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ABSTRACT 

In vitro systems to model the testicular microenvironment are required to study physiology 

and pathology of the testis, the gonadotoxic effect of environmental and pharmaceutical 

chemicals, as well as to explore the mechanisms ruling spermatogonial stem cell (SSC) self-

renewal and differentiation. The knowledge produced in in vitro experiments, using animal, 

but most importantly utilizing human models, will contribute to the discovery of safe medical 

treatments and might provide translational tools to treat male infertility problems. The current 

models are vital to study the testicular microenvironment in vitro, but further improvements 

are required to more closely reconstruct the testicular organization and function found in vivo. 

 

The main focus of the research conducted in this thesis was to establish and optimize three-

dimensional culture conditions to further improve the current approaches to model testicular 

architecture and physiology in vitro. For that purpose, we explore three distinct approaches: 

the three-layer gradient system (3-LGS) to culture rat testicular cells suspended in 

extracellular matrix (ECM) components; the decellularized testicular extracellular matrix 

(DTM) to culture human testicular cells in their native ECM; and the organ culture system in 

the air-liquid interface to culture human testicular cells in their native tissue organization. 

 

During our experiments, we found that the 3-LGS promoted the reorganization of rat 

testicular cells into seminiferous tubule-like organoids with both a functional blood-testis 

barrier and the capacity to maintain proliferative undifferentiated germ cells. Moreover, the 

DTM allowed the generation of human testicular organoids that, despite not demonstrating 

characteristic testicular organization, were able to produce testosterone and inhibin B as well 

as to maintain spermatogonia proliferating during the entire culture period. Finally, the organ 

culture system served to maintain human testicular tissue in viable conditions and to 

demonstrate differences in terms of testicular somatic cell functionality among different 

patient groups exposed to chemotherapy or treatments against haematological diseases. 

 

In perspective, the rat and human organoid systems demonstrate potential to explore aspects 

of testicular development and toxicology, but also the possibility to, easier than before, 

manipulate the culture conditions to study the influence of different niche elements on SSC 

self-renewal and differentiation. Moreover, the organ culture system showed the aptitude to 

be used as a quality control tool in the assessment of bio-banked human testicular tissue and 

to help in determining the best-fit fertility preservation strategy for each group of patients. 
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1 INTRODUCTION 

The testis is a compartmentalized organ where spermatogenesis and hormone synthesis take 

place. Both functions are essential for male organisms and regulated by one of the most 

complex network of cells and molecular signalling in the human body (Fagerberg et al. 

2014). 

1.1 ORGANIZATION OF THE TESTIS 

1.1.1 Interstitial compartment 

The interstitial compartment represents 12-15% of the total volume of the adult human testis 

and provides the structural and nutritional support to seminiferous tubules by means of an 

organized network of cell-to-cell and cell-to-extracellular matrix (ECM) interactions 

(Weinbauer et al. 2010). The vascular system in the testis is located in the interstitial 

compartment and it is not only responsible for delivering of nutrients and endocrine 

hormones to their target cells, but also to retract metabolic products to be eliminated (Russell 

et al. 1990). Among the loose organization of the connective tissue, other essential cell 

populations such as Leydig cells and macrophages perform important roles in hormone 

production and immunity respectively (Weinbauer et al. 2010; DeFalco et al. 2015). 

Additionally, macrophages are also known to be involved in the degradation and remodelling 

of ECM (Valentin et al. 2009) and potentially perform the same role in testicular ECM. The 

interstitial compartment is also the anatomical space where nerves and fibroblasts are located 

in the testis (Russell et al. 1990). 

1.1.2 Tubular compartment 

The tubular compartment is constituted by germ cells and two other supportive somatic cell 

populations: Sertoli and peritubular cells (Weinbauer et al. 2010). Sertoli cells support 

spermatogonial stem cell (SSC) self-renewal on the basement membrane and germ cell 

differentiation towards the lumen of the seminiferous tubules (Clermont 1972). These two 

processes are physically separated by the blood-testis barrier (BTB). In its turn, the BTB is 

formed during testicular maturation, when tight-junction complexes are stablished between 

adjacent Sertoli cells (Setchell 2008). Some of the proteins composing the tight-junctions, 

such as occludin and zonula occludens 1 (ZO1), also known as tight junction protein 1, are 

therefore considered markers for Sertoli cell maturation (Setchell 2008). 
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The peritubular cells (also known as peritubular myoid cells) are located around the basement 

membrane, where SSCs and Sertoli cells are settled. Further to their involvement in basement 

membrane formation (Richardson, Kleinman, and Dym 1995; Schlatt, de Kretser, and 

Loveland 1996) and seminiferous tubule integrity, peritubular cells spontaneously contract, 

contributing to the transport of mature sperm towards the distal region of the seminiferous 

tubules (Weinbauer et al. 2010). 

1.1.3 Extracellular matrix 

The basement membrane is the ECM found in between the connective tissue and epithelial 

structures in mammals (Laurie, Leblond, and Martin 1982). In the testis, the basement 

membrane that separates the seminiferous tubules from the connective tissue is also 

denominated as tubular wall and is mainly constituted by collagens, laminins and fibronectin 

(Laurie, Leblond, and Martin 1982; Baert et al. 2015). The interstitial compartment of the 

testis is also rich in ECM proteins that support the connective tissue and the vasculature 

(Oguzkurt et al. 2007; Baert et al. 2015). In addition to their contribution to tissue integrity, 

the components of the ECM are also biological active. More specifically, the ECM 

components of the tubular wall are involved in the transit regulation of growth factors, such 

as transforming growth factor beta 3 (TGF-β3), between the interstitium and the seminiferous 

tubules. Moreover, collagens and laminins, and also the peptides resulting from their 

degradation, contribute to the regulation of BTB cellular permeability during spermatogenesis 

(reviewed in (Siu and Cheng 2004)).   

1.1.4 Spermatogonial stem cell niche 

Stem cell niches are microenvironments that provide necessary conditions for stem cells to 

execute their functions on tissue homeostasis and repair. In addition to stem cells, the niche is 

constituted by cellular and acellular components that mediate proliferation and/or 

differentiation signalling to stem cells. Although different stem cell niches have their own 

characteristic composition, somatic cells, ECM, vasculature, soluble factors and adhesion 

molecules are generally considered to be a part of this microenvironment (Jones and Wagers 

2008). 

Both rodent and human SSC niches are not restricted to a confined anatomical space, as in 

other stem cell niches (e.g. intestinal crypts or mammary glands), but rather facultative on the 

basement membrane of the seminiferous tubules (Ogawa, Ohmura, and Ohbo 2005; Yoshida, 

Sukeno, and Nabeshima 2007; Ikami et al. 2015). However, some of the characteristic 
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components of a general stem cell niche have been identified to promote SSC self-renewal 

and differentiation. For example, Sertoli cells give structural support and produce soluble 

glial cell derived neurotrophic factor (GDNF) important for SSC proliferation (Meng et al. 

2000; Kubota, Avarbock, and Brinster 2004). Moreover, Leydig and peritubular cells are 

known to release colony stimulating factor 1 (CSF1) that is also thought to be involved in 

SSC proliferation (Kokkinaki et al. 2009; Oatley et al. 2009). Vasculature and ECM proteins 

such as laminins have been reported to be associated with SSCs and therefore also considered 

important constituents of the niche (Yoshida, Sukeno, and Nabeshima 2007; Oatley and 

Brinster 2012). However, a deeper knowledge in how the SSC niche is constituted and 

regulated will be of great value to understand mechanisms of disease and to model testicular 

microenvironment in vitro.    

1.2 PHYSIOLOGY OF THE TESTIS 

1.2.1 Spermatogenesis 

The process of germ cell differentiation, known as spermatogenesis, happens in the 

seminiferous tubules and consists of multiple mitotic divisions of spermatogonia followed by 

two consecutive meiotic divisions, leading to the formation of haploid cells called round 

spermatids. In their turn, round spermatids undergo further differentiation by losing the 

majority of their cytoplasm and forming the acrosome and tail structures, in a process known 

as spermiogenesis. Finally, sperm is released into the lumen of the seminiferous tubules, 

concluding the spermatogenesis process (Clermont 1972). 

1.2.2 Hormone production 

Testicular hormone production is under the influence of the hypothalamic-pituitary system 

located in the brain. Hypothalamus releases gonadotropin-releasing hormone (GnRH) that 

activates the production of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) 

by the pituitary. Both gonadotropins LH and FSH reach the testis via the blood stream and 

stimulate Leydig and Sertoli cells, respectively. Leydig cells produce testosterone that not 

only stimulates spermatogenesis and the development of secondary sexual characteristics, but 

also inhibits the production of GnRH and both gonadotropins, in a negative feed-back 

regulatory way. In its turn, FSH indirectly supports spermatogenesis via its effect on Sertoli 

cell metabolism. Among other hormones, Sertoli cells produce inhibin B that acts on the 

pituitary decreasing the production of FSH (Weinbauer et al. 2010). 
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1.3 FERTILITY PRESERVATION 

In the last decade, concerns about how to preserve male fertility have increased not only 

because the lack of solutions but also due to the increased prevalence of infertility problems 

among men at all ages (Krausz 2011; Barratt et al. 2017). There are several causes of male 

infertility including sperm-production problems, infections, chromosomal diseases, torsions, 

medicines, chemicals and factors that are not known yet (Krausz 2011; Nieschlag and Lenzi 

2013). Chemotherapy and radiation used to treat malignant and haematological diseases also 

lead to infertility. Although adult individuals have the option to cryopreserve their semen 

before being exposed to these treatments, patients who do not produce sperm (e.g. pre-

pubertal boys) have restricted and ineffective fertility preservation options (Jahnukainen, 

Mitchell, and Stukenborg 2015; Stukenborg, Jahnukainen, et al. 2018). For this group of 

patients with restricted alternatives to preserve their fertility, experimental approaches such as 

SSC transplantation, testicular tissue transplantation or in vitro germ cell maturation are 

under intense research development, with the final aim of translating them to safe clinical 

practices in the near future (Anderson et al. 2015). 

The current experimental work to find treatments for infertility is mainly focused on the 

impact of chemotherapy and radiation on germ cells, marginalizing the side effects of these 

therapies on testicular somatic cells. However, alkylating agents (e.g. cyclophosphamide and 

busulphan) as well as irradiation are known to damage important components of the SSC 

niche such as Sertoli and Leydig cells, with an indirect effect on germ cells viability (review 

in (Stukenborg, Jahnukainen, et al. 2018)). These facts suggest that an integrated 

understanding of the damage induced in both germ and somatic compartments is necessary to 

refine our in vitro experimental strategies for germ cell differentiation and consequent 

treatment of male infertility. 

1.4 IN VITRO TESTICULAR MODELS 

A broad variety of two-dimensional (2D) and three-dimensional (3D) models have been used 

to investigate testicular physiology and disease in vitro (Figure 1). While the 2D models have 

been invaluable in the understanding of the testicular microenvironment, testicular cells 

perform generally better, in terms of organization and function, when cultured in 3D systems 

(Alves-Lopes and Stukenborg 2018). 
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Figure 1. Hierarchical distribution of the models used to study testicular microenvironment in vitro. 

1.4.1 Two-dimensional models 

Testicular cells have been utilized in 2D mono- or co-cultures in order to investigate the role 

of ECM and growth factors on somatic and germ cell biology (Figure 1). In a study by van 

der Wee and Hofmann, a mouse immortalized Sertoli line was applied to demonstrate the 

importance of laminins and collagen type IV in cord-like structure formation in vitro (van der 

Wee and Hofmann 1999). Other groups used 2D testicular mono- and co-cultures to show the 

required interaction between Sertoli and peritubular cells in the regulation of ECM expression 

as well as the testicular cell reorganization capabilities in vitro (Tung and Fritz 1980; Hadley 

et al. 1985; Kierszenbaum et al. 1986; Richardson, Kleinman, and Dym 1995; Mincheva et 

al. 2018). Using the same type of cultures, Schlatt and colleagues demonstrated that rat 

Sertoli cells proliferation decreases by cell-contact inhibition and that this effect could be 

reverted by FSH (Schlatt, de Kretser, and Loveland 1996). Moreover, germ cells have also 

been co-cultured with Sertoli and Vero cells in 2D conditions. In these studies, the 

significance of Vero (Cremades et al. 1999; Tanaka et al. 2003) and Sertoli cells in 

supporting the progression of germ cell differentiation was demonstrated in both human 

(Tesarik et al. 1998; Sousa et al. 2002) and animal models (Tres and Kierszenbaum 1983; 

Vigier et al. 2004; Xie et al. 2010) (reviewed in (Alves-Lopes and Stukenborg 2018)). 
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1.4.2 Three-dimensional models 

Testicular cells can also be cultured in 3D conditions in an attempt to model the original 

cellular organization and interactions in vivo. Cells have been either combined with 

supportive scaffolds or cultured in small fragments of the native testicular tissue (Figure 1) 

(reviewed in (Alves-Lopes and Stukenborg 2018)). 

1.4.2.1 Testicular cells cultured in three-dimensional scaffolds 

When considering 3D cultures of cells, soft-agar is an example of a soft matrix used to 

support testicular cells from mouse (Stukenborg et al. 2008; Stukenborg et al. 2009; Abu 

Elhija et al. 2012), rat (Reda et al. 2014) and rhesus monkey (Huleihel, Nourashrafeddin, and 

Plant 2015). Although, cells formed aggregates without characteristic testicular organization, 

the interactions between the different cells types were enough to promote germ cell 

differentiation (Stukenborg et al. 2009; Abu Elhija et al. 2012). Following the same 

experimental line, other soft matrices, such as collagen (Khajavi et al. 2014; Zhang et al. 

2014), methylcellulose (Stukenborg et al. 2009; Huleihel, Nourashrafeddin, and Plant 2015), 

calcium alginate (Lee, Kaproth, and Parks 2001; Lee et al. 2006) and matrigel (a mixture of 

ECM proteins and growth factors produce from Engelbreth-Holm-Swarm mouse sarcoma) 

(Hadley et al. 1985; Gassei, Ehmcke, and Schlatt 2008; Legendre et al. 2010; Zhang et al. 

2017) have been used to investigate reorganization and differentiation of testicular cells in 

vitro (reviewed in (Alves-Lopes and Stukenborg 2018)).  

An alternative to soft matrices are hard matrices obtain either from synthetic or natural 

sources. Synthetic carbon nanotubes (Pan, Chi, and Schlatt 2013) and collagen sponges 

(Reuter et al. 2014) were utilized to manipulate rat testicular cell organization into tubular 

aggregates in vitro. Moreover, tubular ECM scaffolds produced by decellularization of 

dissociated seminiferous tubules were used to support 3D cultures of rat testicular cells 

(Enders, Henson, and Millette 1986). 

Last but not least, testicular cells can themselves support the formation of complex 3D 

structures that demonstrate similarities with the organization and function of the testis. In a 

study by Zenzes and colleagues, it was shown that immature rat testicular cells cultured in a 

rotational system could reorganize into seminiferous tubule-like structures (Zenzes and Engel 

1981). Moreover, testicular cell aggregates from immature mouse displayed the capacity to 

reorganized into seminiferous tubule-like structures that could support initial steps of 

spermatogenesis, when simply cultured on top of agarose stands (Yokonishi et al. 2013). 
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1.4.2.2 Testicular cells cultured in the native tissue (organ cultures) 

The model most successfully used to culture testicular tissue is the air-liquid interface system. 

During 1960’s, Steinberger and collaborators adapted the methodology developed by Trowell 

and colleagues (Trowell 1954) in order to culture small fragments of rat testicular tissue on a 

supportive stand ensuring simultaneous contact with the medium and the incubation 

atmosphere (Steinberger, Steinberger, and Perloff 1964; Steinberger and Steinberger 1965). 

The air-liquid interface culture conditions have been recently modified to differentiate mouse 

(Suzuki and Sato 2003; Sato et al. 2011; Sato et al. 2015; Dumont et al. 2016; Reda et al. 

2017), rat (Reda et al. 2016) and calf (Kim et al. 2015) germ cells by means of an optimized 

culture medium supplementation and the use of agarose stands to support the tissue. Instead 

of using agarose stands, other groups used membranes as support for human fetal (Lambrot et 

al. 2006), pre-pubertal (de Michele et al. 2017) and adult testicular tissue (Roulet et al. 2006). 

In the study using pre-pubertal tissue, de Michele and colleagues demonstrated evidences of 

Sertoli and Leydig cell maturation that, paradoxically, was accompanied by decreasing 

numbers of germ cells along the culture period (de Michele et al. 2017). 

Another strategy to culture testicular tissue is the hanging-drop technology. In this model, the 

tissue is fragmented in small parts and cultured in a drop of medium hanging on plastic or 

glass. This system has been utilizing to investigate the effect of different molecules on 

testicular microenvironment (Jorgensen et al. 2014) and development (Jorgensen et al. 2015; 

Potter and DeFalco 2015).    

More recently, a small number of publications have reported the development of dynamic 

culture systems where testicular tissue is exposed to a continuous and controlled flux of fresh 

medium. One of these studies described a bioreactor where seminiferous tubules from rat and 

human were cultured enclosed in permeable chitosan hydrogel tubes (Perrard et al. 2016). 

Although specific-cell characterization was not presented, the authors of this study reported 

the differentiation of both rat and human germ cells into spermatozoa (Perrard et al. 2016). In 

another publication, Komeya and colleagues conceived a microfluidic device composed of 

two adjacent channels (tissue and medium channels) separated by a permeable membrane 

(Komeya et al. 2016). This culture design permitted continuous spermatogenesis using mouse 

testicular tissue during 6 months (Komeya et al. 2016). 

1.5 ORGANOIDS 

The term organoid was mainly employed from the 50’s until the 80’s of the last century to 

nominate the structures formed by the reorganization capacity of primary dissociated cells in 
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vitro (Moscona and Moscona 1952; Weiss and Taylor 1960; Clevers 2016). These studies 

represented the first steps in our understanding of cellular organization during development. 

More recently, the term organoid has become widely used, but this time to describe 3D 

cellular structures that partially model the organization and function of a certain organ. These 

organ-like structures can originate from pluripotent or adult stem cells under the support of a 

3D ECM scaffold (generally matrigel) and influence of a tissue-specific cocktail of 

morphogens and growth factors (Lancaster and Knoblich 2014; Huch et al. 2017). Typically, 

organoids grow few millimetres in size but their further expansion, into more complex and 

matured organ-like structures, is conditioned by the lack of a functional vascular system 

(Lancaster and Knoblich 2014). Organoids have been generated to model brain (Lancaster et 

al. 2013; Quadrato et al. 2017), gut (Sato et al. 2009; Drost et al. 2015), liver (Takebe et al. 

2013) and prostate (Chua et al. 2014; Drost et al. 2016), among other organs. These organ-

like structures are therefore promising tools to investigate several steps of development, 

function and disease in an organ-specific way in vitro. 

1.5.1 Testicular organoids 

Although several of the 3D methodologies mentioned before produced cellular aggregates 

demonstrating similarities to testicular organization and function (Zenzes and Engel 1981; 

Hadley et al. 1985; Legendre et al. 2010; Yokonishi et al. 2013; Zhang et al. 2014), those 

structures were not termed organoids. Indeed very few studies have been published reporting 

the formation and characterization of testicular organoids. Excluding the methods described 

in this thesis to generate human and rat testicular organoids (Baert et al. 2017; Alves-Lopes, 

Söder, and Stukenborg 2018), only one other method has been published on the same topic. 

This report, by Pendergraft and colleagues, described the co-culture of human primary SSCs 

and immortalized Leydig and Sertoli cells in a hanging drop of medium containing 

solubilized human testicular ECM (Pendergraft et al. 2017). Even though the resulting 

organoids were compact cellular aggregates without characteristic testicular organization, it 

was reported that these testis-like structures could produce testosterone and promote the 

passage of a small fraction of diploid germ cells into haploid cells (Pendergraft et al. 2017). 

Moreover, these human organoids have been also proposed to test the infection mechanisms 

of Zika virus in the testis (Strange et al. 2018). Therefore, this and the methods described in 

this thesis to produce testicular organoids are innovative technologies with potential to back 

up the previous models and promote the study of the testicular microenvironment in vitro 

(reviewed in (Alves-Lopes and Stukenborg 2018)). 
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2 AIMS 

The main aim of this study was to explore different strategies to generate and optimize 

culture conditions to model testicular organization and functionality in vitro (Figure 2). 

Ultimately, the developed culture systems were intended to maintain and mature male germ 

cells from human pre- and pubertal testicular tissue. 

 

More specifically,  

 

 We proposed to investigate the effect of various 3D techniques on testicular somatic 

cell maturation in vitro. 

 

 We intended to explore the suitability of these previously developed systems to 

maintain imature germ cells in vitro. 

 

 We intended to study the effect of signalling agents, such as retinoic acid (RA), 

IL1α, TNFα and gonadotropins on germ cell maintenance as well as somatic cell 

function and organization using the previous testicular models.  

 

 We also proposed to use the culture systems as tools to evaluate the functionality of 

pre- and pubertal human testicular tissue, in an attempt to refine future fertility 

preservation strategies for diffrent patient groups. 

 

Figure 2. Specifications of the 3D models investigated to accomplish the aims of this thesis. 

 

Strategies to model testicular organization and function in vitro 

 

Model 
Three-layer gradient system 

(3-LGS) 

Decellularized testicular 

extracellular matrix (DTM) 
Organ culture 

To investigate Organization and function Organization and function Function 

Species Rat Human Human 

Tissue/cells Cells Cells Tissue 

Age 5-8-, 20- and 60-dpp Pubertal and adult Pre- and pubertal 

Main outcome 
Testicular organoid modelling 

organization and function 

Testicular organoid 

modelling function 

Tissue explant 

modelling function 
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3 MATERIALS AND METHODS 

3.1 ETHICS 

3.1.1 Rodent 

Sprague Dawley male rats with an age range of 5–60-day postpartum (dpp) were delivered 

by Charles River (Sulzfeld, Germany) at our animal house. Animal experiments were 

conducted in agreement with ethics permit number 280/14 accorded by Karolinska Institutet 

ethical committee. 

3.1.2 Human 

Adult testicular tissue was collected from six patients submitted to bilateral orchiectomy at 

the Urology Department, Universitair Ziekenhuis Brussel in agreement with ethics permit 

number 2014/243. Cadaveric testes were collected from the autopsy service of the 

Universitair Ziekenhuis Brussel in accord with ethics permit number 2012/336. Pubertal 

testicular tissue from a 15-year-old was obtained within the fertility preservation program at 

UZ Brussel’s Center for Reproductive Medicine and according the ethics permit number 

2015/V9. 

Prepubertal testicular tissue was obtained from patients in Sweden, Finland and Iceland who 

were facing treatments associated with a very high risk of infertility (Skinner et al. 2017) and 

because of that were offered to enrol in the experimental fertility preservation program 

“NORDFERTIL”. Ethical approval was obtained from the Karolinska Institutet ethical 

committee and the Regional Ethics Board in Stockholm (Dnr 2013-2129-31-3), the National 

Ethics Board of Iceland in Reykjavik (VSN 15-002) and the Ethics Board of the University of 

Helsinki (426/13/03/03/2015). 

3.2 TESTICULAR SAMPLES 

3.2.1 Rodent 

Testicular tissue from 5–8-, 20- and 60-dpp rats was harvested and used to obtain single cell 

suspensions by enzymatic digestion. 



 

12 

3.2.2 Human 

3.2.2.1 Decellularized testicular extracellular matrix 

Pubertal and adult testicular tissues from patients with average age of 15- and 75-years-old, 

respectively, were enzymatically digested into single cell suspensions. Cadaveric testes were 

utilized to prepare decellularized testicular extracellular matrix (DTM) scaffolds. 

3.2.2.2 Organ culture 

Pre- and pubertal testicular samples from 18 patients enrolled in the NORDFERTIL cohort 

were mechanically split into small fragments. The 18 biological replicates were divided into 

four groups according their previous exposure to chemotherapeutic drugs and haematological 

conditions: (1) biopsy performed before being exposed to chemotherapy (4.6±3.3 [mean± 

standard deviation] years of age), (2) biopsy performed on patients with sickle-cell disease 

(SCD) (5.8±1.6 years of age) after being exposed to hydroxyurea (HU), (3) biopsy performed 

after being exposed to non-alkylating agents (9.6±3.9 years of age) and (4) biopsy performed 

after being exposed to alkylating agents (8.8±3.1 years of age). 

3.3 TISSUE DIGESTION 

Decapsulated fresh rodent and cryopreserved human testicular tissue were enzymatically 

dissociated using a two-step digestion protocol. Briefly, samples were mechanically dissected 

into small fragments and firstly digested in a culture medium solution supplemented with 

collagenase 1A (1 mg/mL) in order to dissociate the interstitial compartment (for human 

tissue, supplementation with DNAse type 1 [0.5 mg/mL] was also used in the first step of 

digestion to avoid excessive cellular aggregation). After, the remaining tissues (mostly 

seminiferous tubules fragments) were processed in a second medium solution supplemented 

with collagenase 1A (1 mg/mL), hyaluronidase (0.5 mg/mL) and DNAse type 1 (0.5 mg/mL). 

Testicular cells isolated from both digestion steps were combined and checked for their 

viability and concentration. 

3.4 CULTURE SYSTEMS 

Three different culture systems were utilized for the experiments described in this thesis. Two 

of them, the three-layer gradient system (3-LGS) and the DTM scaffold, were used to 

generate testicular organoids from primary testicular cells. The third culture system, the organ 

culture in the air-liquid interface, was applied to culture small fragments of testicular tissue 

(Figure 3). 
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Figure 3. Schematic representation of the 3D models used in the experiments for this thesis: the three-

layer gradient system (3-LGS) to generate rat testicular organoids (top); the decellularized testicular 

extracellular matrix (DTM) to produce human testicular organoids (middle); the organ culture in the 

air-liquid interface (bottom). 

3.4.1 Three-layer gradient system 

In order to set up the 3-LGS, three concentric drops of Corning® Matrigel® diluted 1:1 with 

culture medium (matrigel) were applied on the bottom membrane side of hanging cell inserts 

(Figure 3). A first 5-µL drop of matrigel was applied and permitted to gel. Secondly, a 3-µL 

drop of matrigel combined with rat testicular cells was placed on top of the first drop and 

allowed to gel. After, a third 8-µL drop of matrigel was pipetted on top of the previous drops 

and permitted to gel. For controls conditions, a 16-µL drop of matrigel combined with rat 

testicular cells was applied on the bottom membrane side of independent hanging cell inserts. 

The hanging cell inserts were finally placed in 24-well plates with 0.6 mL of culture medium. 

3.4.2 Decellularized testicular extracellular matrix  

DTM scaffolds were prepared from small fragments (approx. 1 cm
3
) of cadaveric testes as 

previously described by Baert and colleagues (Baert et al. 2015). Cells were removed using a 

saline 1% (w/v) sodium dodecyl sulphate solution and by mechanical agitation. After being 

washed and sterilized, the decellularized fragments were sectioned into 90-µm scaffolds.  
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Subsequently, scaffolds were placed on top of 0.35% (w/v) agarose stand, which were, in 

their turn, positioned on the apical compartment of hanging cell inserts (Figure 3). The 

culture system was after placed in 24-well plates and soaked with culture medium. Finally, 

testicular cells suspended in culture medium were pipetted on top of the arrangement with or 

without (controls) DTM scaffolds. 

3.4.3 Organ culture in the air-liquid interface 

Testicular tissues were dissected into small fragments and placed on top of 0.35% (w/v) 

agarose stands in the air-liquid interface as described previously (Reda et al. 2016; Reda et al. 

2017) (Figure 3). Culture medium was added to the 6-well plates until the edge of the stand in 

order to soak the agarose but without covering the testicular samples. 

3.5 CULTURE CONDITIONS 

3.5.1 Rat testicular organoids 

Organoids were generated and cultured in minimum essential medium alpha (MEMα), 1% 

(v/v) penicillin/streptomycin (pen/strep), 10 % KnockOut serum replacement (KSR). 

Supplementation with 10 nM–100 µM of RA, 10 nM–10 µM of a RA receptor alpha (RARα) 

antagonist (ER 50891), 1 nM–1 µM of retinoid X receptor (RXR) antagonist (HX 531), IL1α 

at 1–10 ng/mL and TNFα at 1–10 ng/mL were utilized depending on the experimental 

conditions. Organoid cultures were incubated at 35 °C, in a 5% CO2 atmosphere and half of 

the culture medium (0.3 mL) was refreshed every second day. 

3.5.2 Human testicular organoids 

Organoids were produced and cultured in KnockOut Dulbecco's modified Eagle's medium 

(DMEM), 1% (v/v) pen/strep, 10% (v/v) KSR XenoFree (KSR-XF), 1x GlutaMax 

supplemented with 5 IU/L of both human chorionic gonadotrophin (hCG) and/or recombinant 

FSH (rFSH) according the experimental conditions. Organoids were cultured in the gas-liquid 

interface in an atmosphere containing 5% CO2, at 35 °C, for four weeks. Culture medium (0.6 

mL) was changed at each collection time point or otherwise weekly. 

3.5.3 Human organ culture 

Testicular fragments, from all patients groups, were cultured in NutriStem® medium (2 mL) 

supplemented with 1% (v/v) pen/strep, 10
-7

 M melatonin and 10% (v/v) KSR-XF that was 
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changed every week. The tissue was incubated in the air-liquid interface, in an atmosphere 

containing 5% CO2, at 35 °C, for 21 days. 

3.6 MIGRATION ASSAY 

The generation of rat organoids was followed daily using a bright-field TE 2000 microscope 

and recorded with an Infinity 1-2C digital camera for 7 days. In order to compare the 

migration profile among 5–8-, 20- and 60-dpp organoids, the area occupied by cells was 

measured during the 7-day culture period utilizing the image analysis program ImageJ. 

Relative migration area was calculated using the following equation, where x stands for day 

of analysis (0–7). 

Relative migration area =
colony area day 0 –  colony area day x

colony area day 0
× 100 

3.7 HISTOCHEMISTRY  

Testicular organoids and organ cultured fragments were fixed in 4% paraformaldehyde or in 

Bouin’s solution. After dehydration, samples were paraffin embedded and cut in 5-µm thick 

sections. Finally, organoid and tissue sections were stained with periodic Acid-Schiff solution 

and mounted. 

3.8 WHOLE-MOUNT STAINING 

Rat and human testicular organoids were fixed in 4% paraformaldehyde and, after washing, 

antigen retrieved in sodium citrate buffer (pH 6) at 95 °C. After permeabilization, unspecific 

binding sites were serum blocked and endogenous peroxidase activity prevented with 

methanol, 3% (v/v) hydrogen peroxide (the last step just for human organoids). Incubation 

with specific primary antibodies was followed by washing steps and incubation with 

fluorescent-dye conjugated secondary antibodies, for rat organoids. For human organoids, 

incubation with horseradish peroxidase-conjugated secondary antibodies was followed by 

development with Tyramide Signal amplification Plus Cy3 or Fluorescein Systems. DAPI 

was used as counter staining and organoids were 3D-mounted (rat organoids) or mounted 

with anti-fade mounting medium between the slide and coverslip (human organoids). 

3.9 IMMUNOFLUORESCENCE 

Paraffin embedded sections were de-paraffinized and rehydrated using xylene and a 

descending ethanol series, respectively. Subsequently, samples were antigen retrieved in 10 

mM sodium citrate buffer (pH 6) at 95 °C and after blocked with serum from the same host 
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where the secondary antibody was produced. Incubation with the primary antibodies of 

interest was performed overnight, at 4 °C, and was followed by washing steps. Finally, tissue 

sections were incubated with fluorescent-dye conjugated secondary antibodies and mounted 

with anti-fade mounting medium containing DAPI. 

3.10 COUNTING 

3.10.1 Rat testicular organoids 

Superficial 3D projections of whole-mounted organoids were generated by confocal 

microscopy and using a Z-stack command. Testicular cells stained for specific markers as 

well as total number of cells were counted using the image analysis program ImageJ. 

Finally, the ratio specific marked cells/total cells was used to compare the effect of different 

medium supplementations. 

3.10.2 Human organ culture 

The number of germ cells [DEAD-box helicase 4 (DDX4)-positive cells)] per total 

seminiferous cord cross-sections and the percentage of seminiferous cord cross-sections 

positive for Sertoli cell markers of interest [ZO1, Anti-Mullerian hormone (AMH) and 

Cytokeratin 18 (CK18)] were determined using a florescence microscope. 

3.11 BLOOD-TESTIS BARRIER FUNCTIONALITY 

Rat organoids cultured for seven days were harvested, washed in phosphate buffered saline 

(PBS) and incubated with PBS, 0.4% (w/v) Evans Blue for 0.5 h, at 35 °C. Organoid 

impermeability to Evans Blue was verified by confocal microscopy using the acquisition 

settings for Cy3. Moreover, rat organoids were whole-mount stained against ZO1 and 

occludin in order to verify the distribution pattern of tight-junction proteins among Sertoli 

cells. 

3.12 HORMONE ANALYSIS 

Conditioned medium was collected from human testicular organoid and organ cultures in 

order to evaluate the production of testosterone, inhibin B and AMH during the culture 

period. Hormone concentrations were determined by specific enzyme-linked immunosorbent 

assays (ELISAs) according to the manufacturer’s instructions. Two technical replicates were 

performed for each individual sample. Resulting average absorbance values were matched to 
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testosterone (ng/mL), inhibin B (pg/ml) and AMH (ng/mL) concentrations using a 4 

Parameter Logistics, linear regression and cubic regression curves-fit, respectively. 

3.13 CYTOKINE ANALYSIS 

In order to quantify factors produced by human testicular organoids, an antibody array 

targeting 80 human cytokines was utilized to test conditioned medium from one- and four-

week cultures following the manufacturer’s instructions. After subtracting the background, 

sample reads were normalized to the positive controls and relative cytokine production levels 

were compared between one- and four-week conditioned medium arrays. 

3.14 STATISTICAL ANALYSIS 

3.14.1 Rat testicular organoids 

Statistical significance among different groups was calculated using SigmaPlot 12.0 software 

by means of one-way analysis of variance (ANOVA) and one-way repeated measures 

ANOVA with correction for multiple comparisons. Means and standard deviations were used 

for analysis and significance was considered when p-value was < 0.05. 

3.14.2  Human testicular organoids 

Mean levels of hormones and cytokines (± standard deviations) were compared by two-way 

ANOVA with correction for multiple comparisons using GraphPad Prism 6 or IBM 

Statistics 20 software. Statistical significance was considered when p-value was < 0.05. 

3.14.3 Human organ culture 

Statistical analyses were carried out in SigmaPlot 13.0 software and the results presented as 

mean ± standard deviation. The t-test was applied when the normality and equal variance 

tests were passed (Shapiro-Wilk and Brown-Forsythe, respectively). If normality and equal 

variance tests failed, the Mann–Whitney U test was used to evaluate differences. 
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4 RESULTS AND DISCUSSION 

4.1 DEVELOPMENT OF THE THREE-LAYER GRADIENT SYSTEM AND 

GENERATION OF RAT TESTICULAR ORGANOIDS (PAPER I AND II) 

Primary testicular cells, obtained by enzymatic digestion of 20-dpp rat testis, formed 

spherical-tubular structures (STSs) like seminiferous tubules, when suspended in a 3-µL 

layer of matrigel and placed between two other layers of matrigel without cells (5- and 8-

µL layers) (Figure 3). This 3D culture arrangement, the 3-LGS, was compared to control 

conditions where testicular cells, at the same concentration as in the 3-µL layer of the 3-

LGS, were suspended in one only layer of matrigel with the same volume as the sum of the 

three layers (16 µL) in the 3-LGS. Although cellular migration and reorganization were 

observed in control conditions, no STSs were formed as in the 3-LGS setting, 

demonstrating the beneficial effect of cell culture compartmentalization and the creation of 

a gradient of cells in de novo organization of rat testicular cells in vitro. 

 

The STSs created after 5–7 days in culture by the 3-LGS protocol demonstrated similarities 

to seminiferous tubules in terms of organization and function. Because of that, we termed 

these cellular arrangements testicular organoids. Testicular organoids were mainly 

constituted of Sertoli and germ cells [(SRY-box 9 (SOX9)- and DDX4-positive cells, 

respectively)]. Moreover, undifferentiated germ cells maintained proliferation 

[Promyelocytic leukemia zinc finger (PLZF) and proliferating cell nuclear antigen (PCNA) 

double positive cells)] up to 21 days in these testicular organoids. Further functionality was 

demonstrated by the presence of an in vitro formed BTB in the organoids, confirmed by 

expression of occludin and ZO1 between neighbouring Sertoli cells and by the organoid 

impermeability to Evans Blue (a small molecule known not to cross healthy BTB in vivo). 

In addition, testicular organoids could be generated with an efficiency of around 96%. 

Along with the higher reproducibility, the relative small number of cells and volume of 

matrigel used in the 3-LGS makes this culture method both appropriate for high-throughput 

analysis, as well as efficient regarding the reduced number of laboratory animals needed 

per technical replicate when compared with other methods (Alves-Lopes, Söder, and 

Stukenborg 2018). 

 

The majority of 3D cell culture strategies generally use a supportive matrix where cells are 

homogeneously suspended as we utilized for our control conditions but without success in 
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terms of reorganization. On the other hand, the compartmentalized approach applied in the 

3-LGS favoured the generation of organized structures as described in a previous report 

where the same principle was employed (Hagiwara, Peng, and Ho 2015). In this study, 

Hagiwara and colleagues described the formation of branch-like structures when highly 

concentrated human epithelial lung cell suspensions were cultured in a limited volume (1 

µL) enclosed by only matrigel (Hagiwara, Peng, and Ho 2015). The 3-LGS, in the current 

study, uses a layered structure that both increases the surface area where factors can be 

exchanged between compartments with and without cells, and allows the application of a 

bigger cell suspension volume (3 µL) leading to the development of larger organoids. 

 

The generation of testicular organoids under the 3-LGS culture conditions could be 

explained by Hagiwara’s and colleagues’ hypothesis, which describes the formation of 

branch-like structures by the action of activating factors on the adjacent cells and diffusion 

of inhibiting factors to the surrounding matrix and medium (Hagiwara, Peng, and Ho 2015). 

This theory was backed up by our own hypothetical model where we took into account the 

concepts of molecular diffusion and concentration gradient to explain the formation of 

testicular organoids (Alves-Lopes, Soder, and Stukenborg 2017). More specifically, we 

hypothesize that two main concentration gradients are created in the 3-LGS: cellular 

metabolites were highly concentrated in the layer with cells and diffused into the layers 

without cells and into the medium; on the other hand, factors present in the matrigel and in 

the culture medium, which are consumed by cells, diffused from the layers without cells 

and medium into the layer with cells (Figure 4). In the boundaries of adjacent layers, the 

concentration of cellular products was lower and the concentration of matrigel and medium 

factors was higher than in the centre of the layer with cells. Consequently, in the regions 

between layers, cells had the most optimal concentration of cell-culture factors together 

with free space to reorganize into testicular organoids (Figure 4). 
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Figure 4. Hypothetical model to explain the reorganization of testicular cells from 20-day postpartum 

rat under the influence of the 3-LGS culture conditions. (CM) cellular metabolites; (MF) matrigel and 

medium factors. Figure adapted from (Alves-Lopes, Soder, and Stukenborg 2017). 

4.2 RAT TESTICULAR ORGANOID CHARACTERIZATION AND VALIDATION 

(PAPER II) 

After the development of the 3-LGS and generation of rat testicular organoids, we further 

characterized and validated this culture system to study germ-to-somatic cell associations in 

vitro. 

4.2.1 Cellular concentration and developmental stage influenced testicular 

cell reorganization 

In order to explore the most optimal conditions for testicular organoid formation, different 

cellular concentrations (ranging 5.5–88 million 20-dpp rat cells/mL) were tested. The 

concentration of 44 million cells/mL was selected because most of the initially seeded cells 

formed organoids constituted by connected STSs, which facilitated the handling in 

downstream analytic steps. 

 

In addition to experiments with 20-dpp cells, 5–8- and 60-dpp rat testicular cells at 

concentrations ranging 5.5–88 million cells/ mL were employed to explore the effect of 

cellular developmental stage in organoid formation. Under the bright-field microscope, STS 

formation was observed for all concentrations of 20-dpp cells and for low concentrations 
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(5.5–22 million cells/mL) of 5–8-dpp cells. Although formation of compact cellular 

aggregates was observed for high concentrations of 5–8-dpp cells (44–88 million cells/mL), 

no STSs were observed in these colonies. Regarding experiments with 60-dpp rat cells, 

STSs generation was not detected for all concentrations investigated. 

 

The expression of SOX9 and actin alpha 2 smooth muscle (ACTA2) (Sertoli and 

peritubular cell markers, respectively) was also evaluated for organoids generated from 5–

8- and 20-dpp cells at both low- and high-concentrations (11 and 44 million cells/mL, 

respectively). At both low- and high-concentrations of 20-dpp cells, peritubular cells were 

observed mainly at the periphery of the STSs colonies formed by Sertoli cells. On the other 

hand, when 5–8-dpp cells were utilized, peritubular cells were observed mostly throughout 

the colonies and Sertoli cells formed few STSs at low- and even less at high-concentration. 

This evaluation was not feasible for 60-dpp cells because STSs were not produced. 

 

To further assess the differences among 5–8-, 20- and 60-dpp rat testicular cells in terms of 

reorganization in vitro, their migration profile was monitored under the 3-LGS culture 

conditions. Overall, it was observed that 5–8-dpp cells migrated quicker but ended in less 

compact colonies than 20-dpp testicular cells. Regarding 60-dpp cells, migration was not 

observed using the same culture conditions. 

 

Altogether, our experiments detected differences in terms of cellular reorganization in vitro 

among the distinct ages analysed. This might be related to the variances in the relative 

number of Sertoli cells present in the rat testis at the distinct developmental stages, as 

reported for human (Rey 2003). Sertoli cell numbers are relatively low in 60-dpp when 

compared to 20-dpp rat testis because of the relative high number of germ cells in the adult 

testis. This dilution effect might result in reduced interactions between Sertoli cells in 

culture and, consequently, absence of STSs formation. As regards 5–8-dpp, Sertoli cell 

numbers are also expected to be relatively low in comparison to 20-dpp rat testis but in this 

case, because of the relative higher volume occupied for the interstitial compartment in the 

pre-pubertal testis. This, together with the fact that 5–8-dpp peritubular cells are more 

immature and proliferative might justify the decreased numbers of STSs observed in 

organoids generated with testicular cells from 5–8-dpp cells. Moreover, the formation of a 

static peritubular cell network in the organoids generated from 5–8-dpp cells might has 

further blocked Sertoli cell reorganization into STSs. 
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As previously mentioned, further characterization and validation of the model was 

performed using organoids generated from 20-dpp rat testicular cells at the concentration of 

44 million cells/mL. 

4.2.2 Undifferentiated germ cells proliferated and organized as in vivo 

Undifferentiated germ cells maintained proliferation (PLZF and PCNA double positive 

cells) up to 21 days in culture. Moreover, undifferentiated germ cells formed cellular chains 

connected by cytoplasmic bridges as observed on the basement membrane of 20-dpp rat 

seminiferous tubules. These findings, together with the observation of BTB formation in 

the STSs, indicated that testicular organoids generated by the 3-LGS partially mimicked the 

structure and function of rat testis in vitro. Therefore, the model might be used in the future 

to improve culture conditions for undifferentiated germ cell proliferation and to test BTB 

formation and integrity in vitro. 

4.2.3 Retinoic acid improved germ cell maintenance in organoid cultures 

The percentage of germ cells was higher than in controls, when testicular organoid cultures 

were supplemented with RA (1µM) during 10 days. This finding is in line with in vivo 

observations of decreased germ cell numbers in the seminiferous tubules of vitamin A-

deficient rats and their subsequent recovery to normal cell counts after RA administration 

(Pelt and Rooij 1991). 

 

To further confirm the role of RA in germ cell maintenance, medium supplementation with 

ER 50891 (RARα antagonist) or HX 531 (RXRs antagonist) were used in 10-day cultures. At 

molarities that inhibit RARα, supplementation with ER 50891 showed no effect on germ cell 

maintenance. Instead, higher molarities of ER 50891, known to inhibit RARγ and β subunits, 

decreased germ cell percentage. Regarding HX 531 experiments, no differences in terms of 

germ cell maintenance were observed for all molarities tested. These observations are in 

accordance with in vivo studies that demonstrate γ as the RAR subtype involved (Gely-Pernot 

et al. 2012; Ikami et al. 2015) and RXRs as being non-essential (Krezel et al. 1996; Hogarth 

2015) in germ cell response to RA. 
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4.2.4 IL1α and TNFα disturbed organoid formation and decreased germ cell 

maintenance 

Testicular organoids generated in presence of IL1α (1 or 10 ng/mL) displayed STSs with a 

smaller average area than controls. The same effect was confirmed for culture conditions 

where TNFα was added at the concentration of 10 ng/mL. The negative effect of both pro-

inflammatory cytokines in organoid structure was further confirmed by the observation that 

IL1α (1 ng/mL) led to absence of occludin and a decreased expression of ZO1 on the STSs, 

while TNFα (1 ng/mL) also disturbed occludin and ZO1 expression patterns but less 

extensively than IL1α conditions. Moreover, both IL1α and TNFα decreased the number of 

germ cells maintained in organoid cultures. More specifically, IL1α (1 or 10 ng/mL) reduced 

the percentage of germ cells from 6.3% (controls) to close to zero (0.2%), while increasing 

concentrations of TNFα (1–10 ng/mL) led to decreasing germ cell counts (4.8–2.4%, 

respectively), but to lesser extent than IL1α. The similarities of these results to those reported 

in vivo studies, where the administration of the same cytokines to adult rats led to BTB 

impairment and reduction in germ cell counts (Sarkar et al. 2008), additionally validated the 

testicular organoids generated by the 3-LGS to investigate the role of bioactive molecules on 

BTB formation and integrity as well as germ cell maintenance in vitro.  

4.2.5 Limitations and future applications 

Although organoids generated by the 3-LGS partially model the function and organization of 

rat testis, several limitations were still detected such as decreasing germ cell maintenance and 

absence of post-meiotic differentiation during the period of culture. Moreover, the 3-LGS 

setting was not enough to produce organoids from 5–8- and 60-dpp rat testicular cells and the 

matrigel (derived from mouse tissue) used in its configuration of layers does not have a 

completely characterised composition. Nevertheless, sorting and/or genetic engineering of a 

specific cell population from the initial testicular cell suspensions might improve the 

reorganization of the remaining/modified cells in culture. Moreover, the application of other 

matrices with a fully characterized composition might contribute for more defined 3-LGS 

culture conditions. 

 

Additionally, upgraded versions of the 3-LGS might be utilized in future experiments to 

generate human testicular organoids from primary and/or pluripotent stem cells. Furthermore, 

the system might be employed to generate organoids for other specific tissues and to explore 
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the concept of compartmentalized cell culture by the application of distinct cell populations 

and growth factors, at desired concentrations, in its different layers or compartments. 

4.3 GENERATION OF HUMAN TESTICULAR ORGANOIDS (PAPER III) 

In a further approach to model testicular function and organization, in collaboration with 

Baert and colleagues, the potential of testicular DTM to promote cellular reorganization into 

organoids was tested on human adult or pubertal testicular cells. 

4.3.1 Organoid formation was independent of decellularized testicular 

extracellular matrix support 

Adult or pubertal cells were seeded on culture systems with 90 µm-thick DTM (Figure 3) or 

without this scaffold (controls). Although testicular cells occupied both tubular and interstitial 

compartments of the DTM during the first day in culture, over the time, cells deformed the 

scaffold and organized into condensed spheroids that remained until the end of the culture. 

This spatial and temporal pattern of organization, also observed for cells seeded on soft-agar 

without DTM, might be to a certain extent explained by the contractile capabilities of 

peritubular cells (smooth-muscle cells) present in the initial cell suspensions. 

4.3.2 Testicular somatic elements were present and functional in organoids 

The presence of peritubular cells was confirmed by immunofluorescence staining against 

ACTA2. Round-shaped peritubular cells co-expressing collagen type 1 (COL1) were 

observed in the first day of culture, while after 4 weeks, ACTA2 positive cells were elongated 

and distributed on a reorganized network of COL1. These findings demonstrated that 

peritubular cells present in culture were partly functional and further suggested their key 

contribution for spherical organoid generation and remodelling of the ECM scaffold over the 

culture period. 

 

Sertoli cell aggregates expressing ZO1 were also present in organoids from the first day until 

the end of the culture time. Additionally, inhibin B was detected in the collected media during 

the entire culture period. Although Sertoli cell functionality could be in part modelled in these 

culture conditions, their organization was not comparable with the situation found in vivo. 

This lack of reorganization might be related to the advanced stage of maturation and/or to the 

interference of other testicular cell populations present in the organoids. 
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Leydig cells, identified by co-expression of steroidogenic acute regulatory protein (STAR) 

and 3β-hydroxysteroid dehydrogenase (3βHSD), were other testicular somatic cell population 

present throughout the whole culture period. Furthermore, Leydig cell activity was 

demonstrated by the detection of testosterone in the collected media. The results regarding 

the different somatic cell types distribution in the organoids and hormone measurements were 

similar between adult and pubertal cultures in either DTM or control conditions. 

 

Altogether, these results showed that testicular functionality could be partially achieved, but 

similarities to the native testicular organization could not yet be demonstrated in organoids 

generated with or without the support of DTM. This histological disorganization might be in 

part due to the negative effect of peritubular cells in the process of reorganization. These cells 

created a cellular and ECM network during the culture period that might condition migration 

and epithelia formation by Sertoli cells. Moreover, testicular organoids produced cytokines 

involved with the inflammatory response, such as IL6, IL8, growth-regulated 

alpha/beta/gamma protein (GRO) and monocyte chemotactic protein 1 (MCP1), which might 

have a negative effect on testicular cell reorganization in vitro, as demonstrated in the 

previous experiments with IL1α and TNFα in rat testicular organoids. 

4.3.3 Organoids supported spermatogonia maintenance and proliferation 

Spermatogonia were identified in the organoid cultures for 4 weeks by the expression of 

ubiquitin C-terminal hydrolase L1 (UCHL1), undifferentiated embryonic cell transcription 

factor 1 (UTF1) or fibroblast growth factor receptor 3 (FGFR3) in combination with the germ 

cell marker DDX4. Spermatogonial cells were observed as single cells or in cellular clusters 

and to be mitotically active [DDX4 and marker of proliferation Ki-67 (KI67) co-expression]. 

Although the numbers of proliferative spermatogonia appeared to decrease, the mitotic 

activity of these cells could be maintained over the time in culture, demonstrating that other 

key functional features of the human testis could be modelled using organoid cultures. These 

results were similar between adult and pubertal cultures in either DTM or control conditions. 

4.3.4 Limitations and future applications 

The effort to promote reorganization of primary testicular cells in vitro by means of a 

supporting DTM scaffold did not show advantages over the control conditions, where cells 

reorganized in the same fashion without DTM scaffold sustenance. In order to overcome this 
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problem, harder matrices might be a possible alternative in future experiments to avoid the 

fast degradation and remodelling, as well as to allow seeded cells to occupy the appropriate 

compartments of the scaffold. Moreover, cells and factors thought to have a negative effect 

on the reorganization process might be sorted out and/or blocked, respectively, from organoid 

cultures. 

Another limitation of this method is related to the decreasing numbers and the absence of 

spermatogonial cell differentiation over the culture period. However, because spermatogonia 

were mitotically active until the end of cultures, testicular organoids might be used to search 

for novel factors involved in spermatogonial cell proliferation and to support initial steps of 

differentiation. Moreover, testicular organoids might be used to provide the supportive 

somatic environment for further differentiation of spermatogonial cell like-cells derived from 

pluripotent stem cells as already described for rodents (Zhou et al. 2016). Finally, the system 

is also suggested as a tool to test the toxic effects of drugs and chemicals on the integrity of 

the somatic environment and spermatogonia maintenance. 

4.4 ORGAN CULTURE SYSTEM TO CULTURE HUMAN IMMATURE 

TESTICULAR TISSUE (PAPER IV) 

In the last approach to model the testicular microenvironment in vitro, we used organ culture 

conditions to test the functionality of immature testicular tissue from pre- and pubertal boys 

subjected to treatments for malignant and haematological diseases. The presence of germ 

cells and the functionally of the testicular somatic cells were evaluated for four different 

patient groups used in this study during the 21-day culture period. 

4.4.1 Organ culture conditions did not support long-term germ cell 

maintenance 

The germ cell numbers per seminiferous cord cross-sections were close to zero in the group 

of SCD patients treated with HU and in the group treated with alkylating agents, at the time 

of biopsy, suggesting that SCD and/or its treatment with HU as well as the treatment with 

alkylating agents have a negative impact on germ cell maintenance, as demonstrated in 

previous reports (Poganitsch-Korhonen et al. 2017; Stukenborg, Alves-Lopes, et al. 2018). 

Although the remaining two groups (non-exposed to chemotherapy and treated with non-

alkylating agents) had germ cell numbers per seminiferous cord cross-sections comparable to 

reference values (Masliukaite et al. 2016) at the time of biopsy, a decrease in these cell 

numbers, to values close to zero, was verified after 21 days in culture. 
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4.4.2 Sertoli cell protein expression was similar among the different patient 

groups 

We also analysed the expression of ZO1, AMH and CK18 in Sertoli cells present at the time 

of biopsy and in the testicular fragments cultured for 7, 14 and 21 days, for all patient groups. 

These proteins are used as markers for Sertoli cell maturation. More specifically, immature 

Sertoli cells demonstrate a high expression profile of CK18 and AMH, which is inverted 

when cells become mature (Sharpe et al. 2003). Additionally, ZO1 is considered to be a 

marker of Sertoli cell maturation, once its expression increases in parallel with BTB 

formation in maturing testis (Setchell 2008). 

 

Concerning ZO1, the percentage of seminiferous cord cross-sections expressing this protein 

was consistent during the entire period of culture (81-91% at day 0 and 33-97% at day 21) 

among the four different patient groups at each time point (0, 7, 14 and 21 days). 

 

Regarding AMH expression, a reduced percentage of positive seminiferous cord cross-

sections was detected in the group of patients exposed to non-alkylating agents compared to 

the group not treated with chemotherapy, at day 0. This might be explained by the fact that 

the group of patients exposed to non-alkylating agents is on average older than the remaining 

patient groups and consequently having a more mature testicular microenvironment. Despite 

the differences at day 0, a pronounced decline in AMH expression was observed for all 

groups from day 0 to day 7, culminating with almost no expression of this protein in the 

seminiferous cord cross-sections at day 21 of culture, demonstrating some evidences of 

Sertoli cell maturation in these organ culture conditions. 

 

In contrast, an increased percentage of CK18-positive seminiferous cord cross-sections was 

observed in the group of patients exposed to alkylating agents in comparison to the group not 

treated with chemotherapy, at day 0. Moreover, an increasing trend in the percentage of 

seminiferous cords expressing CK18 was observed for all groups throughout the 21 days of 

culture. These results are in discordance to the indications of Sertoli cell maturation 

demonstrated by the expression of AMH and ZO1 in the same samples and are suggestive of 

Sertoli cell dysfunctional or de-differentiation (Sharpe et al. 2003). 
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Altogether, these results indicate that despite the different treatments among the four patient 

groups, the organ culture system used in this study might be not enough to support Sertoli cell 

maturation, a consequence of which might be germ cell lost during the culture period. 

4.4.3 Testicular somatic functionality from sickle-cell disease patients 

treated with hydroxyurea was diminished in vitro 

In order to evaluate the testicular somatic functionality, we determined the hormone profile in 

the culture medium for all patient groups at each experimental time point (day 7, 14 and 21). 

 

The concentration of testosterone in the conditioned medium from testicular cultures of SCD 

patients treated with HU was lower, at all time points, than in the cultures of testicular tissue 

from patients not exposed to chemotherapy. Moreover, the concentrations of inhibin B and 

AMH in the collected medium were also lower in the group of SCD patients treated with HU 

compared to the group not exposed to chemotherapy at day 7, 14 and 21.  

 

Our results suggested that the SCD itself and/or the treatment with HU impair the normal 

hormone production of Sertoli and Leydig cells, which most likely occurred in vivo (before 

the testicular biopsy) and was reflected in vitro. More studies will be necessary in order to 

explain whether the cause of this reduced somatic functionality is due to the SCD itself or to 

the treatment with HU. However, the existence of this compromised somatic environment, 

together with the fact that few germ cells were present at the time of biopsy, highlights the 

need of alternative fertility preservation strategies for this group of patients that might not 

rely on the utilization of their biopsied testicular tissue. 

4.4.4 Limitations and future applications 

Although the organ culture model was successfully applied to mature mouse and rat 

testicular tissue (Sato et al. 2011; Reda et al. 2016), our results demonstrated that this 

system is not enough to maintain human germ cells in long-term cultures, corroborating the 

results from other groups (de Michele et al. 2017). A possible explanation for these distinct 

outcomes might be related to differences in tempo of testicular maturation between rodents 

and humans (Stukenborg, Colon, and Soder 2010). In vivo, the maturation of the somatic 

testicular environment takes weeks for rodents but years for humans. This means that in 

culture, maintenance and differentiation of rodent germ cells is supported by simultaneous 

somatic cell maturation. However, in the human context, the culture period and/or 
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conditions appeared unable to mature the somatic environment fast enough to even 

maintain germ cells. 

 

Despite its limitations, the organ culture system served to elucidate differences in terms of 

testicular somatic functionality among distinct groups of patients subjected to different 

treatments against malignant and haematological diseases. For that reason, we suggest the 

methodology to test the functionality of pre- and pubertal testicular tissue in short-term 

cultures. The resulting information will help in directing patients, exposed to different 

treatment protocols, to the most adequate fertility preservation approach for each 

individual. 
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5 CONCLUSIONS 

Throughout these studies, we utilized three distinct models in an attempt to model testicular 

organization and function in vitro. We demonstrated that using the 3-LGS, it was possible to 

explore both reorganization and functionality of the generated rat organoids. However, while 

using the DTM to generate human testicular organoids and the organ culture system, only 

functional aspects could be modelled. 

 

More specifically, we verified that: 

 The layout of the 3-LGS benefited the reorganization of 20-dpp rat testicular cells into 

structures similar to in vivo seminiferous tubules in a way never achieved exclusively 

in vitro. 

 These seminiferous tubule-like structures, which we designated testicular organoids, 

displayed some features of the testicular function, namely, the presence of a de novo 

formed BTB and proliferative undifferentiated germ cells. 

 Testicular organoids could be used to model the known in vivo effect of RA, IL1α and 

TNFα on testicular microenvironment, validating the system to study the role of other 

factors of interest on germ cell maintenance as well as somatic cells function and 

organization in vitro. 

 Although DTM did not support the reorganization of human testicular cells into a 

similar arrangement as found in vivo, the generated organoids displayed some 

characteristics of testicular functionality, namely, the presence of proliferative 

spermatogonia and production of testosterone and inhibin B. 

 The organ culture conditions utilized in this study are yet not enough to maintain and 

differentiate human germ cells, as already demonstrated for other species. 

 The organ culture system could be used to identify differences in parameters related 

to somatic functionality among testicular tissue samples from pre- and pubertal boys 

subjected to malignant and haematological treatments. 

 Testicular tissue from SCD patients treated with HU had a compromised testicular 

somatic environment. This, together with the fact that few germ cells were present in 

the testicular sample of these patients at the time of biopsy, highlights the need for 

new fertility preservation strategies for this group of patients. 
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