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Abstract

Organoids are units of function of a given organ able to reproduce, in culture, a

biological structure similar in architecture and function to its counterpart in vivo.

Today, it is possible to develop an organoid from a fragment of tissue, a stem cell

located in an adult organ, an embryonic stem cell, or an induced pluripotent stem

cell. In the past decade, many organoids have been developed which mimic stom-

ach, pancreas, liver and brain tissues, optic cups, among many others. Addition-

ally, different male reproductive system organs have already been developed as

organoids, including the prostate and testis. These 3D cultures may be of great

importance for urological cancer research and have the potential to be used in fer-

tility research for the study of spermatozoa production and maturation, germ

cells–somatic cells interactions, and mechanisms of disease. They also provide an

accurate preclinical pipeline for drug testing and discovery, as well as for the study

of drug resistance. In this work, we revise the current knowledge on organoid

technology and its use in healthcare and research, describe the male reproductive

system organoids and other biomaterials already developed, and discuss their cur-

rent application. Finally, we highlight the research gaps, challenges, and opportu-

nities in the field and propose strategies to improve the use of organoids for the

study of male infertility situations.
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1 | INTRODUCTION

Looking back on history, we observe how humans are fascinated to better understand the biology of their own body,
how organs and organisms are formed, and the mechanisms involved in diseases since Aristotle (Federspil &
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Sicolo, 1994). Cell lines have traditionally been the tools used for understanding the role of genetic and molecular
alterations in many diseases and allowed the observation and manipulation of mammalian cells in vitro (Harrison
et al., 1907). However, despite two-dimensional (2D) cultures remaining the most used platform for in vitro cell cul-
ture, this model has several limitations, including the genetic alterations caused by long-term culturing, lack of anno-
tated clinical data, and the inability to mimic the growth environment of the organ in vivo (Choi et al., 2020; Wang
et al., 2017). In fact, cultured cells only interact with neighboring cells in a small segment and most plasma mem-
branes are exposed to the culture medium. The lack of interaction within cells and with the extracellular matrix
(ECM), a structure composed of insoluble and soluble protein fibrils, polysaccharides, glycoproteins, and proteogly-
can filaments that provides structural support to the cells and tissues, affects the intracellular signaling and differen-
tiation, apoptosis, gene, and protein expression processes (Jensen & Teng, 2020; Wang et al., 2017; Weeber
et al., 2017). Consequently, 2D cultures are not able to mimic and completely recapitulate the three-dimensional
(3D) organization of cells and the ECM in tissues and organs. On the other hand, the use of organism models, such
as Drosophila melanogaster, Caenorhabditis elegans, Danio rerio, and rodents further improved our knowledge of
organism development, organ function, and diseases. This approach surpasses the limitation of 2D cultures, allowing
the study of processes in a physiological context. However, due to ethical issues and considering that most of the
observations in animal models cannot be always transposed to humans due to species-specific differences, there has
been an increased tendency to develop alternative strategies to minimalize the number of animals used or to replace
animal experiments.

To overcome these gaps, in vitro 3D culture techniques have been developed as organotypic or organoid cultures
(Edington et al., 2018). The term “organoid” emerged in the 1950s to nominate structures formed by the reorganization
capacity of primary dissociated cells in vitro (Moscana & Moscana, 1952; Weiss & Taylor, 1960). This simplistic defini-
tion led to the use of other terms such as organotypic culture, spheroid, enteroid, or assembloid, to define miniature
simplified organs with 3D tissue structures in vivo, but lacking the characteristic functionality of organoids (Hu
et al., 2018). The definition of organoids has changed in the past years and currently, organoids are defined as self-
renewing and self-organizing 3D structures that mimic cell composition, architecture, and function of the organ of ori-
gin (Clevers, 2016). In 2019, Kratochvil and colleagues provided a more complete definition, considering an organoid “a
micro physiological system that mimics a platform to model organs or tissues in vitro setting with two or more inter-
acting cell types in contact with each other and embedded in a matrix or in a device which aims to partially mimic cel-
lular interactions or functions” (Kratochvil et al., 2019). These 3D structures may derive from cell lines, primary tissues,
and stem cells, mimicking in vivo cell morphology and functionality, cell–cell interactions, and its diffusion barriers
(Ravi et al., 2015) and acquiring organ function over the time (Chinta et al., 2020; Figure 1). Stem cell organoids are cur-
rently the most used type of organoid since they are originated from undifferentiated cells able to proliferate, maintain
and differentiate in several functional cell types. To originate these organoids, two main types of stem cells are usually
used—embryonic stem cells (ESCs) and adult stem cells (ASCs; Cyr & Pinel, 2022). While ESCs are pluripotent stem
cells isolated from the inner mass of blastocysts, ASCs are multipotent or unipotent stem cells from adult tissues (Cyr &
Pinel, 2022). Induced pluripotent stem cells (iPSCs) are also used being adult cells reprogrammed back into an
embryonic-like pluripotent state that enables the development of any type of human cell (Buskin et al., 2021).

Additionally, considering the importance of the ECM molecular network for the maintenance of tissue structural
and mechanical integrity, and that ECM and cell interactions are crucial for homeostasis maintenance and rapid
response to environmental changes (Lindahl et al., 2015), scaffold matrices have been developed to mimic the ECM
(Howard et al., 2008; Moura et al., 2022; Figure 1). Besides they provide structural support to the cell culture, scaffold
matrices ensure the delivery of growth factors, allowing the production of proper 3D cultures, with appropriate shape,
size, architecture, and physical properties (Almany & Seliktar, 2005). These engineered matrices are made of 3D porous,
fibrous, or permeable biomaterials that can have a natural source or be a synthetic polymer, or even a hybrid composi-
tion with mixed natural and synthetic resources (Nikolova & Chavali, 2019). The use of a synthetic ECM-like scaffold is
advantageous to control biophysical parameters needed to modulate the cellular environment such as mechanical prop-
erties, permeability, or biomimetics of the matrix (Marchini & Gelain, 2021; Nicolas et al., 2020). The porosity of the
biomaterial is highly important to release biomolecules such as cytokine, inhibitors, drugs, and/or antibiotics. To date,
several scaffolds were used to develop 3D cultures, including hydrogels (El-Sherbiny & Yacoub, 2013; Sasano
et al., 2020; Subramaniyan & Ravi, 2018; Varaa et al., 2018), microfluidic systems (Griffith & Swartz, 2006; Halldorsson
et al., 2015; Jiang et al., 2014), air–liquid interfaces (Lamers et al., 2021), 3D bioprinting cultures (Jian et al., 2018;
Taymour et al., 2021) and layer-by-layer (LBL) techniques (Decher & Hong, 1991; Keeney et al., 2015; U. N. Lee, Day,
et al., 2020; Oliveira et al., 2016). Hydrogels, in particular, have been extensively used as a substrate for 3D organoid
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culture due to their framework for cellular proliferation and survival (Correia et al., 2020; Moura et al., 2022). Micro-
fluidic systems, known as organ-on-a-chip (OOC), were designed to study physiological organ/tissue-specific cell behav-
ior in microfluidic chambers, being able to mimic the cellular environment and its micro-architecture (Huh et al., 2010,
2011; Mi et al., 2018). Compared to conventional organotypic culture conditions, OOC allows a better cell and tissue
characteristics representation not only for fundamental biological research but also for clinical diagnostics and treat-
ment (Jiang et al., 2014). Recently, bioprinting has been used to develop LBL-based scaffolds in diverse shapes which
were induced in hydrogels to construct small channels for tubular cell culture (Sousa et al., 2021). The development of
suitable experimental models, including human reproductive organoids, will be valuable to investigating protein–
protein interactions, cell signaling, gene and protein expression, and transcription factor control in conditions similar
to physiological context, and represent excellent opportunities for identification of diseases biomarkers, drug screening,
and tissue engineering.

2 | USE OF ORGANOIDS IN HEALTH CARE AND RESEARCH

To overcome the need to extrapolate results from animal models to humans the search for ex vivo human models has
increased. The organoid technology appears to be a promising research model for human science advances as these 3D
cellular structures can partially mimic the organs' morphology and function. This technology has been used to study
several tissues and organs, including the brain (revised in Koo et al., 2019), pancreas (revised in Boj et al., 2016), liver
(revised in Huch et al., 2015), kidney (Lawlor et al., 2021), prostate (Buskin et al., 2021), female (revised in Rawlings
et al., 2021), and male reproductive tissues (revised in Alves-Lopes & Stukenborg, 2018). These 3D structures have been
extensively used in basic research, to better understand the physiopathology of many organs. For instance, the advances
in the development of brain organoids, their applications, and challenges have been well described across the last years
(recently revised by Chiaradia & Lancaster, 2020; Koo et al., 2019; Sidhaye & Knoblich, 2021; Walters & Haigh, 2022).

FIGURE 1 Organoids can be originated from tissue fragments (derived from patients or from patient-derived xenografts), immortalized

cell lines, stem cells located in an adult organ, and embryonic or induced pluripotent stem cells derived from normal or diseased organs.

They are usually developed under a biomaterial scaffold, such as hydrogel, microfluidic chambers, or bioprinting ink in culture until tri-

dimensional structures are developed. The maintenance of specific culture conditions with appropriate niche factors that mimic the cellular

environment is crucial for successful organoid development.
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Organoids have also been successfully used to study several disease mechanisms such as infectious and genetic diseases,
cancer, and tumor modeling (recently revised by Shankaran et al., 2021).

Organoids typically contain multiple cells type from the ordinary tissue which facilitates their use to study infectious
diseases and host–pathogen relations. Developing brain organoids has been used to study the infection and the terato-
genic effect of Zika virus in the fetus (Lancaster et al., 2013; Mariani et al., 2015; Pasca et al., 2015) as well as to exploit
the development of new drugs to prevent and treat the infection (Watanabe et al., 2017; M. Xu et al., 2016; T. Zhou
et al., 2017). On the other hand, intestinal organoids were recurrently used as a host–pathogen model for enteric
viruses, such as Rotavirus (Finkbeiner et al., 2012; Yin et al., 2015) and Noroviruses (Ettayebi et al., 2016) and to study
primary response to bacterial infections (Bartfeld et al., 2015; Huang et al., 2015). Recently, the pandemic status world-
wide due to SARS-CoV-2 spread has increased the need to understand the pathogenesis and molecular mechanisms of
coronaviruses. Thus, several organoid models previously developed, such as lung-like organoids (Ebisudani et al., 2021;
Lamers et al., 2021; Tindle et al., 2021), intestinal/colloidal organoids (Zang et al., 2020) and liver ductal organoids
(Zhao et al., 2020), were used to understand the host–pathogen relationship of SARS-CoV-2, being a valuable tool to
investigate COVID-19 progression and potential therapies.

Organoids also seem to retain the genetic specificity from the original tissue, being an exciting tool to study genetic
diseases (J. Kim et al., 2020; Pollen et al., 2019). The use of organoids to study genetic diseases involves the introduction
of the mutation in the wild-type organoid or the use of patient-derived organoids which already have the mutation.
CRISPR technology allied with organoids appears to be a successful strategy to study the effect of lethal mutations dur-
ing the development and when patient-derived biopsies are an obstacle. An example of the CRISPR–Cas9 genome-
editing system is its use in patient-derived intestinal and colonic organoids to study the cystic fibrosis transmembrane
conductor receptor (CFTR) and estimate a gene correction (Schwank et al., 2013). Human intestinal and rectal
organoids from patients were also established to access CFTR functionality and evaluate the effect of drugs on cystic
fibrosis disease (Dekkers et al., 2013, 2016; Vidovi�c et al., 2016). Additionally, to identify the pathogenic context of
nephrotic syndrome or polycystic kidney disease, kidney organoids-CRISPR were also developed (Cruz et al., 2017;
Freedman et al., 2015; Ho et al., 2018). Moreover, organoids from two patients with microvillus inclusion disease, a
disease characterized by life-threatening diarrhea in the first hours of life were developed to identify the role of the
gene involved in the disease (Wiegerinck et al., 2014). In new-borns, organoids established from patient-derived cells
helped to evaluate cerebral development and modulate diseases like microcephaly (Lancaster et al., 2013; W. Zhang
et al., 2019).

In the cancer field, several successful cell lines were established from colorectal, pancreatic, liver, breast, prostate,
brain, and bladder primary tumors and metastasis, which were then used to develop some tumor organoids. Organoids
able to mimic the tumor microenvironment and used to study tumor biology, drug resistance, and new anti-cancer
drugs, have already been accomplished in the brain (Bian et al., 2018; Boretto et al., 2019), intestine (Cristobal
et al., 2017; Ganesh et al., 2019), lung (M. Kim et al., 2019; Sachs et al., 2019), liver (Broutier et al., 2017), kidney
(Rosines et al., 2010), bladder (S. H. Lee et al., 2018), ovarian (Hill et al., 2018; Maenhoudt et al., 2020), breast (Bruno
et al., 2017; Lancaster et al., 2013), esophagus (S. H. Lee et al., 2018), prostate (Gao et al., 2014), and endometrium
(Boretto et al., 2019). Cristobal and colleagues used proteomics and transcriptomics to profile human colorectal tumors
and healthy organoids derived from seven patients, which revealed that each patient possesses a distinct organoid sig-
nature at the proteomic level (Cristobal et al., 2017). These results may help to select the treatment approach based on
the specific proteome of patient-specific organoid (Cristobal et al., 2017). Mice and human pancreatic cancer organoids
were developed to investigate molecular and cellular mechanisms of neoplastic progression (Boj et al., 2015). The
authors showed that the normal and neoplastic murine and human pancreatic tissues exhibited ductal- and disease
stage-specific characteristics and, after orthotopic transplantation, recapitulate the full spectrum of tumor progression
(Boj et al., 2016). This new platform can be used to understand tumor biology and identify potential biomarkers, thera-
peutics, and personalized medicine strategies for pancreatic tumors (Boj et al., 2016). Tumor organoids were used to
identify the behavior of breast cancer cells in a healthy mammary environment or even the tumor response to new
drugs (Mohan et al., 2021; C.-P. Sun et al., 2022). Regarding the female reproductive tract, its study has been a biological
challenge. The lack of models to study ovarian cancer has been a handicap to understanding its pathobiology although
organoids were already established from patient-derived ovarian cultures (Maenhoudt et al., 2020). Also, several female
tract tissues have been widely developed under organoids technology to study endometrial and cervical carcinomas,
endometriosis, infection and sexually transmitted diseases in the female tract tissues, such as Chlamydia trachomatis,
Treponema pallidum (syphilis), Neisseria gonorrhoeae, Trichomonas vaginalis, human papillomavirus (HPV), and her-
pes simplex virus (HSV; Heidari-Khoei et al., 2020; Rawlings et al., 2021). The impact of organoid technology in cancer
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research has been well described in some works (Drost & Clevers, 2018; Tatullo et al., 2020). As the establishment of
tumor organoids often involves the development of an organoid of the normal tissues, we can affirm the existence of
human organoids from most of the human tissues/organs in the body.

Organoids have also been used to study eye physiology (Bennet et al., 2018; Susaimanickam et al., 2017) and oph-
thalmic diseases (Erbani et al., 2016), as well as to develop strategies for dental regeneration (Natsiou et al., 2017; Sano
et al., 2020). Despite minimalists, cornea and retina chips are important in vitro tools to study drug effects, therapeutic
approaches, and diseases in the eye (revised in Manafi et al., 2021). On the other hand, the ability of stem cells to differ-
entiate into odontoblast-like cells has revolutionized the use of 3D modules and structures in dentistry (Jeong
et al., 2020). Dental organoids have been applied to test the biocompatibility of some biomaterials (e.g, capping agents)
and to evaluate the impact of drugs on dental pulp and tissue regeneration (X. Xu et al., 2022). The impact of organoid
technology on human dental health has been highlighted in Rodriguez y Baena's work (Y Baena et al., 2022).

Organoid models have a huge potential to translate basic science into clinical research, as it allows the development
of healthy and pathological tissues. Despite the relevant results obtained in clinical research, this technology remains in
the early years of development and presents some challenges. The full functional mimic of organoid cultures is still one
of the targets to reach and must involve the optimization and development of strategies to coculture different cell types
using engineering approaches (J. Kim et al., 2020). The 3D reproducibility of the organoid can also be a challenge, espe-
cially from transitioning the scientific research for clinical applications or even for high throughput drug screening
where the maintenance of the phenotype of several organoids at once is mandatory to evaluate the possible clinical
effects (Correia et al., 2020). Nevertheless, organoids are a fast-evolving technology with robustness and diversity to rev-
olutionize health research and patient-specific medicine.

3 | MALE REPRODUCTIVE SYSTEM ORGANOIDS AND THEIR CURRENT
APPLICATION

The male reproductive system is composed of two testes, where the production of spermatozoa (spermatogenesis) and
testosterone (steroidogenesis) occurs, a system of ducts responsible for spermatozoa transport and maturation (includ-
ing epididymis), the accessory glands (seminal vesicles, prostate, Cowper and Littre glands) which release most of the
semen fluids, and the penis, whose ultimate goal is the delivery of the male gamete into the female reproductive tract
(Owen & Katz, 2005). The efficient and coordinated function of the male reproductive system is essential for reproduc-
tion, and any disturbance in this process may cause several disorders, such as infertility and cancer. The study of the
male reproductive system in humans has been challenging due to the limited in vitro and in vivo tools available.
Despite their limitations, primary cultures, cancer cell lines, tissue explants, and some organotypic cultures remain the
most used in vitro models. Primary cells cannot be propagated indefinitely and frequently lose their phenotype; the cell
lines available are derived from cancers or are immortalized, not representing their physiological state; and 2D cultures
are deprived of stimuli from the ECM. Recent developments in 3D organoid technology that reproduce the distinct
regions of the male reproductive tract include organoids of the prostate, testis, and urethra. These organoids can be
derived from healthy or pathological tissues, constituting new avenues to investigate the normal biology and pathology
of the male reproductive system, or to develop patient-tailored treatments (Figure 2). These models and the techniques
used for their development are summarized in Tables 1 and 2.

3.1 | Testis

In testicular study, 2D co-cultures of primary and immortalized somatic cells (Sertoli, Leydig, or peritubular myoid
cells) and germ cells have been used to evaluate the cell–cell and ECM–cell interaction (Hadley et al., 1985; Hofmann
et al., 1992; Kierszenbaum et al., 1986; Richardson et al., 1995). Using Sertoli cells culture it was observed that the base-
ment membrane is crucial to regulate the testicular microenvironment and that these cells can maintain the tight-
junctions in this type of culture (Hadley et al., 1985). The co-culture of testicular cells has helped to characterize the
effect of hormones (e.g., FSH; Saez et al., 1989; Tesarik et al., 1998), growth factors [e.g., fibroblast growth factor 2 and
9 (FGC2 and FGF9) and hepatocyte growth factor (HGF); El Ramy et al., 2005; van der Wee & Hofmann, 1999], reactive
oxygen species (ROS) and other signaling molecules (Hung et al., 2016) in testicular somatic and germ cells, even
though this strategy does not mimic the organ-specific structure and function. Also, these co-cultures helped to unravel
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some effects of environmental toxins, such as bisphenol A, revealing that this toxicant reduce spermatogonia stem cells
viability and induce their apoptosis due to the over-expression of pro-apoptotic genes (Gong et al., 2017).

To address the lack of organ structure in the 2D culture and in order to study testes morphology, small rat testicular
fragments were placed in culture (Steinberger et al., 1964). In this organotypic culture, spermatogonia and Sertoli cells
survived after several weeks of maintenance, although early spermatids degradation was observed in the first days of
culture (Steinberger et al., 1964). Later, organotypic cultures from human testicular fragments were maintained for
2 weeks, being then used for immunostaining, DNA fragmentation evaluation, and cell replication studies (Roulet
et al., 2006). It was observed that the morphological, biochemical, and molecular parameters observed in this culture
were similar to what was found in the testis in vivo. However, organotypic cultures do not allow the study of potential
therapies since germ cells' differentiation is compromised and consequently, spermatogenesis is uncompleted (Roulet
et al., 2006). Interestingly, Sato et al. reported that intracytoplasmic sperm injection using sperm produced in vitro by
organoid culture resulted in the birth of healthy mice (Sato et al., 2011). Recently, some works reported the develop-
ment of testicular organ cultures to study spermatogenesis in rodents (Pendergraft et al., 2017; Reda et al., 2016; Richer
et al., 2020) and porcine (Cham, Chen, & Honaramooz, 2021; Goldsmith et al., 2020). Although the success in the testic-
ular organ culture was reported, the search for an answer to study the human testis continued.

To date, only a few groups were able to develop testicular 3D organoids from testicular single cells (Baert, de Kock,
et al., 2017; Oliver et al., 2021; Pendergraft et al., 2017; Strange et al., 2018), and even less were able to reproduce the
testicular architecture (Table 1). In fact, Baert and colleagues developed human testicular organoids by seeding adult
and teen primary testicular cells in agar blocks, resulting in compact structures with testis-specific functions
(e.g., testosterone and inhibin B production, de novo matrix production, tight junctions formation, and germ cells
renewal) but unable to reorganize into the typical testis histology during long-term culture (Baert, de Kock, et al., 2017;
Baert, Rombaut, & Goossens, 2017). A few years later, the same authors developed mouse testicular organoids using
alginate-based hydrogels and 3D bioprinting, to control scaffold design and cell deposition (Baert et al., 2019). Tubular-
like structures were not formed but small-sized cellular aggregates formation and spermatogenesis completion were
achieved (Baert et al., 2019). The development of a functional testicular system was also achieved through a co-culture
of human spermatogonia stem-cell with immortalized Sertoli and Leydig cells in a hanging drop medium (Pendergraft
et al., 2017). The histological organization was not reported in this study, but the maintenance and viability of compact
testicular organoids and the production of testosterone in these structures were observed for 3 weeks of culture

FIGURE 2 Main applications of male reproductive system organoids. The male organoids developed until today have proven to be

helpful in many areas, from fertility and urological cancer research to the study of several infectious and genetic disease mechanisms.

Moreover, organoids have been employed in tissue regeneration, used to repair ducts like the urethra. The generation of patient-derived

organoids is extremely useful to develop and test new drugs and ultimately to personalize patients' treatment
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(Pendergraft et al., 2017). This testicular model was used to study Zika virus infection, along with some other organoids
developed by the same group (Strange et al., 2018). Recently, a microwell centrifugal system was adopted to culture pre-
pubertal porcine testicular cells (Sakib, Yu, et al., 2019). This approach allowed the generation of a testicular organoid
model with an organized architecture similar to in vivo, with the cells aligned and separated by the basement mem-
brane (Sakib, Yu, et al., 2019). Later, the same method was used for pig, mouse, macaque, and human (Sakib, Uchida,
et al., 2019). In prepubertal pigs, the self-organization of testicular cells observed was abnormal when compared to
other species, the inner and outer cells were on reversed sides when compared to the tissue in vivo architecture. In
mice, macaques, and human prepubertal testicular cells testicular organoids were developed and the 3D organization
of the mammalian testis was obtained (Sakib, Uchida, et al., 2019). The protocol from Sakib and colleagues was used to
study the testicular tubules morphogenesis and the role of Hedgehog signaling in primary cilia loss and in vitro mor-
phogenesis in pigs (Goldsmith et al., 2020).

Matrigel® testicular culture has been highly implemented in rats (Alves-Lopes et al., 2017; Yu et al., 2005) and mice
(Sakib, Yu, et al., 2019). The first testicular 3D model with similar histological features to the in vivo organ was devel-
oped using a three-layer Matrigel gradient system (3-LGS) where rat Sertoli and germ cells were co-cultured (Alves-
Lopes et al., 2017). The spherical-tubular structures developed presented a functional blood-testis barrier (BTB) after
7 days of culture and maintained undifferentiated germ cells proliferating up to 21 days of culture (Alves-Lopes
et al., 2017). Due to the ability to mimic an intact BTB and maintain germ cell viability, this strategy might be truly
valuable for the study of spermatogonia proliferation and differentiation, spermatogenesis, and investigation of the tes-
ticular toxicity of some chemicals that may affect male fertility. Another testicular organoid self-assembly in Matrigel®

using murine cells was recently reported by Edmonds and Woodruff (Edmonds & Woodruff, 2020). The authors showed
that the 3D organoid developed presented age-dependent endocrine function, which was inversely correlated with testis
maturity across mouse puberty (Edmonds & Woodruff, 2020), confirming observations previously described (Alves-
Lopes et al., 2017). For porcine, accurate organoid structures using collagen hydrogels and immature decellularized tes-
ticular tissues was also achieved where seminiferous tubule organization as in the native organ was observed
(Vermeulen et al., 2019). To study the gonadal development during embryogenesis, Oliver et al., 2021 developed testis-
like organoids by culturing human testicular cell suspensions in 3-LGS and showed that cells were able to reorganize
into testis-like organoids with seminiferous-like cords after 7 days (Oliver et al., 2021). The authors included mesoneph-
ros in the model, involved in the testicular organogenesis in vivo, and observed organoid organization failure when
compared to the testicular cells' suspension (Oliver et al., 2021). The successful establishment of this model will stimu-
late and facilitate the study of testicular organogenesis, a crucial process for male fertility, and the influence of maternal
exposure to chemicals, pollutants, and other external factors in this event.

Other scaffolds have been employed for testicular organoid development, including printed scaffolds and micro-
fluidic systems. Baert's group recently used 3D-printed scaffolds at the air–medium interface to developed testicular
organoids from two different mouse strains and they showed that tubulogenesis was promoted, resulting in structurally
compartmentalized organoids (Richer et al., 2021). In this work tubule-like structures and Leydig cell functionality were
confirmed, leading to long-term survival and germ cell differentiation to the meiotic phase (Richer et al., 2021). Spher-
oid testis organoids from porcine cells were also developed using an agarose gel for air–liquid interface presenting tubu-
lar and interstitial compartments similar to testis in vivo (Cham, Ibtisham, et al., 2021). Besides the testis architecture,
the authors were able to observe the inter-tubular interstitial compartments with Leydig cells and vascular structures
(Cham, Ibtisham, et al., 2021). Organotypic cultures of mouse testis in microfluidic devices with a circulatory system
have been employed and may lead to longer spermatogenesis improving the functionality of the organoids in these
devices (Yamanaka et al., 2018). Premeiotic, meiotic and postmeiotic germ cells were reported in a testis-on-a-chip plat-
form from isolated cells of immature mice, making this device a suitable tool for the study of spermatogenesis in vitro
(AbuMadighem et al., 2022). A co-culture of liver and testis-organ chips with a liver spheroid-specific medium was used
to study the liver–testis axis (Baert et al., 2020). The effect of cyclophosphamide was evaluated and upregulation of spe-
cific cytochromes in liver and germ cell loss was observed in testis organoids in the multi-organ-chip co-cultures when
compared to single-testis culture (Baert et al., 2020). This tool has the potential to be used to study the reprotoxicity of
other endocrine substances. Later, a multi-organoid body-on-a-chip with liver, cardiac, lung, endothelium, brain, and
testis organoids was established and used to evaluate the effect of ifosfamide, an alkylating prodrug, and to confirm the
multi-tissue intercommunication due to its neurotoxicity (Rajan et al., 2020).

Considering all the mentioned, it is plausible to assume that testicular cells need 3D support to rearrange them-
selves in testicular-like structures. The nature of the scaffolds seems to be important for the generation of testicular
organ-like structures since not all testicular 3D models have allowed such reorganization (Table 1). For instance,
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testicular cells cultured in a soft-agar culture system did not organize in a testicular-like structure and did not present
some of the basal lamina components (Abu Elhija et al., 2012; Reda et al., 2014; Stukenborg et al., 2008), contrary to
what usually happen when cultured using hydrogels/Matrigel (Alves-Lopes et al., 2017; Edmonds & Woodruff, 2020;
Oliver et al., 2021). Laminin was evidenced as a factor to promote the reorganization of Sertoli cells into a tubular struc-
ture, since it is crucial for Sertoli cells and germ cells survival and differentiation in Matrigel® (Hadley et al., 1990;
Legendre et al., 2010). Besides their use for the study of spermatogenesis and gonadal development during embryogenesis,
testicular organoids had been implemented to study the toxic effect of chemicals such as phthalates (Harris et al., 2016) or
bisphenol A (X. Zhang, Wang, et al., 2017). The development of testicular organoids can be a useful tool for disease model-
ing if organoid models of testicular malignancy are developed, such as spermatogenesis disfunction or Sertoli-cell only
syndrome. Although some factors might influence the success of a testis organoid development, such as the scaffold used,
these cultures seem to be a good tool for the study of spermatogenesis and for the study of male infertility mechanisms
that can be used for male infertility prevention. These 3D culture models for testicular tissue/cell culture are also promis-
ing technologies to be applied in fertility preservation and treatment. The challenge now is to establish the best method
for developing and maintaining a testis organoid, in order to make research in the area reproducible.

3.2 | Epididymis

The epididymis plays a crucial role in spermatozoa maturation, transport, protection, and storage, being divided into
three main regions–caput, corpus, and cauda–in larger mammals, as humans and bovine (C. H. Yeung et al., 1991), and
presenting an additional region–initial segment–in small animals like rodents (Pinel et al., 2019). It is a single convo-
luted tubule, with a pseudostratified epithelium (Breton et al., 2016). The epithelium, which regulates the composition
of the lumen, contains principal cells, clear cells, basal cells, and halo cells (Pinel et al., 2019). Apical and narrow cells
are present exclusively in the initial segment. Apical tight junctions between the cells that line the lumen of the epididy-
mis form the blood-epididymis barrier (BEB) which regulates the content of the epididymal lumen by limiting the para-
cellular movement of ions between the blood and the lumen and protects maturing spermatozoa from the attack by the
immune system (Gregory & Cyr, 2014). It is well known that spermatozoa are immature and immotile when leaving
the testis after spermatogenesis and need the transit through the epididymis to acquire motility and the ability to fertil-
ize the oocyte. In fact, it is clear the role of this duct in spermatozoa maturation, not only by its luminal fluid microenvi-
ronment but also because it provides molecules needed for motility acquisition (Sullivan & Belleannée, 2017).

The first attempts to generate epidydimal organoids resulted from the development of epididymis spheroid cultures
from single cells in several species (Kristensen et al., 2010; Mandon et al., 2015; Moore et al., 1992). In humans,
Kristensen et al. (2010) observed the dispersion of human epididymal cells in spheres under 2D culture conditions
(Kristensen et al., 2010). Some years later, Mandon et al. (2015) reported the presence of acini in cultured rat epididy-
mal basal cells (Mandon et al., 2015). The authors showed that the formation of acini was dependent on fibroblast
growth factor (FGF) and dihydrotestosterone (DHT) (Mandon et al., 2015). Furthermore, they found that many cellular
clusters expressed connexin 26, suggesting that within these clusters, basal cells could differentiate first into columnar
cells and subsequently into principal cells, confirming the existence of stem cells within the epididymal epithelial cell
population (Mandon et al., 2015). These 2D spherical structures presented a layer of basal cells on the outside and addi-
tional epithelial cells on the inside facing a luminal space, as observed in the epididymal lumen (Mandon et al., 2015).

The development of epididymal organoids (Table 1) was only recently reported by Leir et al., which used human
epididymis epithelial cell organoids and polarized human epididymis epithelial cell cultures from caput epididymis to
study the CFTR in the epididymis (Leir et al., 2020). To assess the ability of single basal cells to self-renew and differen-
tiate in vitro and to generate organoids, basal cells from rat epididymis were isolated and 3D cultures established
(Pinel & Cyr, 2021). After long-term culture, it was shown that epididymal basal cells were able to differentiate into
cells expressing principal cell markers (aquaporin 9 and CFTR) and secrete Clusterin, a protein involved in spermato-
zoa maturation (Leir et al., 2020; Pinel & Cyr, 2021). Furthermore, these organoids were constituted by many polarized
cell types presenting microvilli and able to form tight-junctions, crucial for the integrity of the BEB.

Despite the development of epididymal organoids is still very recent, and further studies are needed to optimize
them, their potential is enormous. The establishment of a model of this nature will allow the study of epididymis struc-
ture and cellular regulation and differentiation under normal and pathological conditions, opening a new area of
research in epididymal biology. Additionally, understanding physiological and pathological conditions may ultimately
lead to the comprehension of how these alterations may lead to infertility.
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3.3 | Prostate

The prostate gland is composed of a pseudostratified epithelium that contains three primary epithelial cell types
(luminal cells, basal cells, and rare neuroendocrine cells), whose primary function is to produce the fluid that nour-
ishes and transports sperm—prostatic fluid—composed of zinc, citric acid, prostate-specific antigen (PSA), and cho-
line (Crowley & Shen, 2022). PSA, in particular, helps to liquefy the semen following ejaculation as it degrades
Semenogelin I and II (Fardilha et al., 2015). Prostate organoids can be originated from nonmalignant prostate stem
cells or cell lines mimicking the morphology of a nonmalignant prostate or can be derived from patients to study can-
cer (Table 2).

New experimental models of the prostate have been developed to study the most common malignant tumor in
men—prostate cancer (PCa). The limited number of cell lines available, with reduced phenotypes of clinical disease,
the limitations of the use of 2D cultures for drug screening, and the lack of surrounding microenvironment raised the
need for alternative models (Vela & Chen, 2015). In vivo models of tumor propagation were developed to evaluate ther-
apeutic efficacy (patient-derived xenograft, PDX; and genetically engineered models); however, the high costs and time
required for tumor development, as well as the inability to screen a large number of compounds limits their use
(Vela & Chen, 2015). In response to these constraints, several organoids of PCa have been successfully developed using
the cell lines available (PC3, DU145, LNCaP, C4-2B; Aw Yong et al., 2017; Eder & Eder, 2017; Ma et al., 2017; Zhau
et al., 1997), primary adult stem cells (Boj et al., 2015; Gao et al., 2014), embryonic (Calderon-Gierszal & Prins, 2015)
and pluripotent stem cells (Hepburn, Sims, et al., 2020; Table 2). These 3D organoid models can mimic the tumor
microenvironment in human bodies as they are able to demonstrate the interactions between cells and ECM, and are a
promising tool for preclinical testing, an issue well revised (Gleave et al., 2020; Namekawa et al., 2019; Pamarthy &
Sabaawy, 2021; Risbridger et al., 2018). In 2014, Gao et al. successfully established for the first time long-term 3D cul-
tures of PCa derived from biopsy samples and circulating tumor cells using Matrigel® as a scaffold (Gao et al., 2014).
They showed that the organoids developed recapitulated the histological and molecular signature of the PCa subtypes,
including genetic alterations like TMPRSS2-ERG fusion, SPOP, PIK3R1, and FOXA1 mutations, SPINK1 overexpression,
and CHD1 loss (Gao et al., 2014). PCa organoids have been extensively used in the study of tumor development, pro-
gression, maintenance, and metastasis (Dambal et al., 2017; S. M. Kim et al., 2018; Nath et al., 2019; Njoroge
et al., 2017; Olson et al., 2019; Shenoy et al., 2017). PCa organoids derived from patients were used to study the role of
the chromatin remodeler CHD1 in the progression of local and metastatic PCa (Shenoy et al., 2017). Puca et al. devel-
oped rare PCa organoids and xenografts from patients and showed that MYCN13, SOX216, and FOXA2 were over-
expressed (Puca et al., 2018). Also, the physiological relevance of miR-183 family expression and its relevance in zinc
levels regulation and carcinogenic pathways in prostate cells was demonstrated using prostate epithelial organoids
(Dambal et al., 2017).

Since organoids can be generated from individual patients, it is also possible to study the individual cancer mutation
and subtype, allowing the testing and selection of a personalized therapy (Conteduca et al., 2020; Jarchum, 2014;
Pamarthy & Sabaawy, 2021; Servant et al., 2021). In fact, PCa organoids have been used in drug screening and personal-
ized medicine to predict the effects and responses of therapies based on mutational profiles and analyzing drug resis-
tance. For instance, castration-resistant PCa (CRPC)-derived organoids showed a high sensitivity for enzalutamide if
harboring AR amplification, PIK3R1 mutations, and PTEN loss (Elbadawy et al., 2020). Also, patient-derived-organoids
with DNA/RNA helicase schlafen family member 11 (SLFN11) expression were subjected to SLFN11 knockout by
CRISPR-Cas9 and treated with platinum to assess changes in dose-response (Conteduca et al., 2020). Organoids
expressing SLFN11 showed a reduced response to platinum therapy after knockout, suggesting that SLFN11 expression
indicates a better response to platinum-chemotherapy (Conteduca et al., 2020). In 2021, Choo and colleagues developed
a high-throughput imaging assay for analysis of the drug responses of PCa organoids (Choo et al., 2021). The authors
established organoid cultures of PCa with diverse phenotypes, including castrate-sensitive and castrate-resistant disease,
adenocarcinoma, and neuroendocrine tumor, and their analysis by live-cell imaging enabled in-depth assessment of
morphological differences between patients and within organoid populations and the morphology and composition
alterations after drug treatment (Choo et al., 2021). Organoids can also be useful to investigate the mechanisms under-
lying anti-cancer drug resistance. In PCa murine organoids, it was shown that dual loss of TP53 and PTEN resulted in
complete resistance to next-generation anti-androgens (Elbadawy et al., 2020; Pappas et al., 2019). PCa organoids can
also be used in the development and testing of new anti-cancer drugs, as a first approach to build preclinical data
(Marzi et al., 2019). Tumor cells can be co-cultured in these models with other cellular components, such as peripheral
blood lymphocytes (Dijkstra et al., 2018), allowing the study of the effect of the microenvironment on tumor growth
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and drug response. PCa organoids co-cultured with bone marrow stem cells (BMSCs) were used to study tumor meta-
static and hormone therapy resistance, revealing that IL-6 secreted by BMSCs plays a pivot role in bone metastasis
through the activation of JAK/STAR pathway (Dhimolea et al., 2021). The authors demonstrated that metastasis-
mimicking prostate organoids showed attenuated sensitivity to enzalutamide, which was restored after the treatment
with IL-6 and IL-6R neutralizing antibodies or ruxolitinib (Dhimolea et al., 2021). Nevertheless, several cellular compo-
nents are still missing in most organoids, such as stromal cells, immune cells, and vascular endothelial cells, which
may hinder the efficiency of drug screening. Thus, co-cultures combining tumor, stromal, immune cells, and fibroblast
should be established to effectively recapitulate the epithelial–stromal communication as well as cell–cell and cell–
matrix interactions.

Interestingly, a well-characterized preclinical platform of PDX-derived organoids was developed, with the poten-
tial to be available to the public and be used for high throughput and mechanistic analysis in PCa translational
research (Beshiri et al., 2018; Weeber et al., 2017). However, despite organoid-based studies have revolutionized
in vitro preclinical research and represent a great promise for the cancer research field, attention should be paid to
the experimental variability in organoid drug testing which complicates reproducibility. In fact, organoid organiza-
tion, size, and the scaffold used may affect the treatment efficacy and explain why some PCa organoid models showed
less response to some anti-cancer drugs compared to corresponding single cells before organoid assembly (Van
Hemelryk et al., 2021). On the other hand, the optimization of culture media is required to avoid potential effects on
tumor drug response (Servant et al., 2021). Furthermore, the fact that most PCa organoids derived from biopsy sam-
ples represent the major limitation of this technology, since biopsied tissues may be heterogeneous and not represen-
tative of the entire variety of clones derived from the primary tumor, which may result in treatment bias toward
specific clones. However, this limitation is not restricted to just organoids, also happening in cell lines and PDXs.
The optimization of these technical aspects will certainly lead to even better PCa models and personalized treatment
resulting in enhanced clinical outcomes, less morbidity due to ineffective therapies, and improved quality of life in
men with advanced PCa.

3.4 | Penis and urethra

Complex urethral problems can occur due to trauma, infection, inflammation, diseases, or congenital defects resulting
in the narrowing or blockage of the urethral canal; however, the treatment options are limited. The field of stem cell
biology and tissue engineering has been evolving, and it is expected that 3D bio-printed urethras would soon be avail-
able. This new biomaterial could be extremely useful in pediatrics regenerative medicine, to correct for instance con-
genital malformations (Sharma & Gupta, 2019). Atala and colleagues described for the first time a tissue-engineered
graft composed of epithelial cells cultured in scaffolds that could be used for urethroplasty (Atala et al., 1999). Later,
Raya-Rivera developed a tissue-engineered urethra by culturing smooth muscle and urothelial cells isolated from blad-
der tissue onto a synthetic tubular polyglycolic acid:poly(lactide-co-glycolide acid) scaffolds (Raya-Rivera et al., 2011).
These tabularized urethras were used for urethral reconstruction in 5 boys (10–14 years old) with urethral defects, pre-
senting normal appearing architecture 3 months after implantation (Raya-Rivera et al., 2011). Aiming to evaluate the
efficacy, feasibility, and safety of in vivo and in vitro approaches for urethral regeneration using a human decellularized
urethral scaffold, Kajbafzadeh and colleagues showed that the cell sheet approach was more effective in the
recellularization process than perfusion-based methods for in vitro urethral regeneration (Kajbafzadeh et al., 2017).
Recently, 3D bioprinting was used to replace traditional tissue engineering. Bladder epithelial cells and smooth muscle
cells were cultured in fibrin hydrogel, maintaining cell viability and proliferation (K. Zhang, Fu, et al., 2017). Since
hydrogel is highly porous, it mimics the natural urethral base-membrane and facilitates the contact between the printed
epithelial cells and smooth muscle cells on both sides of the scaffold (K. Zhang, Fu, et al., 2017). However, decreased
mechanical strength, poor tissue integration, and reduced biocompatibility of constructs when implanted in vivo make
the use of 3D bioprinting limited in the clinic.

As already mentioned, urethral reconstruction is performed in patients with urethral strictures or for the correction
of congenital disorders, and 3D cultured structures may enhance urethral reconstruction. Nevertheless, since corpus
spongiosum supports urethra function, tissue engineering of the urethra should be combined with reconstruction of
corpus spongiosum. The development of urethral organoids should be complemented with a 3D culture of this impor-
tant structure of support, which will certainly have a lot of value and application in clinics.
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4 | RESEARCH GAPS, CHALLENGES, AND OPPORTUNITIES IN THE USE
OF ORGANOIDS FOR FERTILITY RESEARCH

Organoids have been important models to study organogenesis, organ function, disease, and drug response, including
toxicity in a plethora of tissues that we cannot have direct access to from the human body (Pendergraft et al., 2017;
Roulet et al., 2006). In male fertility research, the male reproductive system deterioration has a social concern, as it has
an impact on families and communities. Infertility is considered a disease of the reproductive system affecting almost
15% of men in reproductive age (Barratt et al., 2017). It may result from abnormal sperm production or transport, ejacu-
lation disorders, congenital or genetic diseases, infections, or even alterations in molecular components of sperm that
may prevent fertilization; nevertheless, a huge number of cases remains unexplained (Barratt et al., 2017). The develop-
ment of new in vitro strategies to study male infertility and/or testicular functions has opened up new areas in complex
organ analysis, reprotoxicology, and regenerative technologies, with the arrival of the testicular organoid concept
(Alves-Lopes & Stukenborg, 2018; Baert, de Kock, et al., 2017).

Several efforts have been made in the past decades to reproduce spermatogenesis in vitro, aiming to promote the dif-
ferentiation of germ cells into fertilization-competent spermatozoa used to treat infertility associated with the male fac-
tor (J. H. Lee et al., 2006; M. Sun et al., 2018) or to restore fertility using cryopreserved prepubertal testicular tissue
(de Michele et al., 2017; Kanbar et al., 2021). The absence of an adequate arrangement of testicular cells in 2D cultures
at least partially explained the failure of in vitro maturation, which was surpassed by the use of 3D cell culture models,
able to mimic the in vivo cell configuration required for a proper cellular response. Organotypic cultures have been the
most successful technique in spermatogenesis reproduction ex vivo, although the outcomes are different depending on
the species used. In mice, it was reported the birth of healthy fertile offspring with sperm obtained from cultures of 1–
3 mm3 immature testicular tissue fragments (Komeya et al., 2016; Sato et al., 2011; Yokonishi et al., 2014), while in
humans few studies reported the reproduction of the meiotic process with poor efficiency, not allowing the full charac-
terization of the haploid cells generated (de Michele et al., 2018; Yuan et al., 2020). The development of testicular
organoids provided in vitro reproducible models to understand the complex niche of mammalian germ cells and the
mechanisms involved in spermatogenesis regulation. Especially in nonrodent species, the study of spermatogenesis
remains challenging; thus, the use of organoid cultures to study the complex factors and signal pathways involved will
be more similar to in vivo process when compared with 2D cultures. The use of scaffolds-based approaches, such as
hydrogels, have been increased (Hadley et al., 1985; Vermeulen et al., 2019) and human round spermatids able to fertil-
ize mice oocyte were generated in a Matrigel®-based culture system (M. Sun et al., 2018). Despite some promising
results, the spermatogenic efficiency of testicular 3D cultures remains minimal. Also, the limited recapitulation of tes-
ticular architecture, especially when using cells from adults presenting testicular failure, makes the possibility of sperm
production in these systems still remote. This limitation can be surpassed by co-culturing immature and adult testicular
cell suspensions, as already shown in mice (Edmonds & Woodruff, 2020). Further research should focus on the estab-
lishment of testicular organoids with a structure more approximate to the in vivo, which will facilitate the production
of fertilizing spermatozoa. Furthermore, the development of testis organoids can improve the knowledge of several
reproductive diseases, since testis disease-specific organoids can be developed using cells from patients with infertility
scenarios (e.g., Klinefelter syndrome or testicular cancer) and the mechanisms involved in pathogenesis studied. On the
other hand, testicular organoids are important tools to study molecular mechanisms involved in testicular dysfunction,
to investigate drug toxicity (Pendergraft et al., 2017), and evaluate the impact of environmental toxicants (Sakib, Voigt,
et al., 2019) and virus (Strange et al., 2018). Organoids are capable to respond to drugs and toxins similarly to their
counterpart organ, becoming a perfect tool to test new drugs and reduce the slow process of drug approval by the com-
petent agencies [e.g., U.S. Food & Drug Administration (FDA) and European Medicines Agency (EMA); Skardal
et al., 2020]. Considering its diverse applications, this 3D culture model represents a promising alternative to animal
models, especially for pharmaceutical drug development and testing.

In the male fertility field, epididymis has a high impact due to its important role in spermatozoa maturation and
motility acquisition. The correct maturation is ensured by the luminal ion concentration, and the needed environment
is ensured by several processes, highlighting the absorptive and secretory activities of the epithelial cell in the epididy-
mal duct and ensuring the spermatozoa cells' survival and protection (Bedford, 1967; Orgebin-Crist, 1967; W. Zhou
et al., 2018). However, its role in spermatozoa maturation, transport, protection, and storage is still poorly understood.
Until now, only two 3D organoids of epididymis were developed (Pinel & Cyr, 2021). The main challenge in the devel-
opment of this model is the need to generate an intact BEB, crucial for its use in drug testing and toxicity tests. The abil-
ity to mimic the different portions of the epididymis also represents a huge challenge. The generation of an epididymal
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organoid presenting the four distinct segments of the epididymis or, at least, organoids derived from each portion,
would be extremely helpful in the study of sperm transport, maturation, and motility acquisition and to investigate the
underlying molecular mechanisms. Furthermore, considering the low rate of primary tumors in the epididymis (Yeung
et al., 2012), it would be interesting to study the reason, if any exists, for this interesting feature. Indeed, although it is
hypothesized that epididymis is prevented from malignant tumors due to the mechanisms involved in quiescence and
immunologically silence of spermatozoa throughout the epididymal journey (Yeung et al., 2012), little remains known.

Additionally, the different male reproductive system organoids already developed and generated in the future,
including prostatic, testicular, and epididymal organoids and, if possible, seminal vesicle organoids, can be joined in a
single device such as multi-organ-on-a-chip. The development of this valuable platform may allow in the future the test
of different drugs in the male reproductive system, and, considering that these organs are responsible for the secretion
of all semen components (sperm cells, epididymal, prostatic, and seminal vesical secretions) can be used to investigate
cellular and molecular mechanisms involved in semen quality deterioration.

The organoids of the male reproductive system developed have the potential to improve our knowledge of the mech-
anisms regulating their morphogenesis, physiology, and pathophysiology. They might represent useful tools to under-
stand the complex mechanisms involved in infertility, as well as to study therapeutic efficacy and drug toxicity. Thus, it
is crucial the optimization of culture media and its components, the development of standardized protocols to ensure
the reproducibility and comparability of future research data. The opportunity to combine organoid technology with
new bioengineering techniques, such as bioprinting or microfluidics, opens new doors for the development of interest-
ing study models of male infertility.

5 | CONCLUSION

The tridimensionality of organoids provides advantages over conventional 2D culture conditions as it modulates cell–
cell and cell–ECM interactions and mimics organs' function. Organoids have proven to be helpful in the in vitro study
of tissues or even diseases, providing means to study their molecular and cellular mechanisms and possibly disclosing
the ability to identify a patient-specific therapeutic approach. These in vitro models can mimic a situation closer to the
in vivo representing a great resource for health care research and a promising tool to be used in personalized medicine.
Nevertheless, this technology still presents some challenges, such as the need for optimization of culture conditions and
organoid reproducibility.

The access to organs for the study of human reproduction is a challenge, especially in humans. Recently, different
male reproductive system organoids have been developed, including prostate and testicular organoids. The 3D models
of the prostate have been intensively used for the study of many types of PCa and represents a huge opportunity to
study tumor progression and test anticancer drugs. Testicular organoids have been used in fertility research for the
study of spermatozoa production, germ cells–somatic cells interactions, and mechanisms of disease. Although recent,
the development of epididymal organoids opens a new area of research in epididymal biology. These new models have
the potential to improve our knowledge of the mechanisms regulating their morphogenesis, physiology, and pathophys-
iology and might represent useful tools to (i) identify and characterize the complex mechanisms involved in infertility,
(ii) study therapeutic efficacy, (iii) access drug toxicity, and (iv) develop strategies for fertility preservation and
restoration.

The combination of organoid technology with new bioengineering techniques, such as bioprinting or microfluidics,
allows the development of new models of male infertility. Additionally, 3D cultures can be applied to tissue regenera-
tion and engineering, as already reached in the urological field for urethral reconstruction. In the future, biomaterial
researchers and tissue engineers will undoubtedly find novel ways to repair and replace more tissues and organs within
the human body, which will certainly have a lot of value and application in clinics.
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