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Abstract

Sertoli cells in testicles are the main building blocks of the seminiferous tubules where they facilitate
the process of spermatogenesis. Although, the Sertoli cells were discovered by Enrico Sertoli more than
a 150 years ago, there is still much to discover about their development and functions. The Sertoli cells
are critical for the development of germ cells by the provision of hormonal, nutritional and physical
support as well as by engulfment of their emerged waste. Since such intimate nurturing interactions with
developing spermatocytes require a stable and isolated environment, Sertoli cells themselves create a
protected endoluminal compartment sealed off by the blood-testis barrier (BTB). The BTB is a
junctional complex formed between adjoining Sertoli cells and serves as an impermeable barrier in the
paracellular space. However, spermatogonial stem cell initiating the spermatogenesis lies in front of the
BTB closure, hence the developing spermatocytes have to pass through the BTB which is tightly
regulated to maintain tissue homeostasis. BTB also exhibits immunological functions, because it can
either sequester germ cell-specific antigens from the systemic circulation or release them behind the
BTB. The aims of my thesis are to provide a brief overview of Sertoli cell functions in spermatogenesis,
and then focus on the contribution of Sertoli cell and role of BTB to the maintenance of testicular

immune privilege.
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Abstrakt

Semenotvorné tubuly ve varleti jsou tvofeny Sertoliho bunikami, které zde napomdhaji procesu
spermatogeneze. Ackoliv byla Sertoliho buiika objevena uz pted vice jak 150 lety, stale je na ni mnoho
co objevit, zejména podrobnosti o jejim vyvoji a jejich funkcich. Sertoliho bunka doprovazi vyvijejici
se zarode¢né bunky po celou dobu spermatogeneze tak, ze jim poskytuje hormonalni, nutri¢ni a fyzickou
podporu a pohlcuje vznikly odpad. Tyto intimni vyzivovaci interakce s vyvijejicimi se spermatocyty
vyzaduji stabilni a izolované prostredi, Sertoliho bunky proto vytvaii chranény kompartment tésné
uzavieny hematotestikularni bariérou. Hematotestikularni bariéra je slozity komplex bunécnych spojeni
vytvofeny mezi sousedicimi Sertoliho builkami a tvofici nepropustnou bariéru v paracelularnim
prostoru. Nicméng, spermatogonialni kmenové bunky zahajujici spermatogenezi se nachazi pred touto
bariérou, a proto musi vyvijejici se spermatocyty prekonat hematotestikularni bariéru, coz je striktné
regulovano, aby byla udrzena ve varleti homeostaze. Hematotestikularni bariétfe je ptfipisovana také
imunologicka funkce, jelikoz bud’to izoluje specifické antigeny zarodecnych bun€k pred imunitnimi
bunikami ze systémové cirkulace, a nebo je uvoliuje za bariéru. Cilem mé prace je shrnout funkce
Sertoliho buiiky ve spermatogenezi, a poté se zam¢rtit na roli Sertoliho buiikky a hematotestikularni

bariéry v udrzeni imunitné privilegovaného stavu ve varlatech.

Klicova slova: varle, Sertoliho bufika, bunééné spoje, hematotestikularni bariéra, testikularni imunitni

privilegium
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1. Introduction and aims of the thesis

Spermatogenesis is a process of generation of male gametes, known as sperm within the male
reproductive organs called testes, which are paired organ of men reproductive system responsible for
the steroidogenesis as well as spermatogenesis. Male fertility depends on the continuous production of
sperm by the testes. It is of note, that infertility affects one in every six couples who are trying to conceive
(Thoma et al., 2013). In at least half of all cases of infertility, a male factor is a major or contributing
cause (Agarwal et al., 2015; Practice Committee of the American Society for Reproductive Medicine,
2015) and strikingly approximately 40% of these men are diagnosed with idiopathic sterility, i.e. without

obvious physiological reason (Sharma et al., 2020).

Normal spermatogenesis essentially relies on Sertoli cells, which possess remarkable qualities, which
enable spermatogenesis (Franca et al., 2016). These cells were firstly described more than 150 years ago
(Sertoli 1865; as cited in Franca et al., 2016) but there is still much to discover in these interesting cells.
Sertoli cells form the seminiferous tubules and are the only somatic cells accompanying the development
of germ cells throughout the whole spermatogenesis. They are crucial for orchestration of the testicular
morphology in ontogeny (Svingen & Koopman, 2013) and preservation of cell junctions while providing
hormonal, nutritional and physical support for mitosis and meiosis of male germ cells. Moreover, they
create a secluded immune-protected environment for development of spermatocytes and spermatids
behind an impermeable barrier. Adjoining Sertoli cells seal the paracellular space by a junctional
complex called a blood-testis barrier, thus demarcating tubular compartments (Dym & Fawcett, 1970)
and thus forming the immune privilege of the seminiferous tubules, i.e. tissue with tolerogenic immune
environment (Streilein, 1993). In the basal compartment of the seminiferous tubule spermatogonial stem
cells develop into primary spermatocytes, which eventually enter the adluminal compartment, moving
towards the lumen of seminiferous tubule. They undergo the first and the second reductional division,
thus ending up as haploid spermatids which develop into spermatozoa (Geyer, 2017; Griswold, 2016).
While Sertoli cells can change the composition of junctions according to the tubular regions as well as
due to the type of the adjacent cells, they must also tightly regulate the composition of cellular junctions
to enable blood-testis barrier transient opening, spermiation and phagocytosis of the dead germ cell (Yan

Cheng & Mruk, 2015).

Aim of this bachelor's thesis is to give an overview concerning Sertoli cell junctions, their localisation,
specific composition, role during spermatogenesis and regulation. Then, I will discuss the effect of
cellular junctions on testicular immune privilege and role of Sertoli cell in the processing of the germ

cell-specific antigens generated in the seminiferous tubule.



2. Testicular seminiferous tubules and interstitial space

In mammals, the testicles develop from a bipotential gonadal primordia. The gonadal primordia also
called genital ridges are pair tissue structures which appear parallel to embryonic head-to-tail axis
approximately at embryonic day E10 in mouse and later develop to a pair of testicles in male or ovaries
in female (Svingen & Koopman 2013). Cellularly, genital ridges comprise of proliferating coelomic
epithelial cells from mesonephros and primordial germ cells (PGCs) (Nef et al., 2019). All PGCs have
the potential to differentiate into a sperm or an oocyte, independently on genetics of the embryo. Their
contribution to male or female gametes depends whether or not they are in testicular environment
(McLaren A., 1985; as cited in Koopman, 2001). From asymmetrically dividing coelomic epithelial cells
develop two somatic cell lineages. The supportive progenitors, which will differentiate to testicular
Sertoli cells or ovarian granulosa cells and steroidogenic progenitors which become Leydig cells or
theca cells (Nef et al., 2019). The fate of the bipotential gonad to develop into a testicle is set by sex-
determining region of the Y chromosome (Sry) gene present only in the XY embryo (Koopman et al.,
1990). Sry gene become expressed in supportive gonadal lineage, later recognized as Sertoli cells
(Sekido et al., 2004). A Sox9 gene, a direct downstream target in Sry cascade, drives differentiation of
Sertoli cells further orchestrating the formation of testicular cords, later developing into the seminiferous

tubules (Svingen & Koopman, 2013).

During embryonal development, the testicular cords form de novo (Svingen & Koopman, 2013)
synchronously from clusters of Sertoli and germ cells also referred as Sertoli germ cell mass. Sertoli
cells start to migrate to the cords periphery (Nel-Themaat et al., 2011), where they form a lining of the
tubule. The mass of the testicular cords undergoes remodelling, thus forming loop-like structures which
further elongate and buckle. In an adult testis there is around dozen of long seminiferous tubules (Nel-
Themaat et al., 2009) filling out the whole volume of the testicle, resembling a tangled lump of spaghetti
(Svingen & Koopman, 2013). Moreover, more than a half of the seminiferous tubules branch into more
arms and terminations (Nakata, 2019) making the structure even more complicated. All terminations of
seminiferous tubules lead to a cavity called refe testis (Kulibin & Malolina, 2020), which connects

seminiferous tubules with efferent ducts allowing sperm to flow from testicle into epididymis (Figure 1).

In adult male, the seminiferous tubule comprises of Sertoli cells and spermatogonia ordered in a rosette-
like pattern (Nel-Themaat et al., 2011) and is surrounded by peritubular myoid cells (PMCs), organized
in a one (mouse) or more layers (human) (Figure 1 and 2) (Bustos-Obregon, 1976). PMCs resemble
smooth muscle cells and generate contractions, thus generating power which transfers spermatozoa in
luminal fluid from testes into the epididymis (Clermont, 1958). Sertoli cells and PMCs cooperate to
produce extracellular matrix (ECM) proteins (Skinner et al., 1985), which form the basal lamina (also
called basement membrane), located between these two cellular types (Hadley & Dym, 1987). The
attachment of Sertoli cell to the basal lamina is assured by hemidesmosomes (Yan Cheng & Mruk,

2015). The collagen and laminin containing basal lamina together with peritubular myoid cells form
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tunica propria, the edge of the seminiferous tubule and interstitial space (Figure 2) (Hadley & Dym,
1987).
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Figure 1. Process of spermatogenesis appears in seminiferous tubules

The basic anatomical features of a testicle and a process of spermatogenesis in embrace of the Sertoli
cell in the seminiferous tubule are depicted by a scheme edited from Encyclopaedia Britannica (The
Editors of Encyclopaedia Britannica, 2023).

The interstitial space is the area outside of the seminiferous tubules within the testis (Figure 2). It is
comprised of many cell types such as steroidogenic Leydig cells and their undifferentiated mesenchymal
progenitors (Heinrich & DeFalco, 2020), vascular cells, mesenchymal cell such as fibroblasts and
numerous types of immune cells (Figure 2) (Gu et al., 2022), which can relocate to this area from the
blood vessels or lymphatic vasculature (Oliver & Stukenborg, 2020). Leydig cells are here the only cells
with the endocrine function which in the presence of luteinizing hormone (LH) produce testosterone
from its precursor cholesterol (Zirkin & Papadopoulos, 2018), which is required for successful
spermatogenesis (Holdcraft & Braun, 2004; Walker, 2011). The most abundant immune cell type are
macrophages (Hedger, 1997). Their population in the interstitial space is heterogenous with prevailing
M2 phenotype (Bhushan & Meinhardt, 2017; Wang et al., 2017). Two subpopulations of testicular
macrophages with distinct morphology, phenotype and function were shown recently (DeFalco et al.,

2015) - peritubular macrophages localized at the edge of the seminiferous tubule, whereas interstitial
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macrophages cooperated with Leydig cells in the open interstitial space (Mossadegh-Keller & Sieweke,
2018). Beside macrophages, the interstitial space under normal physiological conditions contains also
leukocytes, monocytes, dendritic cells, NK cells as well as mast cells (Bhushan et al., 2020; N. Li et al.,

2012; Meineke et al., 2000).

Interstitium

Figure 2. Interstitial space surrounds seminiferous tubules

The scheme shows simplified model of rodent seminiferous tubules surrounded by interstitial space with
containing immune cells, adopted from (Zhao et al., 2014). Abbreviations: BL — basal lamina, BTB —
blood-testis barrier, BV — blood vessel, DC — dendritic cell, ES — elongated spermatid, LC -Leydig cell,
My — testicular macrophage, MC — mast cell, MPC -myoid peritubular cell, PSC — primary
spermatocyte, RS — round spermatid, SPG — spermatogonia, SSC — secondary spermatocyte, ST —
seminiferous tubule.

3. Sertoli cells - the nurse cell of the spermatogenesis

Enrico Sertoli in 1865 reported about the discovery of branched cells within the seminiferous tubule
which were later named as Sertoli cells (Sertoli 1865; as cited in Franga et al., 2016). He described
Sertoli cell’s morphology and suggested their supportive function in spermatogenesis. Moreover, he
continued publishing about seminiferous tubules among other discoveries during his life and hence

started the scientific discussion in the field of Sertoli cell (Patriarca et al., 2019).

Sertoli cell enables the spermatogenesis by embracing all developmental stages of germ cells up to the

sperm (Figure 1). This process is highly spatially and temporally organized. The only cellular source of



spermatogenesis is spermatogonial stem cells (SSCs). By definition of stem cells (Slack, 2018), SSCs
possess the capacity for self-renewal and differentiation into spermatogonia. At the onset of puberty, a
SSCs divide mitotically, going through stages of differentiating spermatogonia, generating the primary
spermatocyte (Oatley & Brinster, 2012). From this point spermatogenesis continues by two reduction
divisions (meiosis I and II) resulting in four haploid spermatids (Figure 1) (de Kretser et al., 1998;
Griswold, 2016), which are small round cells yet without the flagellum. To become a morphologically
mature sperm, they enter a process called spermiogenesis (O’Donnell, 2014), which is fully orchestrated
by the apical part of the Sertoli cell (L. D. Russell et al., 1989). Spermatogenesis, i.e. the whole process
from a SSC up to a motile spermatozoa, repeats periodically in the cycles, described by the cycle of
seminiferous epithelium (Figure 3) (Leblond & Clermont, 1952). Leblond and Clermont in 1952
described on a rat 14 stages (I-XIV) of this cycle which describe continuous changes in cellular
composition in the tubule through one successive process of spermatogenesis. In mouse are described

12 stages (Figure 3) and in human 6 stages (De Kretser, 1988; as cited in Mruk & Cheng, 2015).
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Figure 3. An overview of murine spermatogenesis, cycle of seminiferous epithelium

In A are depicted major steps in process of spermatogenesis. From diploid spermatogonia (blue cell)
develop spermatocytes (red cells) which by two reduction divisions give rise to haploid spermatids
(green cells). Spermatids differentiate into spermatozoa (black flagellated cells) through process of
spermiogenesis and are released from the tubule during spermiation.

Part B shows in simplicity cellular distribution within the seminiferous tubule. Sertoli cell nucleus is in
the scheme symbolized by a grey block and Sertoli cell cytoplasm hypothetically surrounds the
developing germ cells. Plasma membranes of Sertoli cells were omitted.



Part C is a diagram showing the cellular associations appearing in murine testicles during twelve stages
of cycle of seminiferous epithelium. Red arrow marks a time in the cycle when retinoic acid is required
for initiating the differentiation of spermatogonia to spermatozoa.

Abbreviations of developing germ cell in a chronological manner: A - A spermatogonia, Al to A4 - Al
to A4 spermatogonia, In,, intermediate (mitosis) spermatogonia;, B — spermatogonia type B; Pl -
preleptotene spermatocytes; L - leptotene spermatocytes; Z - zygotene spermatocytes; P - pachytene
spermatocytes; D - diplotene spermatocytes; m2°m - secondary spermatocytes. Round and elongating
spermatids are labelled as steps 1-16. Adopted from (Kent & Griswold, 2014).

Spermatogenesis starts in human at the onset of puberty and in mouse within a few days after the birth
(Drumond et al., 2011). It appears in the asynchronous manner and very fast (Drumond et al., 2011;
Snyder et al., 2010) ending up with a high number of apoptotic germ cells (Rodriguez et al., 1997). This
phenomenon is not well understood but is generally explained as the control phase of spermatogenesis,
prior to a life-long production of sperm. During this time along with the appearance of germ cells, the
Sertoli cell changes its transcription profile from proliferative juvenile, which so far facilitated the
construction of the tubule, to the mature nurturing state, which changes the Sertoli cell in purpose to
support the gametogenesis (Zimmermann et al., 2015). This gene-programme switch also referred as
functional maturation of Sertoli cells, changes the cell function and morphology (Sharpe et al., 2003). It
is believed that the regulation is made by thyroid hormones with contribution of retinoic acid (RA, an
active form of vitamin A) and estrogens (Meroni et al., 2019). Once the Sertoli cell matured, it
immensely contributes to the process of spermatogenesis by 1) hormonal and nutrition support and 2)

physical maintenance of spermatocytes, hence allowing meiotic progression (Franca et al., 2016).

Hormonal support of the spermatogenesis means the delivery of testosterone to the germ cells. This
hormone is essential for spermatocytes to proceed through the meiosis, to the final spermatid
differentiation (Holdcraft & Braun, 2004; Walker, 2011). However, testosterone is produced by Leydig
cells in the interstitial space, far from the germ cells, hence Sertoli cell bring the testosterone to the
developing gametes (Heinrich & DeFalco, 2020). There is also an effect of the testosterone on the Sertoli
cell. Notably, it binds to the intercellular androgen receptor (AR) in Sertoli cell which is then
translocated to the nucleus and here it affects the gene expression of the AR-regulated genes (Walker,
2011). In addition, testosterone also induce two other molecular pathways, including kinases and
calcium channels. This has an impact on the adhesion of the germ cells to the apical part of the Sertoli
cell and remodelling the Sertoli cell junctions. In these processes, it is considered that testosterone plays
a major regulatory role (Walker, 2011). Sertoli cells are also involved in the metabolism of retinoic acid
(Raverdeau et al., 2012) which is essential for commitment of undifferentiated spermatogonia to meiosis
(Figure 3) (Griswold et al., 1989; Snyder et al., 2010). It was shown, that there is a gradient of RA along
the seminiferous tubule which maintains the continuity of spermatogenesis (Hogarth et al., 2015). Sertoli
cells also provide a lactate (Jutte et al., 1982) and iron (Sylvester & Griswold, 1994) to spermatocytes

and spermatids because they are sequestered from the blood vessel supplies by impermeable barrier.



Secondly, Sertoli cells, as the only somatic cell in the seminiferous tubules, provide the spatial support
for processes associated with spermatogenesis. By functional maturation, the Sertoli cell becomes
columnar, it prolongs into cytoplasmic arms (Solari & Fritz, 1978) and also enlarge its nucleus (Sharpe
et al., 2003). Sertoli cells display (just as any other cell) three types of cytoskeletal fibres: microtubules,
intermediate filaments referred as vimentin, and actin microfilaments (Hess & Vogl, 2015). While
maintaining the shape and function of the cell, cytoplasmic cytoskeleton in Sertoli cells possesses a
unique role required for spermatogenesis (Vogl et al., 2008). Specifically, it is important for organisation
and function of the inter-cellular junctions between adjoining Sertoli cells or between Sertoli cell and
germ cell (Vogl et al., 2008), which holds the developing germ cells in the seminiferous epithelium

(Figure 3).

At the beginning of spermatogenesis, a junctional complex called blood-testis barrier (BTB) is formed
between the adjacent Sertoli cells (Figure 3) (Meroni et al., 2019). Assembly of BTB functionally divide
the Sertoli cells to apical and basal domain and at the same time BTB partitions the paracellular space
into two spatial compartments of the seminiferous tubule - the basal and adluminal compartment (Figure
4) (Dym & Fawcett, 1970). In basal compartment reside undifferentiated spermatogonia including SSCs
and preleptotene spermatocytes (Geyer, 2017), while adluminal compartment contains primary
spermatocytes (4n), secondary spermatocytes (2n) and round spermatids (n), which elongate into
spermatozoa (Figure 4). Sertoli cell branches in adluminal direction into crypts creating the environment

for elongating spermatids attachment (L. D. Russell et al., 1989).

Very special function of Sertoli cell essential for spermatogenesis, alongside with the hormonal support
and physical maintenance of the developing gametes is that it also engulfs the apoptotic germ cells and
excessive cytoplasm from developing spermatids called residual body (Figure 4 and 5) (Breucker et al.,
1985; Vogl et al., 1985). This process of phagocytosis is critical for the testicular homeostasis and it is
facilitated by the cytoskeleton of Sertoli cell but also by the cellular junctions (L. D. Russell, 1979c;
Yan Cheng & Mruk, 2015). The obtained germ cell antigens together with their anchoring devices may
be partially recycled, but most of them are degraded in the lysosomes recruited by the microtubules to
the basis of the Sertoli cell (Chemes, 1986; Tang et al., 2016). It is of note, that some of the germ-cell
specific antigens were found also in the interstitial space (Tung et al., 2017) which points to some
specific role of Sertoli cell in egress of obtained molecules. Nevertheless, this yet poorly understood

phenomenon will be discussed at the end of this thesis.
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Figure 4. Sertoli cell junctions and their localisation at the tubular compartments during
spermatogenesis.

A) A cross-section of adult rat testis showing seminiferous tubules in different stages (V and VII) and
Leydig cells in interstitial space. Bar = 80 um.

B) A micrograph of rat seminiferous tubule showing the Sertoli cell (SC) in close contact to developing
germ cells. As the epithelium is in stage V, the composition of the tubule is pachytene spermatocytes
(PS), round spermatids (RS) and elongating spermatids (ES). Bar = 8 um.

C) A scheme illustrating the localization of each stage of developing germ cell with respect to the
Blood-testis barrier (BTB). Additionally, the scheme also shows types of cellular junctions formed by
Sertoli cell. IN (haploid), 2N (diploid), 4N (tetraploid). Taken from (Cheng & Mruk, 2009).

3.1. Structure and function of the Sertoli cell junctions

At the cytoplasmic periphery and on the cell membrane Sertoli cells form intra-cellular junctions of all
types - tight junctions (TJs), gap junctions (GJs) and adherens junctions (AJs) (Hess & Vogl, 2015).
Most of these junctions are formed and organised by Sertoli cells along with the developing gametes
and sperm (Kopera et al., 2010). Here we describe their structure, function and regulation and their role
during each period of spermatogenesis. A special attention is paid to the unique junctional complex

forming the blood-testis barrier.



3.1.1. Junctions formed between the Sertoli cell and germ cells

Sertoli cells form intercellular junctions with germ cells through the whole process of spermatogenesis.
At the tubular basis, the spermatogonia are connected to Sertoli cell by gap junctions (Decrouy et al.,
2004) and also by desmosome-like junction (Figure 4) (L. Russell, 1977a). Both junctions remain
associated with the developing germ cell - starting at the spermatogonia and remaining till round
spermatid (L. Russell, 1977a). Gap junctions which are responsible for intracellular communication
(Pointis et al., 2010), interconnect cells by a channel called connexon formed from proteins connexins
(Pointis & Segretain, 2005). The connexin expressed in testes is connexin 43 (Pointis et al., 2010).
Desmosome-like junctions function to hold the developing germ cell in the epithelium while it is
transported across the entire length of the Sertoli cell (Kopera et al., 2010; L. Russell, 1977a). Their
structure is similar to conventional desmosomes, comprised of integral membrane proteins desmoglein
and desmocollin from cadherin family. These proteins interconnect Sertoli cells with germ cells and link

the cytoskeletal intermediate filaments via adaptor proteins (Holthofer et al., 2007; Kopera et al., 2010).

When the round spermatid starts to elongate, gap junctions and desmosome-like junctions are fully
replaced by apical ectoplasmic specialization (Apical ES, Figure 5) (Kopera et al., 2010). The role of
apical ES is to anchor the elongating spermatid to the epithelium while it undergoes morphological
changes known as spermiogenesis (E. W. P. Wong et al., 2008). It is of note that ectoplasmic
specialization is also a constituent of BTB, where it is called basal ES (Mruk & Cheng, 2015). In fact,
the only difference between apical and basal ES is that the apical ES is formed between Sertoli cell and
spermatid while basal ES is formed between two adjoining Sertoli cells. In general, ES are structures
composed of three layers (Figure 5). This triad is comprised of bundles of filamentous actin (Toyama,
1976) attached to cistern of endoplasmic reticulum on one side and to plasma membrane on the other
(Flickinger & Fawcett, 1967). Actin filaments in ES are arranged in discrete bundles of hexagonal shape,
and oriented in parallel to the cytoplasmic membrane (Flickinger & Fawcett, 1967; Vogl et al., 2000).
From the spatial difference in neighbouring cell ensues, that while at the apical ES the triad is observed
only in Sertoli cells and not on the side of the germ cell, the structure of the basal ES is homotypic, i.e.

mirrored on both sides of the junction (Hess & Vogl, 2015; E. W. P. Wong et al., 2008).
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A scheme illustrating position of apical (green) and basal (light pink) ectoplasmic specializations
Jformed by Sertoli cells. Accompanied by two electron micrographs from transmission electron
microscope (TEM) showing the ultrastructure of (a) basal and (b) apical ES. Additionally, apical TBC
(dark pink) and other components of BTB are also depicted, desmosome-like junctions (vellow), basal
TBC (orange), TJ. Abbreviations: BTB — blood-testis barrier, ER- endoplasmic reticulum, ES —
ectoplasmic specialization, TBC — tubulobulbar complex, TJ — tight junction. Edited from (E. W. P.
Wong et al., 2008).

The ES are adhesive connections and this attribute is ensured by transmembrane adhesion proteins which
form functional units with their adaptor proteins (E. W. P. Wong et al., 2008). In particular, these
complexes are cadherin-catenin functional units (N- and E-cadherins with a- and B-catenins) (Lee et al.,
2003), nectin-afadin-ponsin functional units (nectin-2 and -3 with 1-afadin) (Ozaki-Kuroda et al., 2002),
and a6p1-integrin expressed in Sertoli cells with a trimeric laminin-a3B3y3 ligand on the side of the
germ cells (Mruk & Cheng, 2004b; Salanova et al., 1995; Yan & Cheng, 2006). The latter is probably
the most important protein complex which maintains the adhesion of the elongated spermatid during the

spermiation. While the integral membrane proteins within the functional units interact in the 70-100 A
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narrow intercellular space between Sertoli cell and spermatid (Hess & Vogl, 2015), the adaptor proteins
link the integral part to the actin bundles (Hess & Vogl, 2015). Not surprisingly, there are numerous
proteins which bind the components of apical ES, such as such a-actinin, espin and fimbrin or Src and
ILK kinases, phosphatases and many others, which are involved in restructuring events and cytoskeleton
remodelling, (Hess & Vogl, 2015; Mruk & Cheng, 2004b). The apical ES differs from the basal ES in
another feature, that is its hybrid character. Apical ES is comprised of proteins conventionally classified
to focal contacts (integrins, laminins and associated signalling focal adhesion kinase (FAK)) or typical
tight junction (JAMs, ZO-1 or CAR) and gap junction (connexin-43) components (Hess & Vogl, 2015;
Mruk & Cheng, 2004b, 2015; E. W. P. Wong et al., 2008). This mixed junctional character presumably
gives the apical ES additional functions.

It is important to mention that apical ES holds the elongating spermatid only transiently. Few hours
before spermiation, i.e. prior to release of spermatids into the lumen, the apical ES is replaced by apical
tubulobulbar complex (apical TBC) which serves as the third and last anchoring junction formed with
the developing germ cell (L. D. Russell, 1979a). The apical ES disassembles and it is gradually replaced
by apical TBC (Guttman et al., 2004; Hess & Vogl, 2015). Apical TBC is an ultrastructure formed by
both Sertoli cell and late elongating spermatid cell membranes creating long tubular protrusions
terminated by clusters of vesicles (Figures 5 and 6) (O’Donnell et al., 2011; L. Russell & Clermont,
1976). The tubular structures are surrounded by actin (Vogl, 1989), while the clusters of vesicles are
coated with clathrin (Young et al., 2009) and surrounded by Sertoli cell’s endoplasmic reticulum
(Figure 6) (L. Russell & Clermont, 1976). Apical TBC was shown to internalize the integral membrane
proteins of apical ES (Guttman et al., 2004) and is able to bud forming bulbs which enter the endocytic
pathway (Lyon et al., 2015; L. Russell & Clermont, 1976). Upon disengagement from the Sertoli cell,
the remaining excessive cytoplasm, called residual body (Figures 4, 5 and 6), is engulfed by Sertoli cell
(Breucker et al., 1985). Apical TBC might be incorporated in the processes of elimination of spermatid
cytoplasm (L. D. Russell, 1979c¢). It probably also helps in the recycling of apical ES components
(Young et al., 2012) which the apical TBC internalizes. The recycled proteins are then reassembled to

form a new apical ES for another spermatid at the onset of spermiogenesis (Yan Cheng & Mruk, 2015).
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A Scheme showing the apical tubulobulbar complex appearing at the concave side of the elongated
spermatid. Apical ectoplasmic specializations triad is on the convex side of the germ cell and will be
replaced by TBC before spermiation. The excessive spermatid cytoplasm, here named residual lobe will
be engulfed by Sertoli cell by TBC mediated pathway. Adopted from (Mruk & Cheng, 2004a).

B Apical TBC showed by transmission electron microscopy as bulbs on the border of germ cell and
Sertoli cell membranes. At the side of the Sertoli cell is visible its endoplasmic reticulum (SER) which
surrounds the bulbar part of TBC. Adopted from (Hess & Franca, 2005)

3.1.2. Blood-testis barrier

Blood-testis barrier (BTB) is a complex ensemble of various types of junctions which are located near
the basal membrane between adjoining Sertoli cells. It separates basal and adluminal compartments in
the seminiferous tubule (Dym & Fawcett, 1970). BTB restricts the paracellular diffusion of substances
such as water, electrolytes, ions, nutrients, hormones, paracrine factors and other biological components
between adjoining Sertoli cells (Cheng & Mruk, 2012). This attribute of BTB creates for spermatocytes
in meiosis, round and elongating spermatids a protective and strictly regulated environment, behind the
impermeable barrier (Cheng & Mruk, 2012). BTB is composed of TJs, basal ES, GJs and desmosome-
like junctions (Figure 7) (Dym & Fawcett, 1970; C. Wong & Cheng, 2005). This gathering of different
complexes is very unique, and cannot be found in any other somatic cells or blood-tissue barriers (Cheng
& Mruk, 2012; Morrow et al., 2010). Moreover, the components of different junctional types in the BTB
are often physically and functionally intermingled (Morrow et al., 2010; Vogl et al., 2008; Yan et al.,
2007), while in other somatic epithelia these TJs, AJs and desmosome-like junctions are distinctly
segregated (E. W. P. Wong et al., 2008). In general, the impermeable barrier in the paracellular space is
generated by extracellular domains of integral membrane proteins of BTB (Figure 7) (Mruk & Cheng,

2015). In addition, a huge number of peripheral scaffolding and signalling proteins are linked to integral
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membrane proteins of BTB, and mediate communication with actin and tubulin cytoskeleton (Figure 7),

thus allowing the their dynamic modulation (Mruk & Cheng, 2015).
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Figure 7. A scheme depicting molecular composition of Blood-testis barrier

Note that the concrete order of junctional types varies in literature, moreover physical engagement of
integral membrane proteins of tight junctions and basal ectoplasmic specialization is discussed in text,
but not highlighted in the scheme. Abreviations of proteins discussed in the text: AF-6 - afadin, CAR-
Coxsackie and Adenovirus Receptor, JAM- junctional adhesion molecule, LSR - Lipolysis-stimulated
lipoprotein receptor, ZO 1-3 — zonula occludens 1-3. Taken from (Mruk & Cheng, 2015)

A critical structure of BTB are TJs or here referred also as occluding junctions, due to their main
component, protein occludin. It forms a belt in Sertoli cell membrane sealing the paracellular space (Van
Itallie & Anderson, 2014), which prevents free passage of water, solutes, and large molecules, and in
the same time, blocks the movement of membrane proteins and lipids (Mruk & Cheng, 2015). TJs in

BTB comprise of integral membrane proteins, mainly claudins and occludins which interact mostly
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homo-typically via their extracellular domains (Morrow et al., 2010). These transmembrane proteins
are peripherally linked to scaffolding proteins such as zonula occludens 1 to 3 (ZO1, ZO2 and ZO3)
proteins, which interact with actin microfilaments through other molecular linkers (Van Itallie &

Anderson, 2014; C. Wong & Cheng, 2005).

In addition to claudins and occludin, other known integral membrane proteins of BTB TJs are tricellulin,
JAM-A and JAM-B and CAR (Morrow et al., 2010; Mruk & Cheng, 2015). From all these, it appears
that indispensable for BTB function are only claudin 3, 5 and 11 and occludin which create the zipper-
like sealing between the cells (Chung et al., 2001; Gow et al., 1999). Tricellulin spans the intercellular
space in seminiferous tubule (Ikenouchi et al., 2005). It structurally resembles occludin and localizes to
tricellular TJs, which usually seal the space between three neighbouring cells (Ikenouchi et al., 2005).
Lipolysis-stimulated lipoprotein receptor (LSR) is localized at this tricellular TJs (Masuda et al., 2011).
It appears that tricellulin together with LSR functions as a “glue” between claudins and occludins at the
tricellular contacts, where claudins and occludins could potentially be only weakly connected and thus
form “leaky” spots in the barrier (Masuda et al., 2011). Among integral membrane proteins of BTB are
included also Junctional adhesion molecules JAM-A and JAM-B (Gliki et al., 2004) together with JAM
family related Coxsackie and Adenovirus Receptor (CAR) (Luissint et al., 2014).

As mentioned above, the integral membrane proteins are linked to scaffolding proteins. Scaffolding
proteins mediate their attachment to Sertoli cell cytoskeleton and communication with signalling
proteins regulating TJs. These are tight junction plague proteins 1 to 3 (TJP1, TJP2 and TJP3) which are
commutable with ZO-1, ZO-2 and ZO-3 (Mruk & Cheng, 2015). All ZO proteins provide the link to
other peripheral proteins, such as actin and actin binding proteins (Gonzalez-Mariscal et al., 2000; Van
Itallie & Anderson, 2014). Beside ZOs, cingulin and afadin are another scaffolding proteins, which bind

to actin microfilaments and tubulin microtubules (Van Itallie & Anderson, 2014).

The basal ES is indispensable part of BTB (Decrouy et al., 2004). Its general structure is comprised of
three layers - bundles of actin, cistern of endoplasmic reticulum and plasma membrane, similarly to
apical ES. The molecular composition of basal ES is mostly the same as that of apical ES. However, for
the basal ES, a predominant adhesive complex is N-cadherin and B-catenin (Lee et al., 2003; Mruk &
Cheng, 2004b). Integral membrane proteins of basal ES (N-cadherin) and TJs (occludin) are physically
and functionally intermingled and were seen to associate with similar adaptor protein ZO-1 (Yan &
Cheng, 2005). These findings suggest that TJs and basal ES together maintain the integrity of BTB.
Similarly to the region of germ cell/Sertoli cell interface seen at the apical site of Sertoli cell which
assures spermiation (Figure 6), tubulobulbar complexes appear also at the site of basal ES and are
referred as basal TBC (Hess & Vogl, 2015). Although, they are smaller and less frequent compared to
the apical TBCs (Vogl et al., 2008), they are capable to internalize integral membrane proteins of BTB
(Mruk & Cheng, 2015).
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Gap junction and desmosome-like junctions are located at the BTB between patches of intermingled TJs
and basal ES (Mruk & Cheng, 2015). Gap junctions are here comprised from connexins which form a
channel, connexon, similar to that formed at the site of germ cells in adluminal compartment (Pointis &
Segretain, 2005). Hence connexin 43 interacts with structural component of desmosome (M. W. M. Li
et al., 2009), the term “desmosome-gap junction” is sometimes used instead (Cheng & Mruk, 2010).
Moreover, desmosomes interact in addition with TJ components such as CAR and ZO-1 which points

to a very complex and interchangeable character of BTB components (Lie et al., 2010).

4. Modulation of Sertoli cell junctions during spermatogenesis

In the previous sections, I focused on the specialized junctions formed by the Sertoli cells with intention
to highlight their complexity, importance and exclusivity compared to other somatic cells. However, it
is necessary to understand, that these junctions are functionally coupled to the process of
spermatogenesis, specific germ cell localization and regulation of their redistribution, and mostly
synchronization of these processes which is crucial for developing sperm. Next, I will focus on the
communication between the BTB, which is crossed by spermatocytes at the beginning of the
gametogenesis, and apical ectoplasmic specialisation which is essential for the final step of germ cell
development, the spermiation. Strikingly, these rather timely and regionally distinct processes appear to
be highly synchronous. In particular, preleptotene/leptotene primary spermatocytes have to transverse
the BTB to enter the adluminal compartment (L. Russell, 1977b) and at the same time, spermatozoa are
released to the luminal fluid (Yan et al., 2007) as shown on the Figure 8. These two processes happen
on the opposite sides of the Sertoli cells at the window from VIII to XI stage of the cycle of the
seminiferous epithelium (Mruk & Cheng, 2015) and both induce restructuring and tight regulation of
Sertoli cell’s junctions. A functional axis between apical ES and BTB was postulated (Cheng & Mruk,

2010) and below, I provide an insight into regulation of BTB synchronization with spermiation.

Preleptotene/leptotene spermatocytes migrate across BTB, thus the BTB has to transiently open (Mruk
& Cheng, 2015). The passage of spermatocytes includes assembly of “new” BTB with help of
assembling claudin 3, under the transported spermatocytes, while the “old” BTB above the
spermatocytes disassembles (L. Russell, 1977b; Smith & Braun, 2012). Transported leptotene
spermatocytes are thus transiently surrounded by new and old junctions of BTB barrier (L. Russell,
1977b; Smith & Braun, 2012). This mechanism resembles an overflow chamber and ensures that the

integrity of the BTB won’t be disrupted (L. Russell, 1977b).

Components from the ”old” disassembled barrier, are internalized and engulfed by Sertoli cell. The
process of internalisation is probably facilitated by the newly formed tubulobulbar complexes, via
budding of the vesicles into the cytosol of Sertoli cell (Mruk & Cheng, 2015; L. D. Russell, 1979b).
Proteins internalized are degraded in lysosomes or recycled in sorting endosomes for repeated use in

newly formed junctions (Vogl et al., 2008), and this process is called junctional turnover. The turnover
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of the BTB proteins was found to be regulated by testosterone and cytokines such as TNF-a, TGF-B2
and -B3 (Meng et al., 2005; Xia et al., 2009; Yan et al., 2008). Generally, testosterone and cytokines have
antagonistic role - while testosterone promote adhesion and integrity of BTB (Meng et al., 2005),
cytokines perturb the BTB (Xia et al., 2009). In particular, testosterone is suggested to mediate protein
transcytosis and recycling of membrane proteins back to membrane, while cytokines (i.e., TGF-p3) send
internalized proteins to endosome- and ubiquitin- mediated degradation. This scenario was
experimentally confirmed by using in vitro cultured Sertoli cells growing on Matrigel which enables
them to form BTB (Su et al., 2010). When the cells were treated with testosterone, internalized proteins
occludin and N-cadherin colocalized with caveolin-1 which regulates transcytosis, and with Rab11, the
protein marker of recycling (Su et al., 2010). When Sertoli cells were treated with TGF-B3, the
internalized occludin and claudin colocalized with ubiquitin-conjugating enzyme E2 J1, which points to

their degradation (Su et al., 2010).

Turnover of junctions is especially important for passing of spermatocytes across the barrier and
spermiation. These events occur synchronously and are coordinated by dual effects of biologically active
peptidic fragments (H. Li et al., 2020). These bioactive fragments act as local autocrine factors which
have an impact on synchronicity of Sertoli cell junction remodelling. Such orchestrated path between
two topological sites of Sertoli cell is called apical ES-BTB-basement membrane axis (Cheng & Mruk,
2010; N. Li et al., 2016) and in addition to membranous proteins, the cytoskeleton also plays important
part in it (Y. Gao et al., 2016). Remodelling of actin and microtubular cytoskeleton modulates
architecture of BTB and is also involved in the proper targeting of proteins into the junctions (N. Li et
al., 2016). After disruption of cytoskeleton by glycerol, BTB is disrupted and non-functional (Wiebe et
al., 2000). Important player at apical ES is laminin-a33y3, which is one of the integral membrane
proteins (Yan & Cheng, 2006). A biologically active F5-peptide can be released from its y3 chain by the
matrix metalloproteinase-2 (MMP-2) (H. Li et al., 2020; Su et al., 2012). Similarly, in the basal lamina
are two bioactive peptides, which are released from junctional components. These are NC1-peptide
derived from a3 chain of collagen type IV and LG3/4/5-peptide derived from laminin-a2 (H. Li et al.,
2020). Both apical and basal active peptides affect the formation of actin and microtubular cytoskeleton
of Sertoli cell as is shown in Figure 8 (H. Li et al., 2020). Moreover, there is a cross-talk between the
abovementioned testosterone, cytokines and bioactive peptides. Sue et al. showed that TNF-a increased
the expression of MMP-9, which is responsible for production of NC1-peptides (Siu et al., 2003).
Nevertheless, the whole process concerning the communication axis between apical and basal Sertoli-

cell-structures, remain largely uncharacterized and elusive.

It is of note that amongst other regulating factors, proteins with conventional role in inflammation can
also affect architecture of BTB. Some of them are TNF-a, activin-A and various interleukins (IL1A,

IL6, IL17A) (Pérez et al., 2014; Zhang et al., 2014).
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Figure 8. Effects of bioactive peptides to the BTB and restructuring of apical ES

A A part of a scheme depicting the arrangement of junctional compounds before transition of the
spermatocyte throung BTB.

B In this part of the scheme are visualized effects of (i) F5 peptide a laminin-y3 fragment (green lines)
and (ii) NCl-peptide from collagen a3 chain which both promote apical ES disassembly and BTB
remodelling to allow passage of spermatocytes across the barrier or spermiation, respectively. Also are
depicted effects of LG3/4/5 peptide (iii) from laminin-a2 chain, which promotes assembly of “new” BTB
behind the transported spermatocyte. Abbreviations: MMP-2 - matrix metalloproteinase-2, MMP-9 -
matrix metalloproteinase-9. Adopted and edited from (H. Li et al., 2020).

5. Testes are immune privileged tissue

Testes are anatomical sites of immune privilege (Barker & Billingham, 1978). Commonality of all
immune privilege tissues, central nervous system, corneal stroma of eye, pregnant uterus, as well as
testicles (Streilein, 1993) is that in these places are antigens tolerated without triggering an inflammatory
response (Streilein, 1995). There appears a question, why the site of spermatogenesis must be protected
from the host immunity. Since the process of spermatogenesis become active only during puberty when
central tolerance is firmly established (Meinhardt & Hedger, 2011), it is believed that the generated germ

cell-specific antigens (Lemaire et al., 1992; Yuan et al., 1995) may provoke the immune response
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(Diekman et al., 2000). Auto-inflammation causes so-called autoimmune testicular orchitis, which is
accompanied by production of anti-sperm antibodies and cause sterility (Schuppe et al., 2008). To avoid
this, Sertoli cells via BTB sequester these antigens in the adluminal compartment. Moreover, tightly
regulated and closed BTB prevents the entry of immune cells and antibodies from the interstitial space
to the adluminal compartment, where germ cells differentiate and mature (Cheng & Mruk, 2010; Mital
et al., 2011). Nevertheless, as mentioned previously, there are spermatogonia and preleptotene/leptotene
spermatocytes which are localized in the front of BTB closure, and thus are possibly visible for immune
cells (Mital et al., 2011). Interestingly, several studies showed egress of germ cell-specific antigens to
the interstitial space (O’Donnell et al., 2021; Tung et al., 2017). Those antigens were identified in a
healthy adult testicular interstitial fluid (TIF) in mice and men and also in their blood plasma (O’Donnell
et al., 2021). Based on these new observations, germ cell-specific antigens were categorized as either
sequestered or non-sequestered in Sertoli cells. The non-sequestered antigens egress from the
seminiferous tubule to the interstitial space (Tung et al., 2017). These antigens originate predominantly
from nuclei and cytoplasm of prophase I spermatocytes, round and elongating spermatids, but can be
also derived from sperm acrosome and flagellum which are generated behind the BTB (O’Donnell et
al., 2021) Interestingly, it was shown that the transport of non-sequestered germ cell-specific antigens
to the interstitial space is facilitated by residual bodies, i. e. via engulfment by Sertoli cells (Tung et al.,
2017). While the mechanism of this antigen-generating function of residual bodies mediated by Sertoli
cells remains elusive, it clearly points out that blood-testis barrier may not be the only factor maintaining

the immune privilege in testicles.

Sertoli cells create immunomodulated environment in and outside of the seminiferous tubule (Fijak &
Meinhardt, 2006; Mital et al., 2011). This tolerogenic microenvironment is maintained actively by the
modulation of residing immune cells to be more tolerogenic and anti-inflammatory (Mellor & Munn,
2008). To achieve this, Sertoli cells secrete a variety of immunomodulatory factors such as activin A and
TGF-B which precondition this microenvironment as anti-inflammatory, which adequately change the
profile of immune cells (Washburn et al., 2022; Zhao et al., 2014). The most abundant immune cells in
the interstitial space are macrophages, which in this anti-inflammatory environment are prone to M2
type immune responses with enhanced IL-10 secretion (Wang et al., 2017). Sertoli cells limit the number
of effector T lymphocytes which are rather pushed into Th2 developmental lineage (Washburn et al.,
2022), and on the other hand actively contribute to the generation of T-regulatory lymphocytes (Tregs)
which also depends on the presence of IL-10 together with TGF- 1 (Zhou et al., 2008). Sertoli cells
also dampen expression of MHC II on dendritic cells (DCs) making these professional antigen

presenting cells more tolerogenic (J. Gao et al., 2016; Rival et al., 2007).

Nevertheless, immune privilege cannot limit the immune response to pathogens or infection. Thus,
Sertoli cells are armed with pattern recognition receptors (PRR) such as Toll-Like Receptors (TLRs)

which recognize evolutionary conserved metabolites/structures of pathogens as their ligands (Riccioli
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et al., 2006). Such recognition of a pathogen by Sertoli cells leads to the secretion of pro-inflammatory
cytokines IL-6, TNF-a, IL-1pB, monocyte chemoattractant, chemokine MCP-1, along with the expression
of ICAM-1 adhesive molecules on the surface of Sertoli cells, which then cooperatively facilitate
lymphocyte infiltration (Cudicini et al., 1997; Riccioli et al., 2006; Washburn et al., 2022). Based on
type of the invading pathogens, Sertoli cells respond by the secretion of either antimicrobial peptide -
defensins or anti-viral interferons (Sang et al., 2005; Washburn et al., 2022). These substances
collectively facilitate the polarization of macrophages towards the M1 phenotype, and evoke the
migration of pro-inflammatory effector T-cells to the tissue (Washburn et al., 2022). Once the infection
disappears, Sertoli cells cease the production of anti-inflammatory factors, thus re-establishing the
tolerogenic environment. Taken together, the immune state within the testis is maintained, tuned and
thus master regulated by Sertoli cells, and the disruption or failure of the immune privilege leads to

chronic inflammation and even infertility (Schuppe et al., 2008).

6. Discussion and conclusion

The main idea of my work was to provide an overview of Sertoli cell functions in spermatogenesis and
investigate the current advancement in this field. Since the initial discovery of Sertoli cells in 1865,
various and many new functions have been continually attributed to these cells. Firstly, Sertoli cells act
in ontogenetic development, where they contribute to the formation of seminiferous tubules. At the onset
of puberty, the first differentiating germ cells appear and provide the signal for Sertoli cells to change
from immature proliferative to mature columnar cells, which are ready to nurture developing gametes
for generation of vital sperm. To enable this, Sertoli cell provides needed support to germ cells in form
of nutrition and hormones but also by disposal of cellular waste by endocytosis. What is interesting on
these unique cells is that they also create immunologically protected environment, via isolation of the
secluded compartment by the blood-testis barrier. This is facilitated by formation of junctions, the
composition of which is in general very complex, largely testes-specific, and not yet fully described.
Moreover, the uniqueness of these junctional structures is their plasticity by remodelling, which occur
with stable periodicity (not just occasionally), and this process is highly synchronized and coupled to
passing germ cell development and maturation, and thus creates homeostatically regulated and
protective microenvironment. However, the exact mechanism(s) how such modulations are controlled,
maintained and spatio-timely coordinated we just become to unravel. The suggested models, described
in this work, still seems to be very simplified with many questions remaining to be answered. This
suggests that in the future, new factors with additional roles will be discovered and added to already
complex regulatory network operating on the level of Sertoli cells. One of the reasons why to study the
Sertoli cell junction restructuring is not only the development of novel contraceptive for men but also
strikingly increasing number of infertile men in recent decades, worldwide. Since these various types of

junctions are essential for intact nurturing function of Sertoli cells critical for the generation of sperm,
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it is obvious that many patients diagnosed with idiopathic sterility may suffer from some type of

deficiency in formation and plasticity of these structures.

The currently most interesting new function of Sertoli cells, from my point of view as an immunologist,
is their ability to generate and release the germ-cell-specific autoantigens to the interstitial space in a
controlled manner. The fate of these autoantigens and their effect on the development and maintenance
of immune privilege in testicles is tremendously interesting, yet largely overlooked question. While the
contribution of Sertoli cells and BTB structural components to immune privilege was solidly
investigated and described, this discovery raises many new questions. Firstly, is Sertoli cell deciding
which antigens will be sequestered and which will be transported out of the seminiferous tubule, to the
interstitial space? Secondly, since Tregs were found to be crucial in preventing autoimmune orchitis,
what is the Sertoli cell contribution in modulation of Tregs activity? Does the egress of antigens into
interstitial space play a role in this process? Are these germ-cell specific antigens presented by APC
outside of the seminiferous tubule? These questions are very intriguing, experimentally challenging and
would require to generate new animal and cell-based models to be experimentally answered. On the
other hand, answers to these questions can be paradigm-changing, providing a new insight how Sertoli

cells in collaboration with immune system establish and maintain the testicles as immune privilege sites.

While studying the data accumulated in publicly available literature, I got fascinated by the Sertoli cell,
its complexity, multifunctionality, tremendous importance for successful spermatogenesis and
importantly, for their immunomodulatory capabilities, which seems to be still poorly defined. It is of my
highest amazement and excitement that Sertoli cell can possess so many crucial biological functions
which are tightly and cooperatively regulated. For this reason, during my continuing studies, [ would

like to investigate the immunological role of Sertoli cell and its interaction with immune cells.
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