study has some short-
comings. Firstly, it is based on a low sample size due to
the laborious procedure needed to produce the trans-
genic mice. Secondly, there is a considerable decrease
in density of interstitial cells in CLS over time and this
may be due to hydrogel incompatibility. Because algi-
nate hydrogels are inert to cells, we opted to use algi-
nate with RGD motifs which mimics the binding site
within fibronectin and several other extracellular
matrix proteins to improve cellular adaptability [18].
However, interstitial cells might prefer to be encapsu-
lated in hydrogels that better represent the complexity
of natural extracellular matrix [35]. Such printable
hydrogels could be tested to improve the outcome of
CD49f+/CLS cultures. It has been shown that the pre-
sence of all somatic TC types is required to achieve IVS
[10]. Even though interstitial cell loss occurred, post-
meiotic germ cells were detected in all CD49f+/CLS
replicates. It is possible that the contaminating non-
epithelial cells in theCD49f+ fractionwere responsible
or at least contributed to the support of the germ cell

differentiation noted in CD49f+/CLS. Fluorescence-
activated cell sorting could be used instead ofMACS to
improve the efficiency of cell separation [36]. More-
over, as the epithelial SOX9+ cells were not restricted
to the CD49f+ fraction, an additional Sertoli cell-spe-
cific marker such as FSHR could be considered in
future experiments [37]. Optimization of
CD49f+/CLS cultures might also be achieved by striv-
ing for CLS with more anatomically correct dimen-
sions to maintain a balanced composition of each cell
type. For instance, the pores were intentionally smaller
in CLS (300–500 μm) than CFS (500–700 μm), but
still bigger than adult mouse seminiferous tubules
(∼200 μm). In the 3D printed bioprosthetic ovary
study, they demonstrated that scaffold pore archi-
tecture is a crucial variable for optimal ovarianmurine
follicle growth and differentiation in vitro. The results
from this study led to the conclusion that follicle
spreading was limited and the survival of the follicles
increased when the scaffold-follicle interaction
increased by manipulating the pore geometry [28].
Finally, the current study did not focus on assessing
the competency of in vitro produced gametes nor their
fidelity. Alterations at the (epi-)genetic level can have
serious consequences for early development or long-
term health of the resultant offspring [38]. Thus,
assessments of the fertility and chromosomal and epi-
genetic normality are warranted, especially if the
intended use is of a clinical nature [39]. Interestingly, it
was previously shown that in vitro generated sperm
from frozen-thawed mouse testicular tissues used for
microinsemination resulted in healthy and fertile off-
spring [29].

Conclusion

This study is the first to report IVS in testicular
constructs created by seeding single cell suspensions
on 3D bioprinted CFS and CLS. In addition to being
used as a fertility management technique for cancer
survivors, it could promote advances in (patho)
physiological studies by reuniting TCs after gain- or
loss-of-function experiments. Testicular constructs
could also have an industrial application. Inspired by
bioprinting-based hydrogel microarrays for cells and
cellular spheroids [40, 41], high-throughput fabrica-
tion of testicular constructs on chips could facilitate
screening for fertility therapeutics and disruptors
[42, 43]. A major advantage of the use of freeform
printed scaffolds is the opportunity to customize the
size and shape of the in vitro created tissues and decide
the location and composition of its cell compartments.
These features are especially interesting for the field of
whole-organ (re)engineering. Lab-grown testes could
restore natural reproductive functions in infertile
patients, for instance anorchic patients or patients
with a genitourinary trauma involving the testes,
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frequently caused by sports activities, road accidents
orwork injuries [44–46].
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