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A B S T R A C T

Zika virus (ZIKV) poses a serious threat to global public health due to its close relationship with neurological and
male reproductive damage. However, deficiency of human testicular samples hinders the in-depth research on
ZIKV-induced male reproductive system injury. Organoids are relatively simple in vitro models, which could
mimic the pathological changes of corresponding organs. In this study, we constructed a 3D testicular organoid
model using primary testicular cells from adult BALB/c mice. Similar to the testis, this organoid system has a
blood-testis barrier (BTB)-like structure and could synthesize testosterone. ZIKV tropism of testicular cells and
ZIKV-induced pathological changes in testicular organoid was also similar to that in mammalian testis. Therefore,
our results provide a simple and reproducible in vitro testicular model for the investigations of ZIKV-induced
testicular injury.
1. Introduction

Zika virus (ZIKV) has spread to nearly 100 countries and territories
resulting in millions of cases around the world (Gyawali et al., 2016; Xu
et al., 2019; Yu et al., 2017), and was announced by the World Health
Organization (WHO) as the fourth “public health emergency of interna-
tional concern (PHEIC)" in 2016 (Lessler et al., 2016). Though clinical
symptoms of ZIKV patients are mainly mild and self-limiting (Pielnaa
et al., 2020), ZIKV is still an international concern due to its link with
Guillain-Barre syndrome and microcephaly (Cao-Lormeau et al., 2016),
along with the potential threat to the male reproductive system (Li et al.,
2018; Liu et al., 2018; Pielnaa et al., 2020; Shan et al., 2018). More
importantly, some ZIKV male patients showed reproductive system
symptoms including prostatitis, hemospermia and increased leukocyte
count in semen (Foy et al., 2011; Kurscheidt et al., 2019; Torres et al.,
2016). Testosterone values of ZIKV-infected men also show a trend to-
ward lower values at day 7 after symptom onset (Joguet et al., 2017). The
direct evidence of ZIKV-induced male fertility deficiency is that the
sperm counts of 15 male volunteers with acute ZIKV infection were
significantly reduced from a median 119 � 106 spermatozoa at day
7–45.2 � 106 at day 30 (Joguet et al., 2017).
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At present, a variety of animal models, including genetically modified
mice (interferon receptor gene knockout mice and hSTAT2 knock-in
mice, etc.), interferon receptor blocking antibodies-injected mice and
nonhuman primates, have been used to explore the mechanism of ZIKV-
induced male reproductive system damage, and the testis has been
proved to be the main targets of ZIKV, as most testicular cells were sus-
ceptible to ZIKV (Coffey et al., 2017; Yang et al., 2020; Dudley et al.,
2016; Strange et al., 2019; Gorman et al., 2018; Kumar et al., 2018;
Govero et al., 2016; Haddow et al., 2017; Hirsch et al., 2017; Ma et al.,
2016; Osuna et al., 2016; Pardi et al., 2017; Richner et al., 2017; Sheng
et al., 2017). However, these animal models still have room for
improvement. Gene modification strategy of immune deficient mice
resulted in a more severe testicular pathological change than ZIKV male
patients. Nonhuman primates are extremely expensive, thus can't be
wildly used, and human testicular tissues are difficult to obtain.

Organoids are in vitro constructs obtained from embryonic stem cells
(ESCs), induced pluripotent stem cells (iPSCs) or adult stem cells (ASCs)
(Driehuis et al., 2020a). With three dimensional (3D)-cell culture tech-
nology, variety of cells “self assemble” by their cell polarity to form cell
clusters with specific spatial structure, so as to mimic organ formation
and physiological structure (Clevers, 2016; Lancaster and Knoblich,
10200117@163.com (J. An).
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2014). Many kinds of organoid systems are now applied as in vitromodel
of viral infection, such as intestinal organs for norovirus (Ettayebi et al.,
2016), human bronchial organs for avian influenza and swine influenza
(Zhou et al., 2018), and brain organoids for the investigation of ZIKV
infection in brain tissues (Garcez et al., 2016; Qian et al., 2016). These
organoids reduce the use of animals and provide convenient tools for
viral study. For ZIKV-induced injury, although researchers have con-
ducted in-depth research on the central nervous system damage, due to
the lack of human testicular samples, the mechanism underlying
ZIKV-induced male reproductive system injury is still unclear. Therefore,
it is urgent to develop a convenient and accessible research model that
can mimic the pathological characteristics of ZIKV-infected testicular
tissue.

In this study, we constructed a mice 3D testicular organoid system by
planting primary testicular cells from adult BALB/c mice in a 3D culture
microplate. The testicular organoid system has similar physiological
structure and function to mammalian testis, and is thus feasible in the
investigation of ZIKV-induced testicular damage.

2. Material and methods

2.1. Virus

Asian ZIKV (strain SMGC-1, GenBank accession number: KX266255)
was propagated in C6/36 cells and the titer was determined by plaque
assay on Vero cell with 1.0%methylcellulose. Virus was stored at�80 �C
until use.

2.2. Mouse experiments

SPF BALB/c mice were purchased from Charles River company
(Beijing) by the Animal Department of Capital Medical University, and
bred under specific pathogen-free conditions at Capital Medical Univer-
sity. 6–8 weeks old male BALB/c mouse were euthanized by cervical
dislocation, testes were then harvested and immediately fixed in Modi-
fied Davidson's Fluid solution (30 mL of 40% formaldehyde, 15 mL of
ethanol, 5 mL of glacial acetic acid and 50 mL of distilled water) over-
night, then dehydrated and paraffin-embedded.

2.3. Preparation of testicular organoids

Preparation of testicular organoids was carried out with reference to
the previous research (Sakib et al., 2019), and the protocol is as follows:

2.3.1. Isolation of mice primary testicular cells

(1) Testicular tissue was collected from 6–8-week-old male BALB/c
mice and cut to about 2 mm � 2 mm � 2 mm. Subsequently,
testicular tissue was digested with Hank's balanced salt solution
(HBSS, GIBCO) containing type IV collagenase (2 mg/mL) at 37 �C
for 15 min. After centrifugation at 90�g for 1.5 min, the semi-
niferous tubules were washed with HBSS;

(2) The seminiferous tubules were digested with 0.25% trypsin EDTA
containing DNase I (7 mg/mL) to isolate single testicular cells and
obtain testicular single cell suspension. All experiments were
repeated with at least three independently cell suspensions.

2.3.2. Generation of three-dimensional (3D) testicular organoids in
microporous culture plate

(1) Pretreatment of Aggrewell 400 plate (stemcell Technologies Inc,
Vancouver, Canada, cat#34450): the plate was washed once with
0.5 mL/well PBS, then organoids formation medium was added
(Dulbecco Modified Eagle Medium F/12 supplemented with in-
sulin 10 μg/mL, transferrin 5.5 μg/mL, selenium 6.7 ng/mL, 20
ng/mL epidermal growth factor, 1% Penicillin-Streptomycin) to
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the plate at 0.5 mL/well. Plates were centrifugated at 2000�g for
2 min to remove the trapped air;

(2) Eachwell contained 1.2� 106 (for 1000 organoids) or 6� 105 (for
500 organoids) testicular cells in 0.5 mL organic matter forming
medium. Culture medium for mouse samples was supplemented
with 1:100 dilution of Matrigel (MATRIGEL MATRIX 5 ML,
T_701CB-40234, Thermo Fisher Scientific). Plate was then cen-
trifugated at 500 �g for 5 min;

(3) The microplate was continuously cultured in 37 �C with 5% CO2
for 7 days. Themedium of organoids was half changed every other
day. The organoids were photographed under the light micro-
scope every day.

2.4. Collection of testicular organoid samples

(1) Testicular organoids infection experiment: the culture medium
was aspirated away and the plate was washed with HBSS for 3
times. 1 � 105 PFU/well ZIKV was added, and the virus and
testicular organoids were incubated at 37 �C and 5% CO2 for 1 h.
Subsequently, the virus solution was aspirated away. After 3 times
of washing with HBSS, 1 mL/well organic substance containing
matrix gel was added into the plate, and the testicular organoids
were incubated at 37 �C and 5% CO2 for sampling;

(2) Preparation of testicular organoids smears: the culture medium
was aspirated away and the plate was washed with HBSS for 3
times. Subsequently, testicular organoids were fixed with 4%
paraformaldehyde for 15 min. After the paraformaldehyde solu-
tion was aspirated away, 0.5 mL/well HBSS was added into the
plate, then the plate was gently blew to harvest testicular orga-
noids suspension. Then 100 μL testicular organ suspension was
added onto a clean glass slide to make a smear, then the testicular
organ was dried at room temperature for 5–10 min, and was
stored at �30 �C;

(3) Collection of testicular organoids RNA: the culture medium was
aspirated away and the plate was washed with HBSS for 3 times.
Then transzol was added with 0.5 mL/well (TransGen Biotech),
and the liquid was blew to suspend the testicular organoids, then
the total RNA was extracted according to the instructions;

(4) Collection of testicular organoids culture medium: the culture
medium was collected in half exchange solution during the for-
mation of testicular organoids or after ZIKV infection, and stored
at �80 �C. The total RNA in the culture medium was extracted by
transzol (TransGen Biotech).

2.5. Hematoxylin and eosin (H&E) analyses

Testes embedded in paraffin were sectioned (5 μm in thickness) and
testicular sections were then subjected to H&E staining. Sections were
immersed in xylene and alcohol, then stained with hematoxylin for 12
min. After stained with eosin for 20 min and re-immersed in alcohol and
xylene, sections were mounted using synthetic resin.

2.6. Immunofluorescence staining (IFA)

Testes sections or testicular organoids smears were incubated with
the following primary antibodies overnight at 4 �C, including rabbit anti-
mouse claudin-1 (CLDN1) (1:200, Abcam, ab15098), rabbit anti-mouse
occludin (OCLN) (1:200, Abcam, ab167161), rabbit anti-mouse zonula
occluden-1 (ZO-1) (1:200, Thermo Fisher, 33–9100), rabbit anti-mouse
caspase-9 (1:500, Abcam, ab202068), rabbit anti-mouse cleaved cas-
pase-3 (1:500, Cell Signaling Technology, 9664S), mouse anti-DDX4
(1:100, Abcam, ab27591), rabbit anti-mouse DDX4 (1:100, Abcam,
ab13840), mouse anti-mouse Vimentin (1:100, Abcam, ab8978), rabbit
anti-mouse α-SMA (1:100, Abcam, ab5694), rabbit anti-mouse HSD3B1
(1:100, Abcam, ab65156), rat anti-mouse C3 (1:100, Abcam, ab11862),
rabbit anti-mouse membrane attack complex (MAC) (1:100, Abcam,
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ab55811) or mouse anti-ZIKV antibody 4G2 (1:500). After washed with
PBS, sections were incubated with secondary antibodies at 37 �C for 1 h
in the dark conditions, including donkey anti-mouse IgG (1:1000, Alexa
Fluor R 488, A21202, Life technologies), donkey anti-rabbit IgG (1:1000,
Alexa Fluor R 594, A21207, Life technologies). Images were captured
with Olympus microscope (IX71, Olympus, Japan).

2.7. ZIKV mRNA quantification

ZIKV-infected and control mice were euthanized, and blood and
testes were harvested at different time points as indicated. Samples were
homogenated in TransZol (TransGen China, ET101-01) and RNA was
extracted according to manufacturer protocol. Real-time qPCR analyses
were performed as previously reported (Sheng et al., 2017) with Quant
One Step qRT-PCR (Tiangen, China) on 7500 Real Time PCR System
(Applied Biosystems, USA). Quantification of the copies of ZIKV mRNA
was determined using the standard curve method. ZIKV genome RNA
transcribed in vitro was quantified and used as a standard template to
establish the standard curve. The primer sequences were as follows:
forward: 50-TCAGACTGCGACAGTTCGAGT-30; reverse: 50-GCATATTGA
CAATCCGGAAT-30.

2.8. ELISA

Concentrations of testosterone in supernatant of testicular organoids
were quantified by ELISA according to the manufacturer's instructions.
Testosterone reagents were purchased from Cloud-Clone (CEA458Ge,
Cloud-Clone, China). Briefly, 100 μL standard or testis tissue supernates
(100 μL/well) was added, then plate was incubated for 1 h at 37 �C.
Subsequently, 50 μL Detection Reagent A was added and the plate was
incubated for 1 h at 37 �C. After washing, 50 μL Detection Reagent B was
added and incubated for 30 min. Finally, 90 μL Substrate Solution was
added and incubated at 37 �C for 15 min, followed by addition of 50 μL
Stop Solution. The absorbance was measured at 450 nm in a Multiskan
spectrum 1500 (Thermo, USA).

2.9. Western blotting

Relative expression of tight junction proteins of ZIKV-infected and
uninfected testicular organoids was measured by Western blot. Organo-
ids at 3 days post infection (dpi) were harvested and lysed by radio-
immunoprecipitation assay (RIPA) lysis buffer containing protease
inhibitor. After determination of protein concentration in each sample by
BCA Protein Assay kit (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA), samples were subjected to 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto polyvinylidene
difluoride (PVDF) membranes. Membranes were blocked in 5% milk at
room temperature for 1 h, then incubated with rabbit anti-mouse ZO-1
(1:200, Thermo Fisher, 33–9100), rabbit anti-mouse CLDN1 (1:200,
Abcam, ab15098), rabbit anti-mouse occludin (1:200, Abcam,
ab167161) or rabbit anti-β-actin mAb (1:1000, Cell Signaling Technol-
ogy, 4970S) antibodies separately at 4 �C overnight. After incubation
with peroxidase-linked secondary antibodies, membranes were subjected
to an Odyssey infrared imaging system (Odyssey LI-COR Biosciences,
Lincoln) to visualize the protein expression.

2.10. Statistical analysis

SPSS 17.0 Software (IBM, Armonk, NY, USA) was used for statistical
analysis. The quantitative data between two groups with normal distri-
butions was analyzed using the repeated-measures analysis of variance or
the Student's t-test. All results were presented as the mean � standard
error of the mean (SEM) in this research from at least three different
repeats. P < 0.05 was considered as statistically significant between two
groups.
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3. Results

3.1. Formation of the mice 3D testicular organoid system

Primary testicular cells collected from 6–8-week-old male BALB/c
mice were cultured in AggreWell 400 plate to construct testicular orga-
noids. To determine the morphology of testicular organoids, we first
photographed testicular organoids during 0–7 days post culture. Primary
testicular cells accumulated in the chambers of microplate at 0–2 days.
During 3–6 days post culture, testicular cells gradually accumulated
tightly and assembled into cell clusters. At the 7th day post culture,
testicular cells completely gathered into oval, dense cell clusters with
smooth boundaries and about 20–30 μm in diameter (Fig. 1A).

Secondly, the distribution of various testicular cells in organoid sys-
tem was detected by immunofluorescence staining (IFA), and the loca-
tion of spermatogenic cells (DDX4þ), Sertoli cells (Vimentinþ), myoid
epithelial cells (α-SMAþ) and Leydig cells (HSD3B1þ) in testicular
organoids was comparedwith testis from adult BALB/c mice. In testicular
organoids at the 5th day post culture, DDX4þ spermatogenic cells did not
converge into tight cell cluster, and the rest of testicular cells were
scattered around spermatogenic cells at outer layer (Fig. 1B–D). While in
the shaped testicular organoids at the 7th day post culture, a dense cell
cluster composed of DDX4þ spermatogenic cells were arranged in center
of testicular organoids surrounded by consecutively arranged Vimentin
þ Sertoli cells at outer layer (Fig. 1B), α-SMAþmyoid epithelial cells and
HSD3B1þ Leydig cells were also mainly arranged at the outer layer
(Fig. 1C and D). H&E staining of testes from BALB/c mice showed that
spermatogenic cells are encapsulated by Sertoli cells andmyoid epithelial
cells in seminiferous tubules (Fig. 1E).

The above results showed that the structure of testicular organoid was
similar to that of seminiferous tubule of adult BALB/c mice, indicating
that the morphology of testicular organoid system was consistent with
the basic structure of the testis.

3.2. Physiological function of mice 3D testicular organoids

The blood-testis barrier (BTB) is an important barrier structure of the
testis, which is constituted by specialized junctions between adjacent
Sertoli cells near the basement membrane (Dym, 1994; Siu and Cheng,
2004, 2008). BTB protects spermatogenic cells from immune attack and
pathogen invasion by separating spermatogenic cells in the tubule lumen
from immune cells in the interstitial space. In order to evaluate the
barrier structure of 3D testicular organoids, we detected the expression
and distribution of tight junction proteins ZO-1, OCLN and CLDN-1 in
shaped testicular organoids by IFA, and compared with testes from adult
BALB/c mice. At the 5th day post culture, tight junction proteins were
distributed discontinuously at the outer layer of organoids in testicular
organoids (Fig. 2A). At the 7th day post culture, ZO-1 and CLDN-1 were
distributed in a continuous strip shape at the outer layer, while OCLN
extended radially along the outer layer to the inner part of testicular
organoids (Fig. 2A). In adult mouse testes, ZO-1 was mainly distributed at
the basement membrane of seminiferous tubules, around the boundary of
Sertoli cells, while OCLN extended radially to the lumen along the
boundary of Sertoli cells, and some of them were wrapped with sper-
matogenic cells. CLDN-1 was arranged in a cord shape around Sertoli
cells, and was also located on the luminal surface of spermatogenic cells
(Fig. 2B). The staining results showed that these 3D testicular organoids
had a BTB structure similar to that of mouse testes.

Testosterone synthesis is one of the most important physiological
functions of mammalian testes. Testosterone plays an important role in
maintaining male secondary sexual characteristics and fertility (Gaglia-
no-Juca and Basaria, 2019). To further evaluate the physiological func-
tion of the organoid system, we next detected its testosterone synthesis
ability by ELISA. Testosterone concentration in testicular organoid cul-
ture medium gradually increased at 2–4 days post culture, then peaked
and remained stable at 6–8 days post culture (Fig. 2C), suggesting that



Fig. 1. Arrangement of testicular cells in mice 3D testicular organoids. A The morphological structure of testicular organoids at 0–7 days post culture. Scale bar ¼ 25
μm. B–D Distribution of spermatogenic cells marker DDX4 and Sertoli cells marker Vimentin (B), myoid epithelial cells marker α-SMA (C) or Leydig cells marker
HSD3B1 (D) in shaped testicular organoids at 5th and 7th day post culture. Nuclei were visualized with DAPI. Scale bar, 5 μm. E H&E staining of the testis from 6 to 8
weeks old BALB/c male mice (ST: seminiferous tubule, Spg: spermatogonia, Spc: spermatocytes; Ser: Sertoli cell; Myo: myoid epithelial cell). Scale bar, 50 μm.
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the synthesize of testosterone gradually enhanced as the formation of
testicular organoids.

In conclusion, these results showed that this testicular organoid sys-
tem had a BTB-like barrier structure and testosterone synthesis ability
similar to the testis, thus could be used as an in vitro testis culture model.

3.3. Evaluation of the susceptibility of testicular organoids to ZIKV

Testes are the main target organs of ZIKV in male reproductive sys-
tem. We further analyzed the feasibility of this organoid system as a ZIKV
infection model by evaluating its susceptibility to ZIKV. After infected
with 1 � 105 PFU ZIKV at the 7th day post culture, the morphology of
testicular organoids was photographed, and no significant changes in
organoid morphology at 0–3 dpi was found when compared with the
uninfected controls (Fig. 3A).
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The distribution of ZIKV antigens in testicular organoids were also
detected by IFA. ZIKV antigens mainly distributed in the outer layer of
testicular organoids at 1 dpi, and there was no co-stained signal with
spermatogenic cell marker DDX4. At 3 dpi, a small amount of ZIKV an-
tigens was detected in the interior of testicular organoids, and co-located
with DDX4 (Fig. 3B). The distribution of ZIKV antigens in testicular
organoids was consistent with those of testicular cells infected by ZIKV
reported by current studies (Mlera and Bloom, 2019; Robinson et al.,
2018; Sheng et al., 2017), suggesting that ZIKV tropism of testicular cells
in this organoid system was similar to that in testes.

The replication of viral RNA in ZIKV-infected testicular organoids was
also detected by RT-qPCR. It showed that ZIKV viral load in testicular
organoids was gradually increased during 1–3 dpi (Fig. 3C). In addition,
viral load in the organoid culture medium was also detected, and in line
with results in testicular organoids, viral load in the culture medium was



Fig. 2. Mice 3D testicular organoids have BTB structure and physiological function similar to mice testis. A Distribution of ZO-1, OCLN or CLDN-1 in testicular
organoids at the 5th and 7th day post culture. Nuclei were visualized with DAPI. Scale bar, 5 μm. ZO-1: zonula occluden-1; OCLN: occludin; CLDN-1: claudin-1. B
Distribution of ZO-1, OCLN or CLDN-1 in the testis from 6 to 8 weeks old BALB/c male mice. Nuclei were visualized with DAPI. Scale bar, 50 μm. C The concentration
of testosterone in organoid cultured medium at 2–8 days post culture was analyzed by ELISA (n ¼ 500 testicular organoids/data point, *P < 0.05, **P < 0.01).
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also significantly increased from 1 to 3 dpi (Fig. 3D). The results above
showed that these testicular organoids were susceptible to ZIKV infection
and could support the replication and release of ZIKV. Therefore, this
organoid system was a testis-like model which could be used to investi-
gate the mechanism of ZIKV-induced testicular injury.

3.4. Effect of ZIKV infection on testicular organoids

We have demonstrated that the susceptibility of testicular cells in
testicular organoids to ZIKV was consistent with the results in current
studies. In this section, we further evaluated the effect of ZIKV on testicular
organoids by IFA. Tight junction proteins such as ZO-1, OCLN and CLDN-1,
was reported to be decreasingly expressed during ZIKV infection (Mlera
and Bloom, 2019; Robinson et al., 2018; Sheng et al., 2017). At 1–3 dpi, it
was detected that the expression of ZO-1, OCLN and CLDN-1 was slightly
decreased (Fig. 4A). Western blot assay also showed a decreasing trend of
the expression of tight junction proteins after infection (Fig. 4B). Thus,
ZIKV infection may destroy the BTB-like structure of organoids. ELISA also
showed that the testosterone concentration in testicular organoid culture
medium significantly decreased at 1–3 dpi (Fig. 4C), suggesting that ZIKV
infection could also repress testosterone synthesis. These results were
consistent with the results of ZIKV-induced testicular injury in animal
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models (Govero et al., 2016; Ma et al., 2017), indicating that ZIKV infec-
tion will not only destroy the barrier structure of testicular organoid, but
also repress the testosterone synthesis. The mechanism of ZIKV-induced
testicular injury is one of the main focuses in ZIKV research. In order to
explore the effect of ZIKV infection on the survival of testicular cells, we
detected the expression of apoptosis markers in ZIKV-infected testicular
organoids by IFA. Compared with uninfected testicular organoids,
expression of endogenous apoptosis marker caspase-9 and apoptosis ter-
minal marker cleaved caspase-3 did not increase at 3 dpi (Fig. 4D and E).

The above results suggested that ZIKV infection could destroy barrier
structure and repress the testosterone synthesis of testicular organoids,
although similar to symptoms in male patients and animal models, it is
not the main factor leading to the injury of testicular cells. The testicular
organoids provide a useful tool for the investigation of the mechanism of
ZIKV-induced testicular injury.

4. Discussion

Since its epidemic in 2015, ZIKV has infected millions of people
around the world (Ferraris et al., 2019). Although researchers have
revealed the specific mechanism of ZIKV-induced microcephaly (Faizan
et al., 2016; Li et al., 2016), the pathogenesis of ZIKV-induced male



Fig. 3. Mice 3D testicular organoids can support ZIKV infection and replication. A The morphological structure of testicular organoids at 1–3 dpi. Scale bar ¼ 25 μm. B
Distribution of ZIKV antigens and spermatogenic cell marker DDX4 in testicular organoids at 1–3 dpi. Nuclei were visualized with DAPI. Scale bar, 5 μm. C & D ZIKV
viral load in testicular organoids (C) or organoid cultured medium (D) at 1–3 dpi was analyzed by RT-qPCR, **P < 0.01.
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reproductive system injury is still unclear. In this study, we constructed a
3D testicular organoid system by using primary testicular cells from adult
BALB/c mice which could simulate the physiological structure and
function of mammalian testis. In vitro infection experiments indicated
that although the cell tropism of ZIKV and ZIKV-induced structural and
functional damage in organoid system were consistent with the existing
researches (Faizan et al., 2016; Li et al., 2016), ZIKV infection was not the
main factor leading to the damage of testicular cells. In conclusion, we
constructed a replicable testicular organoid system which could mimic
most of ZIKV-induced pathological features in mammalian testicular
cells. Therefore, this testicular organoid system was a reasonable and
promising in vitro ZIKV infection research model.

Testes were the main target organs of ZIKV infection in male repro-
ductive system (Halabi et al., 2020; Ma et al., 2016; Pletnev et al., 2021),
and various animal models have been used to investigate ZIKV-induced
testicular injury. However, most murine models cannot simulate all the
symptoms of ZIKV patients (Pletnev et al., 2021; Richner et al., 2017),
and non-human primate models are not suitable for large-scale experi-
ments (Dudley et al., 2016; Osuna et al., 2016). Thus, it is still urgent to
develop a model which can mimic ZIKV-induced human testicular
pathological characteristics. Organoid is a construct obtained by in vitro
culture of embryonic stem cells (ESCs), induced pluripotent stem cells
(iPSCs) or adult stem cells (ASCs) (Driehuis et al., 2020b). Through the
difference of cell polarity, organoids can formmicro spheres with specific
cell composition and spatial structure, so as to mimic the physiological or
pathological state of specific organs (Clevers, 2016; Lancaster and Kno-
blich, 2014). The culture methods of testicular organoids mainly include
two strategies: 2D and 3D testicular organoids (Richer et al., 2020). 2D
testicular organoids were formed by culturing primary testicular cells or
single Sertoli cells in vitro, and these organoids showed a linear or sheet
structures (Mackay et al., 1999; Tung and Fritz, 1984; van der Wee and
Hofmann, 1999; Willerton et al., 2004) (Gassei et al., 2006; Mincheva
et al., 2018; Schlatt et al., 1996; von Kopylow et al., 2018). However,
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limited by the plane structure, BTB structure of 2D organoids is incom-
plete. 3D testicular organoids were formed by the suspension of testicular
cells in matrix gel, which could form a mass structure of spermatogenic
cells encapsulated by Sertoli cells and epithelial cells similar to testes
(Hadley et al., 1985; Legendre et al., 2010; Zhang et al., 2017). Therefore,
3D testicular organoid system is a more valuable in vitro testis model.

In this study, in order to evaluate the structure and function of 3D
testicular organoids, we first analyzed the distribution of testicular cells
by IFA. Similar to testes from adult BALB/c male mice, Sertoli cells,
myoid epithelial cells and Leydig cells mainly located at the outer layer of
testicular organoids, while almost all DDX4þ spermatogenic cells located
inside the organoids. In addition, the arrangement of tight junction
proteins ZO-1, OCLN and CLDN-1 was also consistent with that of mouse
testes. In terms of testicular physiological function, testosterone con-
centration in culture medium was detected by ELISA, and during the
formation of testicular organoids, concentration of testosterone gradually
increased, suggesting that testicular organoids could synthesize and se-
cret testosterone. This phenomenon also showed that interaction be-
tween testicular cells was important for testosterone synthesis, which is
also consistent with the androgen synthesis function of testis.

Next, we investigated the susceptibility of 3D testicular organoids to
ZIKV infection. In line with the results of previous studies (Matusali
et al., 2018; Siemann et al., 2017), Sertoli cells and spermatogenic cells
in testicular organoids were susceptible to ZIKV, and viral load in
testicular organs and culture medium gradually increased after infec-
tion, indicating that these testicular organoids could support the infec-
tion and replication of ZIKV. We further detected the expression and
distribution of tight junction proteins in ZIKV-infected testicular orga-
noids, and tight junction proteins showed a discontinuous distribution
and down-regulated expression level compared with uninfected con-
trols. Consistent with the trend toward lower testosterone values in male
patients (Joguet et al., 2017), testosterone synthesis of testicular orga-
noids was also repressed after ZIKV infection as shown by ELISA. These



Fig. 4. ZIKV infection damages the barrier structure and physiological function of mice 3D testicular organoids. A Distribution of ZO-1, OCLN or CLDN-1 in testicular
organoids at 3dpi. Nuclei were visualized with DAPI. Scale bar, 10 μm. ZO-1: zonula occluden-1; OCLN: occludin; CLDN-1: claudin-1. B Expressions of ZO-1, OCLN and
CLDN-1 in ZIKV-infected testicular organoids as well as their corresponding controls were visualized by Western blot. (n ¼ 1500 testicular organoids/strip). C The
concentration of testosterone in organoid cultured medium at 1–3 dpi was analyzed by ELISA, medium of uninfected organoids served as Mock (n ¼ 500 testicular
organoids/data point, **P < 0.01). D & E Distribution of ZIKV antigens and caspase-9 (D) or cleaved caspase-3 (E) in testicular organoids at 0–3 dpi. Nuclei were
visualized with DAPI. Scale bar, 5 μm.
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results revealed that though Leydig cells were not highly susceptible to
ZIKV (Joguet et al., 2017), ZIKV infection still impaired testosterone
synthesis of these cells. Our results also showed that ZIKV did not
up-regulated the expression of apoptosis markers in testicular organoids,
thus we believe that ZIKV infection was not the main factor leading to
the damage of testicular cells.

5. Conclusions

In conclusion, our study provides an easily reproducible testicular
organoid model that could mimic the pathological changes of ZIKV-
infected testes. This model is a potentially powerful tool to investigate
the role of different factors in ZIKV-induced testicular damage.
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