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Abstract

Background: Survivors of childhood cancer often suffer from infertility. While sperm
cryopreservation is not feasible before puberty, the patient’s own spermatogonial stem cells
(SSCs), could serve as a germ cell reservoir, enabling these patients to father their own children
in adulthood through the isolation, /n vitro expansion, and subsequent transplantation of SSCs.
However, this approach requires large numbers of stem cells and methods for successfully
propagating SSCs in the laboratory are yet to be established for higher mammals and humans.
The improvement of SSC culture requires deeper understanding of their metabolic requirements
and the mechanisms that regulate metabolic homeostasis.

Aim: This review gives a summary on our knowledge of SSC metabolism during maintenance and
differentiation and highlights the potential influence of Sertoli cell and stem cell niche maturation
on SSC metabolic requirements during development.

Results and Conclusions: Fetal human SSC precursors, or gonocytes, migrate into the
seminiferous cords and supposedly mature to adult stem cells within the first year of human
development. However, the SSC niche doesn’t fully differentiate until puberty, when Sertoli cells
dramatically rearrange the architecture and microenvironment within the seminiferous epithelium.
Consequently, prepubertal and adult SSCs experience two distinct niche environments potentially
affecting SSC metabolism and maturation. Indeed, the metabolic requirements of mouse PGCs
and pig gonocytes are distinct from their adult counterparts and novel single cell RNA sequencing
analysis of human and porcine SSCs during development confirms this metabolic transition.
Knowledge of the metabolic requirements and their changes and regulation during SSC maturation
is necessary to implement laboratory-based techniques and enable clinical use of SSCs. Based on
the advancement in our understanding of germline metabolism circuits and maturation events of
niche cells within the testis we propose a new definition of spermatogonial stem cell maturation
and its amendment in the light of metabolic change.
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Introduction

Effective anti-cancer therapies can be a cause for male infertility. While sperm can

be cryopreserved in adult men, fertility preservation for juvenile male cancer patients
requires the development of different approaches such as spermatogonial stem cell (SSC)
transplantation 2. SSCs are the basis of continuous spermatogenesis in the adult male
and must be obtained in high numbers for clinical applications. However, pre-pubescent
male gonads contain only a small population of undifferentiated spermatogonia, including
putative SSCs, rather than fertilization-competent gametes. Hence, extensive laboratory
handling is required to facilitate /n vitro propagation and use of prepubertal germ cells.
SSC culture systems remain challenging in species other than rodents 3-6 due, in part,

to the lack of understanding of the metabolic requirements of immature male germ cells.
The metabolism of adult SSCs and differentiating germ cells has been investigated /~10:
recent studies have shed light on the importance of glycolytic flux homeostasis for SSC
maintenance and active mitochondrial metabolism for their differentiation capacityl1-17.

SSCs are an unique adult type of stem cell, as their immature precursors are present after
birth1819, New data confirms that these juvenile precursors are also metabolically distinct
from adult undifferentiated spermatogonia including SSCs. SSCs originate from bipotent
primordial germ cells (PGCs) that migrate into the developing testis during embryogenesis
and colonize the forming seminiferous cords as gonocytes?9-22, pro-/prespermatogonia23:24
or fetal spermatgonia?® (term used interchangeably in the literature). Various differences
have been described between SSC precursor stages, which suggests a complex maturational
process during their migration and the establishment of the niche826-30, \We will refer
hereafter to all stages before puberty as prepubertal spermatogonia or immature SSC
precursors.

In humans, the maturation to adult-like SSCs has been proposed to be initiated prior

to birth and completed at least within the first year according to ultrastructure or
commonly used SSC transcriptional markers 18:30:31 However, new findings suggest

that PGCs and prepubertal spermatogonia are metabolically distinct from adult SSCs

in mouse, pig, and humans32-38, Metabolic flux is highly sensitive to changes in the
metabolic microenvironment: While at birth, SSC precursors are surrounded by a primitive
niche formed by immature Sertoli and interstitial cells until the onset of puberty, after
puberty, mature Sertoli cells differ in ultrastructure, metabolism, and biochemistry from
their immature counterparts, building a metabolically and immunologically complex niche
system39-41, Recent studies have started to advance our understanding of how Sertoli cells
and SSC precursors change in a coordinated fashion during human development18.19.38.41
however, an appreciation of germ cell metabolism and its exact regulation is still missing.
To effectively implement laboratory-based techniques for fertility preservation for juvenile
patients, greater attention should be paid to the metabolic requirements of SSCs during
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development, to allow for the preservation of functional SSCs that can give rise to fertile
male gametes.

Here, we provide an overview on the knowledge of the metabolic requirements of SSCs
during maintenance and differentiation during spermatogenesis. In the context of the
differences between the immature and the adult SSC niche, focusing on changes in Sertoli
cells, we discuss existing information about the distinct microenvironment SSCs experience
throughout development and re-evaluate SSC maturation in the framework of cellular
metabolism.

The Adult Seminiferous Epithelium — a Polarized Environment

The adult human testis consists of hundreds of seminiferous tubules surrounded by a
basal lamina and peritubular myoid cells, embedded in a specialized interstitium with
testosterone-producing Leydig cells, immune cells, and non-fenestrated capillaries. The
adult seminiferous epithelium contains different stages of spermatogenic cells and Sertoli
cells. Spermatogenesis relies on a high level of cellular organization to allow for spatial
and temporal coordination along the seminiferous tubules and a key player in this intricate
process is the Sertoli cell, which extends from the base to the lumen of the tubule
surrounding each stage of germ cell 4243,

The adult seminiferous epithelium is compartmentalized through the intrinsic polarization
of adult Sertoli cells and the formation of a paracellular tight junction barrier between
adjacent Sertoli cells, as part of the blood-testis-barrier (BTB)*4. Sertoli cell tight
junctions segment the seminiferous epithelium into two distinct compartments: a basal
compartment where SSCs, undifferentiated spermatogonia, and early primary spermatocytes
are located, and an adluminal compartment containing meiotic and post-meiotic germ
cells. Sertoli cells are responsible for nutritional, hormonal, and growth factor support for
the germ cells and are selectively controlling which molecules are transported between
the compartment of the seminiferous tubules through tight junctions between adjacent
Sertoli cells#>-47. Cytoplasmic projections emanate from Sertoli cells and, in combination
with different junctions 454748 create unique metabolic microchambers for each stage of
spermatogenesis?9-52,

1.1 The Adult SSC Niche

The basis of male fertility are SSCs, located at the base of the adult seminiferous tubules.
SSC maintenance is regulated by a specific microenvironment, called the SSC niche. This
niche is characterized by a complex combination of cell-cell interactions, growth factor
release, and an extracellular milieu defined by Sertoli cells and the adult interstitium?®3.
SSCs are surrounded within the tubule by Sertoli cells laterally and dorsally and by a thick
basal lamina at the base. Besides several layers of peritubular myoid cells in human testis,
Leydig cells, endothelial cells and macrophages in the interstitium also contribute to the
unique environment of the SSC niche by growth factor production and creation of diffusion
barriers®4-59. Specific growth factor composition and cellular contributions to the SSC niche
have been extensively reviewed elsewhere®3:60, Here we only summarize a few components:
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Glial cell derived neurotrophic factor (GDNF) and signalling is an essential component
of SSC self-renewal in vivo and in vitro81-64, along with basic fibroblast growth

factor (bFGF)?3. Sertoli cells make physical contact with SSCs and additionally supply
other growth factors and signaling molecules such as insulin growth factor (IGF1),
WNT5A, leukemia inhibitory factor (LIF), and retinoic acid, that control the self-renewal
and differentiation capacity of the SSC population®3:65-70_ peritubular myoid cells also
contribute to the production of GDNF®8, and together with Leydig cells and macrophages,
that produce colony stimulating factor (CSF1), form an important interstitial component
of the adult SSC niche®’. A depletion of macrophages in mouse decreased spermatogonia
numbers and differentiation /n vivo®®. The continuous endothelial layer of blood vessels
supports a controlled testicular metabolic microenvironment by restricting diffusion
properties through tight junctions’L.

Metabolism in the Adult Seminiferous Epithelium

Cellular metabolism broadly describes the interconnected functions of multiple biochemical
pathways that serve to produce energy, generate essential metabolites, maintain redox
homeostasis, and regulate chromatin structure within a cell. As such, the importance of
cellular metabolism has recently gained more research focus as a central cell signaling
pathway rather than solely functioning to produce energy. Metabolic flux reacts highly
sensitively to environmental changes, functioning as a dynamic sensor and regulator of
cellular state 7273,

The focus of most research on germ cell metabolism encompasses an investigation

of anaerobic vs aerobic metabolic pathways (glycolysis and oxidative phosphorylation
(OXPHOS), respectively) (Figure 1). Glycolysis describes the conversion from glucose to
pyruvate, and produces two molecules of ATP per glucose molecule. The glycolytic pathway
does not require oxygen and can therefore also occur under anaerobic conditions (under
oxygen deprivation). Depending on the cell type and metabolic environment, pyruvate from
glycolysis has two fates within the cell: its reduction to lactate or transport into mitochondria
for conversion to acetyl-coA as fuel for mitochondrial respiration.

The production of lactate from glucose, in contrast to mitochondrial respiration, does not
require oxygen and therefore serves as energy pathway even under low oxygen conditions.
However, some cell types preferentially generate ATP mainly through glycolysis despite
sufficient oxygen availability, a phenomenon that is called the Warburg effect 4.

Besides this glycolysis derived pyruvate, extracellular and consumed pyruvate and lactate as
well as fatty acids via beta oxidation can also serve as additional or alternative substrates
for acetyl-coA and oxidative phosphorylation8-10:34.75 The conversion to acetyl-coA and
subsequent oxidative decarboxylation within the citric acid cycle (TCA) generates the redox
equivalents NADH and FADH,, that can be used by mitochondrial complexes to create a
proton gradient through the electron transport chain (ETC) between the inner and outer
mitochondrial membrane. This gradient generates a mitochondrial membrane potential and
is used by the ATP-synthase (complex V) to produce energy in form of ATP. This process
yields over 15- fold higher amounts of ATP in contrast to glycolysis alone’®.
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2.1 Metabolism of the Adult SSC Niche

The testis is known to be an oxygen-deprived organ’’, and a recent model suggests that
mouse SSCs reside away from blood vessels, in a hypoxic niche’879. Other groups showed,
that undifferentiated spermatogonia populations reside close to the vasculature refer to

a so-called “vascular niche model” 89, Adult SSCs and undifferentiated spermatogonia,
located adjacent to the seminiferous tubule basal lamina and exist in different transcriptional
states depending on their development16:31, State 0 representing the most undifferentiated/
naive SSC population, characterized by markers such as PHGDH, PIWIL4, EGR4, and
others which transition over state 1, co-expressing various known SSC markers such as
ID4and UTF1, and increased expression of GFRA1, over the state 2 to proliferative stages
3 and 4 as detected by pseudotime and velocity analyses of adult human testis 31. In the
vascular niche the strongly GFRA1 positive SSC population could resemble the state 1

of human spermatogonia development. This transition towards the vasculature could be
associated with a movement along the differentiation trajectory due to different metabolic
microenvironment, specifically oxygen.

Undifferentiated spermatogonia have long been proposed to predominantly metabolize
blood-derived glucose through glycolysis rather than mitochondrial respiration 7:81.82,
However, metabolic flux studies, meaning the in-depth analysis of preferential metabolite
consumption of adult SSCs are still missing. Nevertheless, an enrichment of glycolysis-
related genes in these cells has been confirmed by single cell RNA sequencing analysis

in mouse and human and a transition towards upregulation of oxidative phosphorylation
associated genes with further differentiation and movement to state 3 and 4. The movement
closer to the vasculature might be therefore one initial trigger in changes of metabolic

flux transcriptionally not yet detectable for strongly GFRAL positive undifferentiated
spermatogonia populations16:19.31,

Two studies in mouse showed that sufficient activation of glycolysis is indeed required

for the proliferation and preservation of stemness in culture11:12, Increased glycolytic

flux in SSCs through deprivation of lipids and free fatty acids from the culture medium

and lowered oxygen partial pressure to 10%, has been shown to improve outcomes of
mouse SSC transplantation!!. Glycolysis is regulated by MYC and MYCN transcription
factors and AKT-pathway activation in mouse SSCs, a signaling pathway that is induced

by SSC niche-specific factors GDNF and bFGF, which are essential for the maintenance

of SSC potentiall2, Knock-out studies that disrupt these pathways diminish self-renewal

and colonization capacity/spermatogenic potential after serial SSC transplantation. Analysis
of the slow proliferation phenotype of cultured MYC/MYCN double KO mouse SSCs
revealed an underlying shift in metabolism, characterized by reduced glycolytic capacity
and increased mitochondrial respiration!2. Similarly, SSCs from mice with a C57BL/6
background are inherently difficult to culture in comparison to DBA/2 mice®2, and exhibited
a decreased extracellular acidification rate (ECAR), which measures the glycolytic flux
from glucose to lactate. The proliferation of C57BL/6 mouse derived SSCs could be
recovered by AKT activation and an increase in glycolytic flux, which also improved
transplantation capacity2. These results show that two factors contribute to the regulation of
SSC metabolism: the metabolic microenvironment (nutrient availability and oxygen partial
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pressure) and the intrinsic cellular plasticity to appropriately react to external stimuli and
sufficient pathway activity. In this context it is interesting to mention, that velocity analysis
of adult human testes indicated bidirectional movement from undifferentiated spermatogonia
between states 0 to 2 showing a dynamic plasticity of these cells, potentially dependent on
microenvironment 31,

The intrinsic self-renewal and glycolysis activation capacity might be generally lower in
SSCs obtained from species other than rodents, explaining the need for a more sophisticated
culture system, similar to mice from C57BL/6 background.

Why would SSCs employ this less energy efficient metabolic pathway? The preference
for glycolytic flux over mitochondrial respiration even in the presence of oxygen was

first described by Otto Warburg in cancer cells®3, a phenomenon defined earlier. Albeit
mitochondrial respiration being more efficient, glycolysis is less complex, less prone

to malfunction, and permits a fast flux, such that ATP production by glycolysis can

keep up with the ATP production through OXPHOS84. The oxidative decarboxylation of
acetyl-coA during the TCA metabolizes glucose carbons to CO». Redirecting pyruvate
into the reduction to lactate, therefore, generates a reserve storage of carbon building
blocks for the anabolic pathways, including nucleotide and amino acid production, required
for proliferating cells 76. For example, the redirection of glycolytic metabolites used

for the production of serine via the phosphoglycerate dehydrogenase (PHGDH) into the
one-carbon cycle is important for nucleotide biosynthesis and but also availability of
important methyl-donors such as S-adenosylmethionine (SAM) for epigenetic reactions
(Figure 1). PHGDH is interestingly also highly enriched in state 0 spermatogonia in
addition to glycolytic enzymes3!. Furthermore, as glycolysis occurs without the use of
oxygen, less generation of reactive oxygen species (ROS) occurs that could be harmful
for the cell’s genomic integrity. However, it has been shown that certain amounts of ROS
produced by the cytoplasmic NADPH oxidase (NOX1) are required to maintain mouse
SSCs self-renewal in vivo and in vitro®:8 and that cells are otherwise very well adjusted
to high mitochondrial respiration by upregulation of a complex antioxidative machinery34.
A physiological oxygen partial pressure plays potentially a more important role than the
percentual contribution of mitochondrial respiration to the overall energy production for the
cellular redox homeostasis.

In this context, it is important to mention that metabolic flux generally occurs through

both pathways, glycolysis and oxidative phosphorylation, just to a different degree.
Importantly, Moussaief and colleagues showed that mouse embryonic stem cells (ESCs)

do not completely redirect the pyruvate to lactate, as previously thought, but feed it partly
into the TCA for the production of citrate. Citrate is transported out of the mitochondria

for the generation of acetyl-coA in the cytoplasm, for the maintenance of a high histone
acetylation status, required for an open chromatin structure and plasticity in ESCs®7 (Figure
1). Similarly, in pig SSCs, an increase of H3 acetylation was shown to be accompanied
with increased glycolytic flux and decreased mitochondrial respiration3*. These data suggest
a potentially similar partial shunt of pyruvate through the mitochondria for the generation
of cytoplasmic acetyl-coA in spermatogonia. A functional mitochondrial metabolism could
be required for the maintenance of the differentiation capacity of SSCs as well as for
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the protection of a high acetylation status and open chromatin structure®. In SSCs,
glycolysis is essential to maintain SSC-specific circuits and mitochondrial quality control

is still important for long-term SSC potential. Aging SSCs exhibit decreased mitochondrial
activity, accompanied by increased glycolytic flux and decreased spermatogenic potential3.
An active mitochondrial metabolism is required for differentiation, therefore decreased
mitochondrial number and consequently a decreased activity could be the reason for the loss
of this potential with aging.

2.2 Metabolism during Differentiation

During spermatogenesis, differentiating germ cells increase the expression of mitochondrial
respiration associated genes®:31.41  Instead of glucose, pyruvate and lactate (that are
interconvertible in the cell, see Figurel), serve as fuel for mitochondrial respiration in
spermatocytes and spermatids810.75.89 |t is not clear if the mitochondrial respiration
steadily increases until spermatid stages of spermatogenesis, however, it has been reported
that spermatids require lactate over pyruvate for maintenance of cellular ATP levels, in
contrast to spermatocytes!®.7>, The underlying importance for this is still not known, but the
oxidation of lactate to pyruvate might build up a distinct redox environment by increased
production of NADH, required for increasing mitochondrial activity and function of other
pathways®. Furthermore, lactate has been shown to be important for RNA and protein

synthesis in differentiating germ cells®1:92 and to inhibit apoptosis of human male germ cells
93

Cells within the seminiferous tubules receive blood derived molecules from the interstitium
by diffusion which is additionally controlled by Sertoli cells. Spermatogenesis occurs
therefore along a nutrient and oxygen gradient from the base of the tubule to the lumen?”.
Cells moving out of the SSC niche change their metabolic flux, which could be the initial
trigger for differentiation. While the decrease of a glucose gradient aligns with the transition
towards a mitochondrial respiration, the decrease in oxygen partial pressure seems counter
intuitive. However, this relatively lower oxygen partial pressure might be the right amount
to maintain a physiological flux through solely aerobic metabolism in differentiating germ
cells.

2.3 Contribution of the Adult Sertoli cell to the Metabolic Environment of the SSC niche

Cells can adjust metabolic flux extremely fast to adapt to their environment. Metabolic
enzymes mostly function in both directions of the chemical reaction, therefore the direction
and the rate of the reaction is dependent on availability of both substrates (metabolites).
Metabolic enzyme kinetics are regulated by an intrinsic nutrient pool, which is naturally
dependent on a cell’s metabolic microenvironment. This environment must be tightly
regulated within the adult seminiferous epithelium to allow for life-long control of SSC
self-renewal and differentiation and their associated drastic metabolic changes within the
seminiferous tubules spanning a distance of just around 150 zm in humans®4.

2.3.1 Sertoli cell Metabolism—Sertoli cells are characterised by high glycolytic flux
in culture®, with over 60% of their consumed glucose processed through glycolytic flux
rather than mitochondrial respiration despite oxygen availability, as assessed by metabolic
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flux studies34:96. Pyruvate and lactate, products of this high glycolytic flux, can be detected
in the culture medium of Sertoli cells®’, and serve as substrates for the previously
discussed high mitochondrial metabolism in differentiating germ cells. Additionally, it

has been shown by metabolite labelling experiments that, in Sertoli cells, glucose carbon
atoms are preferentially oxidized through the pentose phosphate pathway (PPP) instead

of oxidative decarboxylation through the TCA%. As discussed, this high glycolytic flux
and metabolization through the PPP generates necessary building blocks for the constant
turnover of Sertoli cell specific structures and serves to maintain various endocrine and
paracrine functions during the spermatogenetic cycle®.

Through the excretion of glycolysis derived pyruvate and lactate, Sertoli cells create

a unique testis specific metabolic milieu for differentiating germ cells. Indeed, the
seminiferous tubule fluid is drastically different from the interstitial fluid and plasma
composition 98-100, containing just 20% of the plasma glucose but 600-fold more lactic
acidl%%, While it is generally accepted that Sertoli cells contribute by a high amount

to the specific metabolite and ion composition of the seminiferous tubule fluid, the
developing germ cells also contribute to the specifically high potassium ion and low sodium
concentrations adluminal of the blood-testis-barrier 100102105 The maintenance of this
special adluminal environment is assured by the Sertoli cell polarization and is not shared
with the basal compartment.

2.3.2 Significance of the Sertoli cell Polarization and Blood-Testis Barrier—
Cell polarization is a phenomenon characterized by the uneven distribution of cytoskeletal,
membranous, and cytoplasmic molecules including lipids, proteins, and nucleotides196-109,
In the testis, this polarization is built and maintained by the formation of the BTB

and intracellular polarity complexes of Sertoli cells. The blood-testis barrier refers to

the combined effect of several biological features of the testis that serve to protect and
ensure the proper environment for differentiating germ cells. Junctional complexes between
adjacent Sertoli cells (Sertoli cell barrier), a physicochemical barrier formed by peritubular
myoid cells, the basement membrane, and vascular continuous capillaries, as well as testis-
produced immunomodulatory factors are all considered part of the BTB104.110-116 Ag 3
broader definition of the BTB all junctional components work together in different areas of
the tissue to maintain this strong morphological barrier, one of the tightest in mammalian
tissues, creating testis specific interstitial and tubular environments!17.118,

The compartmentalization inside the seminiferous tubules is achieved through the Sertoli
cell specific junctions and polarization. This Sertoli cell barrier-component of the BTB is

a specialized junctional complex formed by tight junctions, desmosomes, gap junctions,
basal ectoplasmic specialization, and tubulobulbar complexes19. Sertoli cell tight junctions
(hereafter referred to as Sertoli cell barrier) act as a paracellular gate to inhibit free
paracellular diffusion, controlling flow of molecules from outside (blood and interstitial
compartment) to inside the tubule, and vice-versa®>46, It anchors through multiple adaptor
proteins, such as zonula occludens proteins, to the actin or vimentin cytoskeleton19. The
strength of the Sertoli cell barrier is dependent on the association with polarity proteins

and the number of tight junctions195:120-122 '\which form a belt-like structure of intercellular
fibrils consisting of claudin, occludin, and tricullin. The permeability of the tight junctions
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is determined by composition of proteins, adhesion molecules, intracellular scaffold proteins
and their phosphorylation status!23:124, Tight junctions discriminate molecules based on size
and charge, similar to a semipermeable membrane 125126 |n contrast to lipophilic substrates
and gases, which can penetrate the seminiferous tubule through the cells (for example O,),
hydrophilic molecules such as glucose and potassium, must be either transported actively or
through facilitated diffusion, respectively 127,

Both the Sertoli cell junctions and polarity complexes are more basally located in Sertoli
cells, in contrast to other epithelial cells!1. This creates a tight basal compartment,

where adult SSCs reside, and naturally minimizes the surface for basal Sertoli cell

specific substrate excretion. In addition, interstitial fluid flow is generally faster than the
seminiferous tubule fluid flow, apical of the Sertoli cell barrier!28. Therefore, an uneven
distribution of Sertoli cell excretion area and a higher exchange of interstitial testicular fluid
create a gradient of Sertoli cell-derived and blood-derived factors, which is maintained by
the junctions between Sertoli cells*2”. The contribution to this metabolic polarization by
the compartmentalization of Sertoli cell specific transporters or their metabolism remains
to be elucidated in depth. However, it is known that the Sertoli cell barrier contributes

to this polarity by acting as a biological fence to block the movement of membrane

lipids and proteins along the plasma membrane, thereby affecting transporter/receptor
localization and signalling between the apex and the base105.129.130  |ndeed, the polarization
of receptors, such as the low density lipoprotein receptor (LDL), in Sertoli cells suggest
such a biochemical polarization!31. Furthermore, a compartmentalized secretion of stem
cell specific factors in combination with the limited diffusion through the Sertoli cell
junctions and slow diffusion through the thick adult basement membrane and several layers
of peritubular myoid cells in the adult human testis (Figure 2), could concentrate locally
produced metabolites and growth factors in the SSC niche in required concentrations for the
maintenance of adult SSC glycolytic metabolic circuits. Such a specific distribution to the
basal compartment has been shown for GDNF in the mouse and hamster testis 132,

All these functions of the BTB and Sertoli cell polarization for the control of the SSC

niche metabolic environment are not present before puberty. Investigation of the adult intra-
and extracellular metabolic polarization in contrast to the juvenile testis would aid in our
understanding of SSC niche development. Which structural differences are known between
immature and mature Sertoli cells that could help shed some light on the investigation of

the metabolic microenvironment and its changes over time? What indication do we have that
this metabolic microenvironment might be different?

3. The Immature Seminiferous Epithelium

The bipotent gonad develops from a thickening of the squamous celomic epithelium at the
medial urogenital ridge24:133, Pre-Sertoli cells and interstitial somatic cells form relatively
unorganized primitive seminiferous cords for homing SSC precursors. A simple layer of
immature peritubular myoid cells together with Sertoli cells deposit extracellular matrix to
form the basement membrane surrounding the cords and create a tubular and interstitial
domain. This remains the extent of polarization until the organization of Sertoli cells along
the basement membrane and formation of the BTB with the onset of puberty18.30.41,134,135
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(Figure 2). Before the formation of the blood-testis barrier, loose intercellular connections
exist between the immature Sertoli cells that are randomly located within the cords (Figure
2, white surrounded nucleus). Therefore, Sertoli cells are not yet controlling the paracellular
flux of ions, water, metabolites, and solutes, allowing free diffusion to the inside of

the cords. Metabolites and other substrates can freely diffuse through the whole tissue

and developing cords. It seems therefore likely that the concentration of blood-derived
molecules and basal specific growth factors are consequently lower, while Sertoli cell
produced pyruvate and lactate concentrations are higher at the basement membrane relative
to the adult testis, where undifferentiated spermatogonia are mainly located after 1 year of
development 3.

From this point onward, the immature Sertoli cells and the undifferentiated Leydig and
peritubular myoid cells in the interstitium form a very simple and non-compartmentalized
environment, the juvenile and prepubertal SSC “niche”, which stands in stark contrast to
the small and specialized adult SSC niche that is surrounded by highly differentiated niche
cell types and embedded within a complex tissue architecture (Figure 2). To achieve success
in SSC maintenance and spermatogenesis, Sertoli cells must mature to highly specialized,
hyper-polarized and complex cells, which requires at least a decade in humans.

Developmental Timeline for SSC Maturation

The immature niche is colonized by primordial germ cells by 5 weeks of embryonic
development in humans!36. The male germ cell develops from the bipotent PGCs after
extensive rounds of epigenetic remodelling and imprint erasurel37:138, This transition
coincides with repression of pluripotency markers, and changes in ultrastructure that start
around 10-14 weeks of embryonic development!822.28 pGCs commit to the male germ cell
lineage and transition to fetal state O spermatogonia at 14 weeks of embryonic development
a state that is transcriptionally highly similar to state 0 spermatogonia, as described?.
SscRNASeq analysis shows that spermatogonia from 15 weeks of embryonic development
and postnatal samples cluster together as fetal-infant group!8 and are positioned among state
0 spermatogonia at the beginning of the developmental pesudotime trajectory3?.

At birth, two thirds of immature SSCs are located centrally in the seminiferous cordsl40

and can be transcriptionally divided into three states of immature spermatogonia (primordial
germ cell-like and two states of prespermatogonia), with varying expression of pluripotency
markers'®. Coinciding with the juvenile testosterone peak, around 3 to 6 months of age,

the germ cell movement towards the basement membrane is generally completed141-144,
After 5 months to a year, only spermatogonia are detected, that are resembling the
transcriptional profile of adult like state 0 SSCs (transcriptionally established most
undifferentiated spermatogonia pool), according to common markers established by different
groups1819.3L.145 (Figure 3). According to these data, there appears to be consensus that
adult-like spermatogonia are present since birth or at least within the first year of human
testicular development30:31:41 (Figure 3). However, we propose that this trajectory of germ
line development is incomplete and requires an amendment according to new knowledge
gained from metabolic analyses of different germ cells stages.

Andrology. Author manuscript; available in PMC 2024 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\Voigt et al.

Page 11

For all stages (embryonic/neonatal/infant/juvenile) of prepubertal SSCs, no distinct
functional or metabolic phenotype has been described for a long time, despite their distinct
ultrastructure, localization, and existence in an immature microenvironment in contrast to
adult (Figure 2). Differently than adult SSCs, mouse, pig and human PGCs have been
reported to rely on active mitochondrial metabolism to acquire a pool of metabolites
necessary for extensive epigenetic remodeling32:33:36.37.72.146 'Nevertheless, the metabolic
changes that coincide with SSC maturation in any species have been ambiguous for a very
long time.

Recent data in pigs show that prepubertal spermatogonia rely on oxidative phosphorylation
just after birth34, similar to porcine PGCs 36, These immature pig SSCs are characterized by
a large circular appearance with a low electron dense cytoplasm but thick round perinuclear
accumulated mitochondria. In this study, it was shown that immature 1-week old pig SSCs
exhibit high mitochondrial activity, as shown by a high mitochondrial membrane potential
and oxygen consumption rate (OCR) in comparison to Sertoli cells and maturing SSC
states. A preferential pyruvate and little to no glucose consumption could be detected in
these early states using metabolic flux studies analyzed with HPLC-MS 34, Interestingly,

at the same time, these cells were enriched with genes associated with the antioxidative
machinery. A consequently higher resistance to ROS could be seen by a lower increase

in intracellular ROS, after addition of increasing concentrations of hydrogen peroxide in
the culture medium when compared to more matured states and Sertoli cells34. These data
showed that these 1-week-old prepubertal pig spermatogonia, including immature SSCs,
are highly adapted to high mitochondrial metabolism. Furthermore, metabolic flux studies
comparing 1-week and 8-week-old pig immature SSCs in vitro revealed the beginning of

a transition towards a glycolysis-based metabolism at 2 months of age. At the same time,

a decrease in the antioxidative machinery expression was detected on transcriptional level
leading to an increased sensitivity to ROS in maturing pig prepubertal spermatogonia/SSCs
with 8-weeks, which might be an important factor for the maintenance of SSC circuits

as discussed earlier®. In fact, this initial transition towards an adult SSC-like metabolism
was accompanied with an increase in SSCs transcription factor promyelocytic zinc finger
protein (PLZF) and AKT phosphorylation34 and an increase of state 0 specific enriched
phosphoglycerate dehydrogenase (PHGDH) 1835, The metabolic transition described in pig
has now also been confirmed by single cell RNA sequencing data3.

Similarities in the mitochondrial ultrastructure between human prepubertal spermatogonia
and 1-week old pig suggested that comparable transitions may occur in humans, albeit with
distinct kinetics3# (Figure 2, black arrow showing perinuclear accumulated mitochondria in
2 year old human spermatogonia). And indeed, recent meta-analysis of existing human data
in combination with single cell RNA profiling of new human testis tissue encompassing
samples from embryonic development to puberty/adulthood revealed an enrichment of genes
associated with high mitochondrial respiration in PGCs and during prepubertal development
until 11 years of age 3°. During the entire prepubertal phase, morphologically immature
spermatogonia persist, with a big circular appearance distinct from the mature flattened
SSC located at the basement membrane3%:147, Just before the metabolic transition and the
downregulation of OXPHOS associated genes, around 13 years of age, SSCs change to an
adult-like flattened shaped cell at the basement membrane 5.
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Immature SSCs are undergoing this metabolic transition potentially in two steps: Firstly,
with movement towards the basement membrane, where the concentration of blood-derived
molecules like glucose is increased and could elevate glycolytic flux and secondary stem
cell specific pathways. As described above in pigs, a transition towards the basement
membrane and increase in glycolytic flux was associated with an increase in stem cell
specific pathways34. Secondly, with the maturation of the SSC niche a concentration of
locally produced factors can be maintained by the Sertoli cell barrier, enhancing the local
concentration of growth factors like GDNF, contributing to a high glycolytic flux in adult
SSCs. This is shown by the changes in the hypoxic gene expression profile in this timeline
of human SSC metabolic development: human SSCs seem to upregulate genes associated
with hypoxia at 1 year when moving to the basement membrane and at 11 years shortly
when the niche starts to mature and when they adopt the adult SSC flattened shape at the
base 3°.

While it seems generally accepted that the apical metabolic microenvironment changes with
the formation of the BTB, can we also assume a change in the basal niche microenvironment
with final Sertoli cell polarization? The investigation of changes in the basal metabolite
concentration with the formation of the Sertoli cell junctions remains challenging, as novel
in situ metabolic profiling techniques have not yet reached single cell resolution. However,
looking at the permeability properties of the barrier and the complexity of tissue architecture
in adults in contrast to prepubertal tissue, one could imagine that adult Sertoli cell
polarization contributes to a polarized metabolic microenvironment, with a basal SSC niche
compartment that is distinct from the primitive niche structure formed by immature Sertoli
cells in which factors can diffuse freely away from the basement membrane and towards

the center of the cords (Figure 2). Advancing the understanding of Sertoli cell maturation
progression and extra- and intra-cellular polarization will help us define environmental cues
coinciding with spermatogonial stem cell maturation.

3.2. Progression of the Sertoli cell Maturation in the Prepubertal Testis

A sufficient number of Sertoli cells is required to reach the threshold for male

gonad development and spermatogenic efficiency. Therefore, extensive juvenile Sertoli

cell proliferation is essential to build-up the necessary capacity for germ cell niches
39,103,148-155_gertoli cell proliferation phases differ between species but are usually
embryonic-neonatal and peripubertal. For primates and humans, the final Sertoli cell number
is mainly determined by the second peripubertal wave of proliferation1>6-158 and it is
generally accepted that Sertoli cell proliferation ceases with onset of puberty159160 |t is
therefore important to note that the adult human Sertoli cell number is not established until
almost 10 years after the first wave of proliferation, which ends approximately a year after
birth39. However, a new transcriptional profiling detected Sertoli cells in S phase in juvenile
samples from 1 to 7 years, revealing two distinct states: while one showed mature-like
profiles such as mitochondrial transcription and AR expression, the other state had a distinct
transcriptional profile including upregulation of ribosomal genes®!. It is clear that these two
immature Sertoli cell states are distinct from adult Sertoli cells, a transition that does not
occur until at least the early onset of puberty (~11 years) 384041,
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Although these distinct Sertoli cell states have been described to exist independently!, it
was also suggested that they may indicate a stepwise asynchronous maturation, in which
Sertoli cells progressively mature during testicular prepubertal development, rather than in
two separate paths?0. Infant Sertoli cells (3-8 years) are characterized by loose intercellular
connections in form of adherens junctions, but not tight junctions3941.161 |n early puberty,
androgen responsive genes include those involved in cytoskeleton remodelling, adhesion
molecules and junction formation, governing localization and association of tight junction
related proteins 3852108162 |t indeed seems to be the case that these ultrastructural
changes and an organization of the seminiferous epithelium that are detected a decade

after birth occur asynchronously, according to the ultrastructure of the testis, which is
characterized by differently matured tubules between 10-12 years 38. Along with these
ultrastructural changes, Sertoli cells drastically upregulate genes associated with lipid
metabolism in humans 3849, In pigs, Sertoli cell maturation is initiated with 8-weeks of
agel®3. At the same time of development when ultrastructural changes in Sertoli cells,

such as increased formation of Sertoli cell junctions, including tight junction formation,
and nuclear morphology changes, an accumulation of lipid droplets in Sertoli cells was
detected 38. Similarly, TEM analysis of human testis samples from birth to puberty revealed
increasing lipid accumulation that preceded the ectoplasmic specialization development, at
7 to 8 years, and tight junction and lumen formation at 11-13 years, that persist during
adulthood 3841161 (Figure 2). Lipidomic analysis of pig seminiferous tubules showed

a drastic increase of glycerolipids (especially triglycerides (TGs)) as storage lipids, but

a decrease of sphingolipids, particularly ceramides with maturation38. More research is
required to understand how this change in the lipidome is contributing to specific aspects
of the adult and immature SSC niche, however it could be relevant for the polarization of
Sertoli cells164165 or important for niche protective function as described in Drosophilal®6.

Therefore, an increase in lipid droplets might indicate the beginning of Sertoli cell
maturation and polarization. By 11 years of age, Sertoli cells adopt a more mature
transcriptional profile, increasing dramatically in size to form their tent-like support system
for developing germ cells and undergo drastic ultrastructural, biochemical, and metabolic
changes, resulting in the discussed potential changes of the SSC metabolic environment
4143 The formation of tight junctions and creation of a tight basal domain might decrease
the availability high concentrations of pyruvate and lactate but increase blood-derived
glucose concentrations. This change in microenvironment and formation of tight junctions
coincides with the adoption of a mature SSC shape and is followed by their metabolic

maturation, which is characterized by a drop of OXPHOS associated genes after 11 years of
35,38
age °°°°,

The testicular interstitium is also not fully developed until the onset of puberty at 11

years in humans and 2 months in pig, as shown by the change of transcriptional profile

in human Leydig and myoid cells18163_ This final differentiation leads to several layers of
peritubular myoid cells and extensive matrix deposition, contributing to the thickening of the
basal lamina, which consequently change the basal compartment and diffusion properties
(distance/resistance) to the SSC niche?1161 (Figure 2). Besides that, endothelial cells

also seem to undergo maturation characterized by the strengthening of their paracellular
resistance, as shown in rats167,
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In summary, the complex adult SSC niche architecture is not developed until the

onset of puberty when Sertoli cell maturation and polarization along with other

somatic cell differentiation events drastically change the metabolic and immune testicular
microenvironment to which developing SSCs are exposed.

4. Concluding Remarks — Revisiting SSC Maturation and Progression of a

Metabolic Microenvironment

In summary, development of adult SSCs has been proposed to occur within the first year of
life, while maturation of their niche lags behind by a decade*!:168 (Figure 3). Adult SSCs
reside in a niche highly defined by adult Sertoli cell function16%-171 in a small and tightly
controlled compartment at the basement membrane, surrounded by complex niche cells
and controlled by paracellular diffusion through various intercellular junctional complexes.
The immature testis, in contrast, is characterized by an undifferentiated interstitium

and a thin basement membrane surrounding the seminiferous cords, with large circular
putative SSCs among immature Sertoli cells (Figure 2). Different from the adult testis,

the microenvironment of prepubertal SSCs is the whole seminiferous epithelium with a
high number of proliferating, unpolarized Sertoli cells that are not regulating paracellular
diffusion. Adult Sertoli cells differ in ultrastructure, metabolism, and biochemistry from
immature Sertoli cells, building up a metabolically and immunologically polarized niche
system. Therefore, SSCs are experiencing two distinct environments before and after
puberty (Figure 2).

Cellular metabolic flux is sensitive to fluctuations in substrate availability and oxygen partial
pressure, and slight changes can initiate a wide-ranging cascade of cellular modifications
through the change of redox homeostasis and metabolite availability. The tight control

and maintenance of distinct metabolic states are essential for specific epigenetic profiles

of different states of spermatogenesis and, therefore, for male fertility. For example,
environmental changes can be sensed by metabolic pathways, and further change the
epigenetic landscape and cell fate”2. Distinct metabolic states are important for germline
stem cell development32:33.72.146 SSC maintenancell:12 and differentiationl®. Consequently,
the question remains: Are human SSC precursors metabolically distinct and when is their
transition initiated?

We propose here that distinct metabolic transitions characterize human prepubertal SSC
maturation, which is initiated by the development of the niche (Figure 3). We have the
following indicators: 1) The accumulation of OXPHOS related metabolites is essential for
PGC establishment and epigenetics32:33.72146 Human and pig PGCs show an enrichment
of oxidative phosphorylation associated genes and therefore likely have similar metabolic
requirements to mouse PGCs 3. This stands in contrast to adult SSCs, to which a transition
has to occur; 2) Neonatal SSC precursors of 1-week old pigs mainly maintain energetic
demands by high OXPHOS and only switch towards an adult-like metabolic phenotype with
2 months of age34, as confirmed by a meta-analysis of recent sScRNA sequencing data38;

3) Prepubertal human SSCs continuously exhibit an enrichment of OXPHOS related genes
until 11 years of age, followed by a drastic change in their shape, which coincides with 4)
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the development of the polarized metabolic niche by formation of tight junctions in Sertoli
cells and their final downregulation of OXPHOS related genes 3°.

More research is required to understand in detail how these modifications underlying the
ultrastructural and metabolic changes of peripubertal Sertoli cells influence the sensitive
metabolic and epigenetic pathways of putative SSCs during development. We propose that
changes in the lipidome may be an indicator for niche polarization events and subsequent
SSC metabolic maturation 38, Samples from prepubertal patients that could be used for
downstream applications are scarce and, therefore, require efficient handling for the best
preservation and expansion of functional SSCs. The field would benefit from a clearer
definition of SSCs, as well as cell or tissue-based biomarkers that predict SSC and niche
maturation. This would enable the optimization of techniques for laboratory culture of these
cell types and the development of downstream applications, including the clinical use of
SSCs for the treatment of infertility in juvenile cancer survivors.
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Figure 1: Simple schematic representation of glycolysisand OXPHOS.
Simple enzymatic degradation of glucose to lactate. During the investment phase of

glycolysis, two molecules of ATP are consumed. During the payoff phase, 4 ATP are
produced. Redirection of pyruvate away from the mitochondrion causes its reduction

to lactate under the oxidation of NADH, which can be reused in form of NAD*

during glycolysis. Second fate of pyruvate is the metabolization to acetyl-coA within the
mitochondira with subsequent oxidative decarboxylation of acetyl-coA during the citric
acid cycle (TCA). Besides glucose derived pyruvate, consumed pyruvate and lactate and
fatty acids can serve as source for acetyl-coA. Redox equivalents (NADH and FADH,) are
used to transport electrons (e”) from mitochondrial complex to complex (electron transport
chain), which yields the energy to build up a proton gradient between the inner and outer
mitochondrial membrane (mitochondrial membrane potential) that serves subsequently to
produce ATP. The high number of redox equivalents produced during the TCA can be used
to produce around 32 ATP per glucose molecule.
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Figure 2: Immature and mature SSC niche.
Left: Proliferating Sertoli cells form the primitive niche structure for prepubertal SSCs (in

yellow boxes), with a simple basal lamina surrounded undifferentiated peritubular myoid
cells and Leydig cells. Blood-derived molecules can freely diffuse through the cords.
Immature SSCs are large circular cells and can be found at the basement membrane

and occasionally central. Right: In the adult seminiferous epithelium, mature Sertoli cells
and blood-testis barrier block diffusion of blood-derived molecules and create a specific
composition of metabolites and growth factors to subsidize the anaerobic metabolism
supporting adult SSC circuits. A thickened basal lamina and several layers of differentiated
peritubular myoid cells together with differentiated testosterone producing Leydig cells and
increased numbers of macrophages contribute to the specific microenvironment of the SSC
niche. Adult SSCs are flat, half-moon shape and reside close to the basement membrane.
TEM of 2-year (left) and 24-year-old (right) human testis: blue outlines prepubertal

SSC, white outlines the Sertoli cell nucleus, black arrow shows perinuclear accumulated
mitochondria, BM identifies basement membrane, red arrowhead identifies the BTB. Scale
bar = 5um (Figure modified from38).
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Figure 3: Timeline of human Sertoli cell and SSC development.
Upper panel: Sertoli cell development from the onset of male gonad development to puberty.

At around 7 weeks of gestation, Sertoli cell precursors develop and give rise to fetal

and immature Sertoli cells. Immature Sertoli cells persist during the entire prepubertal
development, then undergo drastic changes during puberty to become the adult Sertoli

cell contributing to the adult SSC niche. Middle panel: Current understanding of human
SSC development. SSC maturation is initiated prior to birth to an adult-like transcriptional
profile (fetal state 0). Within the first year, cells deepen their profile to an adult-like
transcriptional phenotype and no PGC associated transcription is detectable (state 0). Lower
panel: Proposed new metabolic development of the SSC maturation (according to results
summarizing the metabolism of prepubertal and adult spermatogonia), defined by high
aerobic metabolism during development and maintained until maturation of the niche, when
an adult-like metabolic phenotype is established. We refer here to adult SSC only after the
adult SSC niche has been developed (Figure modified from 3%).
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