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Abstract

Extracellular Vesicles (EVs) are membrane-limited particles containing proteins, lipids, metabolites and nucleic acids
that are secreted by healthy and cancerous cells. These vesicles are very heterogeneous in size and content and
mediate a variety of biological functions. Three subtypes of EV have been described in the male genital tract:
microvesicles, myelinosomes and exosomes. Each type of EVs depends on the location of secretion such as the
testis, prostate or epididymis. It has been shown that EVs can fuse together and deliver information to recipient
cells, for example spermatozoa in the male genital tract. Cryo-electron microscopy remains the reference technique
for determining EV morphology, but quantifying the absolute concentration of these EVs in biological fluids
remains a challenge from a clinical point of view. The field of bio detection has considerably increased with the
introduction of nanomaterials in biosensors and will provide a better understanding of the impact of these EVs.
However, functional modifications of male gametes result from interactions with the components of the
intraluminal fluid all along the genital tract and depend on the secretion and absorption of proteins and lipids from
the local microenvironment. We cannot therefore exclude the possibility of epigenetic modulation of the
information that will be transmitted to the embryo and therefore to the next generation via EVs.
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Résumé

génération suivante via les VE.

Les Vésicules Extracellulaires (VE) sont des constituants d’origine membranaire contenant des protéines solubles ou
membranaires, des lipides, des métabolites ou des acides nucléiques. Ces vésicules sont tres hétérogenes en taille
et en contenu. Trois catégories de VE ont été décrites dans le tractus génital male: les microvésicules, les
myélinosomes et les exosomes. Les types de VE sont différents selon le lieu de production testiculaire, prostatique
ou encore épididymaire. Il a été montré que les VE peuvent fusionner et délivrer une information a la cellule
réceptrice, en l'occurrence le spermatozoide dans le tractus génital male. La cryo-microscopie électronique reste la
technique de référence pour déterminer la morphologie des VE mais la quantification de la concentration absolue
de ces VE dans les liquides biologiques reste un challenge dans le cadre d'une approche clinique. Le domaine de la
biodétection s'est. considérablement développé avec l'introduction des nanomatériaux dans les biocapteurs et va
permettre de mieux comprendre l'impact de ces VE. Or les modifications fonctionnelles des gamétes males
résultent d'interactions avec les composants du liquide intraluminal tout le long du tractus génital et dépendent de
la sécrétion et de I'absorption de protéines et de lipides du microenvironnement local. On ne peut donc pas
exclure la possibilité d'une modulation épigénétique des informations qui seront transmises a I'embryon donc a la

Introduction

Extracellular vesicles (EVs) are membrane limited parti-
cles containing proteins, lipids, metabolites and nucleic
acids that are secreted by healthy and cancerous cells.
These vesicles are very heterogeneous in size and con-
tent and mediate a variety of biological functions. EVs
are derived from cell membranes released into the extra-
cellular medium. They are present in body’s fluids and
may transmit information between cells [1]. Depending
on their subcellular origin, EVs have specific signatures
allowing them to be distinguished such as cytoskeleton
proteins, Major Histocompatibility Complex proteins,
chaperones, nucleic acid binding proteins or proteins in-
volved in the membrane trafficking [2]. It is a heteroge-
neous population that can vary in size from 30 to 1000
nm [3]. The presence of EVs in human seminal plasma
suggests a biological effect on human fertility. In the
testis, Sertoli cells of the seminiferous tube secrete extra-
cellular vesicles with a characteristic membrane coil
structure called myelinosomes [4]. In the genital tract,
extracellular vesicles are secreted by the epididymis (epi-
didymosomes) and prostate (prostasomes) and play an
important role in the maturation and capacitation of
sperm, through changes in their membrane and in their
metabolism. They allow the transfer of information to
recipient cells.

The aim of this review is to describe the different EVs
which may participate in various aspects of male fertility
as component of sperm environnement at different steps
of the male genital tract.

Morphological diversity of extracellular vesicles

EVs are delimited by a lipid bilayer delineating a varied
content of soluble or membrane proteins, lipids, metabo-
lites, and nucleic acids. Tissue-specific molecular media-
tors characteristic of the secretory cell can be found on

both EV membranes and in EV content. Molecules on the
surface of EVs promote interaction with other cells by
molecular recognition with lipids and ligands on the sur-
face of the recipient cell. These attractive and specific in-
teractions can induce the EV adhesion, fusion and even
internalization of the entire EV with the plasma mem-
brane of the recipient cell [5]. EVs are easy to detect by
conventional colloid and nanoparticle detection tech-
niques [6]. The compartimentalized structure of the EVs
as well as their size (diameter of 30 nm—1000 nm) allow
their detection by light scattering either at the individual
scale by Dark Field Optical Microscopy (Nano Tracking
Analysis NTA) [7] or at the macroscopic scale by Dy-
namic Light Scattering (DLS) [8]. Transmission electron
microscopy (TEM) complements these techniques, giving
both the size and the precise morphology of EVs (at the
nm scale), particularly their multilamellar character by
cryo-TEM or cryofracture techniques. Electron micros-
copy remains the reference technique for determining EV
morphology [9]. To caracterise the EVs, it is possible to
harvestvesicles of identical density from a heterogeneous
suspension by density gradient ultracentrifugation. Ultra-
filtration with size exclusion chromatography for the lar-
gest EVs may also useful. An alternative technique is a
capture by specific recognition of surface proteins of EVs
(for example CD63, CD9 or CD81) with magnetic beads
or surfaces expressing by monoclonal antibodies [10].
These techniques allow the detection, isolation and separ-
ation of EVs. It is then possible to distinguish three sub-
populations of EVs. Three subtypes of EV are described:
microvesicles (MV), myelinosomes and exosomes. Vesi-
cles have been isolated from diverse body fluids, including
blood (endothelial cells, blood platelets, or immune cells
such as CD4 T lymphocytes, macrophages), bile, urine,
saliva, breast milk, amniotic fluid, ascites fluid, cerebro-
spinal fluid and semen [11, 12].



Neyroud et al. Basic and Clinical Andrology (2021) 31:25

Microvesicles

These are buds from the plasma membrane released into
the pericellular space. These EVs generally have a diam-
eter of 100 to 1000 nm [13]. Coming from the budding
of the plasma membrane, their composition is similar to
that of the plasma membrane but may vary depending
on the cell of origin.

Myelinosomes

The first observation was described in 1989 [14]. The
term “myelinosome” refers to the characteristic electron
microscopic appearance of myelin and its markedly
electron-dense osmiophilic membranes. In fact, myelino-
somes appear as vesicles delimited by a wall of concen-
tric lamellar structures, regularly ordered, consisting of
the alternation of dense lines and clear bands reminis-
cent of myelin. These EVs have a diameter of 200-700
nm [4]. These myelinosomes are composed of two areas:
an outer layer with a network of concentric osmiophilic
membranes and an electron-transparent matrix. Rough
endoplasmic reticulum cisterns are seemingly associated
with their onset and development. These myelinosomes
are membrane organelles identified in the seminiferous
epithelium of the testis and secreted by Sertoli somatic
cells in the lumen of the seminiferous tubules in trans-
genic R6/1 Huntington disease mice. It has been sug-
gested that Sertoli cells remove the misfolded proteins
through this myelinosome-mediated secretion, thus pre-
serving cellular proteostasis. While rare in normal cells,
intracellular myelinosomes appear in pathological situa-
tions caused by genetic or environmental factors [15].
They are also detected and abundant in aggregation dis-
eases such as Huntington’s disease or cystic fibrosis [16].
Many of these electron-dense osmiophilic membranes
are also found in lysosomal overload disease. Indeed
myelinosomes are considered to act as storage for organ-
elles along with autolysosomes, endolysosomes and late
endosomes [17]. They differ from exosomes and micro-
vesicles in their morphology and origin. Our recent
study demonstrated the presence of myelinosome-like
vesicles in human seminal plasma [4].

Exosomes

These small EVs have a diameter of 30 to 100 nm [18].
They are formed inside cells by budding late endosomes,
called multivesicular bodies, and are then released into
the extracellular environment by the fusion of these
multivesicular bodies with the plasma membrane. Pro-
teins commonly found on EVs membranes include tetra-
spanins, especially CD63, CD9, CD81, heat shock
proteins (HSP70), and glycophosphatidylinositol an-
chored proteins.
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Particular properties of human seminal plasma

Seminal plasma represents the environment of male
gametes that is very rich in EVs. Human seminal plasma
is a complex fluid produced by secretions from several
glands of the male genital tract (prostate, epididymis,
seminal vesicles) and constitutes over 95% of semen vol-
ume. The remaining 10% of semen volume is made up
of secretions from the Cowper (bulbo-urethral) and Lit-
tre glands [19].. Its sperm-free fluid may be analysed
after liquefaction and centrifugation of the ejaculated
semen. Owing to its viscosity and its water-holding cap-
acity, conventional Transmission Electron Microscopy
(TEM) is not optimal for analysing EVs. Cryoelectron
microscopy (cryo-TEM) allows the visualisation of nano-
scale structures without prior fixation or addition of
heavy metals needed to enhance the medium contrast
[20]. The sample is therefore visualised as closely as pos-
sible to its native physiological state, producing a projec-
tion through its three-dimensional sample volume [20].
In humans EVs are synthesized in particular by the pros-
tate, as well as by the epididymis, and even by the testis.
The structural heterogeneity and protein composition of
these vesicles has been shown in human semen. EVs
from seminal plasma participate in various aspects of
male fertility, improving sperm function by regulating
the timing of sperm capacitation, inducing acrosome re-
action, stimulating sperm motility enabling them to
reach the ovocyte. Other supposed functions of prosta-
somes include interference with immune cells of the fe-
male reproductive system. Indeed, it has been observed
that fertility outcomes are significantly improved when
women are exposed to seminal plasma [21].

Human seminal plasma particles were first classified
according to morphological criteria, including the multi-
vesicular aspect, the shape, the external protuberances
and the density of the vesicles. In recent years, the devel-
opment of new technologies in electron microscopy has
led to an increase in knowledge with finer and more spe-
cific analysis for all types of EVs. A recent study ex-
tended the data revealing five major categories and six
subcategories of extracellular membrane compartments,
including lamellar bodies [22]. We have thus identified
myelinosome-like vesicles in the seminal plasma of nor-
mozoospermic men by CryoTEM [4] however their bio-
logical role remains to be specified.

Diversity of particulate location in the male genital tract

Different types of EV have been described according to
their testicular, prostatic or epididymal localisation
(Fig. 1). EVs have been shown to contain proteins, lipids
(especially high levels of sphingomyelins), DNA and sev-
eral varieties of RNA (Ribonucleic acid), including
microRNAs (miRNAs) and mRNA fragments [23]. The
characterisation of extracellular vesicles such as
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Fig. 1 Extra-cellular Vesicles localization synthesis in the male genital tract

prostasomes in biological samples (seminal plasma)
mainly requires the visualisation of these vesicles which
can be accomplished either on the basis of their specific
protein markers, or by transmission electron microscopy
(TEM) or cryo-TEM (Fig. 2).

The testis

Recently, Yefimova et al. demonstrated the secretion of
myelinosomes by cultured Sertoli cells (TM4 cells) [16].
Myelinosomes are secretory organelles loaded with spe-
cific cargoes and capable of leaving the cell in their en-
tirety, in the form of extracellular vesicles. This

differentiates them from other intracellular secretory or-
ganelles, especially from the family of lysosome-related
organelles (LRO: Lysosome-Related-Organelles), such as
the secretory granules of blood immune cells, neurons,
neuroendocrine cells, lamellar bodies, pulmonary or cu-
taneous keratinocytes, melanosomes or even secretory
lysosomes [24]. All of them release their contents into
the extracellular space after fusion with the plasma
membrane, but not as intact organelles outside the cell.
This mechanism is similar to that of LRO-type secretory
granules from eosinophils, released in the form of organ-
elles during a specific process linked to phagocytosis
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Heterogeneity of EVs in seminal plasma
A

Fig. 2 Analysis by CroTEM (Cryogenic Transmission Electron Microscopy) of human seminal plasma showing several EV (Extra-cellular Vesicles).

called NET (Neutrophil Extracellular Trap) [25]. The
maturation process of myelinosomes in Sertoli cells re-
sembles that of the lamellar bodies found in pulmonary
epithelial cells. The lamellar bodies mature and traffic in
Multi-Vesicular Bodies (MVBs) [26]. However, fusion of
MVB with the plasma membrane results in the discharge
of pulmonary surfactant, while at the testicular level, in
Sertoli cells, mature myelinosomes are released in their
entirety into extracellular spaces. In a transgenic R6/1
Huntington Disease mice, some myelinosomes are ob-
served in the seminiferous epithelium of the testis. These
myelinosomes are secreted by Sertoli’s somatic cells in
the lumen of the seminiferous tubules [27]. Regarding
the fate of myelinosomes released into extracellular
spaces, we have shown the presence of myelinosome-like
vesicles in human seminal fluid, but the function infertil-
ity is not yet understood [4]. The physiological role of
myelinosomes in human seminal fluid remains to be
established. We are only at the beginning of our

knowledge of myelinosomes. To date, we only note their
presence in human seminal plasma (Fig. 3), and future
studies will provide information on their role and im-
portance for human fertility.

The prostate

Prostasomes are nanostructured exosomes secreted by
the acinar lumen of prostate epithelial cells. These pros-
tasomes are 50 to 500 nm in size and contain proteins,
lipids and nucleic acids. Despite the presence of mero-
crine secretory cells, the majority of secretory epithelial
cells appear to be apocrine, with a wrapping of cells in
human prostate stroma. The zinc levels detected in mer-
ocrine cells, but not in prostasomes, suggest that a sig-
nificant proportion of prostasomes, possibly the
majority, are generated via apocrine secretion. This find-
ing provides an explanation why so many large proteins,
without a signal peptide sequence, are present in the
prostatic fluid [28]. Human prostasomes transport at

-

SERTOLI CELL

Fig. 3 Comparative analysis of EVs (Extra-cellular Vesicles) from human seminal plasma and secretion products from TM4 sertoli cells. In

preparations from both human seminal plasma (to the left) and culture media of TM4 Sertoli cells (to the right), myelinosomes vesicles were

present together with other EVs. Myelinosomes round-shaped vesicles, formed with whorled membranes, exhibited strong electron density
.
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least 440 proteins, including prostate-specific proteins
(signal transduction proteins, chaperone proteins, GTP
(Guanosine-5'-triphosphate) binding proteins, « pro-
teins, structural proteins and transport proteins). It also
contains genetic material such as RNA [29]. Prostasomes
have many characteristics that differentiate them from
other secretions of the prostate gland. They are rich in
cholesterol and sphingomyelin, with a particularly high
cholesterol / phospholipid ratio [30]. Sphingomyelin is
the major component of the prostasome membrane and
is thought to be protective against attack by reactive
oxygen species (ROS). Polynuclear neutrophils (PNNs)
secrete ROS, and prostasomes have the ability to de-
crease the production of ROS in semen containing
PNNs. Indeed they facilitate the transfer of lipids to the
plasma membrane of PNNs which inhibits the activity of
Nicotinamide Adenine Dinucleotide Phosphate (NADP
H) oxidase, thereby protecting spermatozoa from oxida-
tive stress [31, 32]. Prostasomes play an active role in
controlling capacitation and the acrosome reaction. In
particular, prostasomes participate in preventing prema-
ture capacitation of spermatozoa and premature acro-
some reaction. Indeed, the prostasomal membrane is
enriched in cholesterol, which contributes to its stability
in the acidic vaginal environment [33]. Owing to its high
content of cholesterol and fatty acids in prostasomes,
the plasma membrane of the sperm head stabilises and
delays the occurrence of a premature acrosome reaction.
Many biochemical and molecular markers can be identi-
fied in prostasomes that are useful for the diagnosis and
prognosis of human male infertility. For example, a
study have revealed significantly decreased seminal
plasma Prostate-specific membrane antigen (PSMA)
levels in patients with OAT syndrome. PSMA is a type
II transmembrane glycoprotein predominantly expressed
by the prostate epithelial cells. In several proteomic ana-
lyses, PSMA has consistently been reported to be
present in seminal plasma and in extracellular vesicles
and prostasomes isolated from the seminal plasma of
both healthy and asthenozoospermic men. Although the
precise role of folates in seminal plasma is not known,
their higher concentration in semen compared to blood
suggests that they might have other important functions
for the sperm cells apart from their passive role as scav-
engers of reactive oxygen species in seminal plasma [34].
So, that is a molecular marker for human male infertility.
An other example, histone H2B type 1-A (HIST1IH2BA),
a testis-specific histone variant with an essential role in
sperm DNA organization and sperm histone—protamine
transition, was overexpressed in prostasomes from non-
normozoospermic men [35].

Prostasomes are also directly involved in immune
regulation. Indeed, Natural killer (NK) cells, essential el-
ements of innate immunity are abundant in the female
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reproductive system. Prostasomes decrease the activity
of NK cells in the female genital tract, through the
CD48 ligand of CD244 [20]. Prostasomes play a major
role because they immunomodulate the local environ-
ment within the female reproductive system. This allows
immune-mediated sperm protection until fertilisation.
The antibacterial activity of human prostasomes has
been well documented [36, 37]. It is established that
prostasomes are very rich in calcium which plays a
major role in sperm motility and the capacitation
process. Sperm motility is promoted by ionic signals in-
duced by calcium ions (Ca®*) through the region of the
sperm midpiece. Prostasomes play a crucial role in
maintaining long-lasting Ca> * signals in spermatozoa
through the pH-dependent fusion between vesicles [31].

The epididymis

Spermatozoa must travel a long way through the epi-
didymis from the testis, before reaching the vas deferens.
The ability of spermatozoa to fertilise an ovocyte is grad-
ually acquired through membrane changes throughout
the epididymis, before interaction with seminal fluid at
ejaculation, the female environment and the fusion with
the mature oocyte. The epididymis has several functions,
including the transport, maturation and storage of male
gametes [38]. The epididymis is divided into three main
segments in humans: head, body and tail. Each segment
forms its own luminal microenvironment with different
protein secretions and different cellular gene expression,
optimised for each stage of sperm maturation [39]. The
head and body are responsible for maturing spermato-
zoa, while the tail serves as a reservoir of spermatozoa
[40, 41]. During their transit through the epididymis,
their plasma membrane surface proteins undergo re-
modelling (i.e. changes in the composition of phospho-
lipids with increased total negative charges and
modification of surface proteins).

This maturation is dependent of the interaction be-
tween proteins and EVs secreted in the intraluminal
fluid of the epididymis. Epididymosomes are EVs pro-
duced by epididymal epithelial cells by apocrine secre-
tion [42], that is, the formation of cytoplasmic blebs at
the apical pole of epithelial cells that detach in the
lumen. They are 50nm to 500 nm in diameter with a
high cholesterol/phospholipid ratio and contain adhe-
sion molecules such as tetraspanins, integrins and
growth factors [43]. Studies in the bovine model have
shown that epididymosomes contain several proteins
that are involved in the acquisition of sperm mobility,
fertilisation capacity and protection against oxidative
stress [44]. The content of these vesicles also depends
on the region of the epididymis and in particular some
mi-RNAs are expressed to different extents according to
the region [45].
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The potential transgenerational impact

Molecules on the surface of EVs promote interaction
with other cells by adhesion of vesicles to lipids and li-
gands on their plasma membranes, internalisation of the
entire vesicle or fusion of the EV membrane to the re-
cipient cell. It has been shown that EVs can merge and
deliver information to the receiving cell. In the male
genital tract, the target of these EVs is the spermato-
zoon. We therefore cannot exclude the possibility of
modulating the information that will be transmitted to
the embryo and therefore to the next generation. The
sperm RNA profile is now recognised as an important
epigenetic player in the early development of the embryo
and the health of the offspring [46]. Indeed, during epi-
didymal transit a specific remodelling of the epigenetic
profile occurs so that a spermatozoon is able not only to
initiate fertilisation but also to maintain early embryonic
development [45]. However, under stress conditions, the
plasticity of the RNA profile has been demonstrated
[47]. Among these mechanisms, extracellular vesicles
such as epididymosomes or prostasomes are highlighted.
These specialised extracellular vesicles are involved in a
new form of intercellular communication, which is cap-
able of dramatically altering the proteomic, lipidomic
and epigenetic landscape of the maturing spermatozoa.
Further research in this area promises to advance our
understanding of this communication and the transge-
nerational transmission of epigenetic material.

Biological EV analysis

In order to use EVs for diagnostic or therapeutic pur-
poses, it is essential not only to detect them but also to
quantify them at levels corresponding to those present
in biological fluids [48, 49]. Their protein and genomic
constituents can be detected by common techniques
such as western blotting and genomic analysis (PCR) to
caracterise them more finely [50].

On the other hand, quantifying the absolute concen-
tration of exosomes in a liquid biopsy remains a chal-
lenge. Indeed, the single samples collected from patients
are of very small volumes (a few tens of microliters) and
require a very low level of detection of exosomes or their
constituents (notably miRNA or proteins) since the idea
is to make an early diagnosis of disease. The objective is
to analyse these liquid biopsies in real time with a detec-
tion threshold of an interaction and concentration from
the perspective of clinical medicine.

The specific detection of very low (femtoMolar) con-
centrations in real time remains a challenge as it is diffi-
cult to quantify EVs because of limitation of instruments
used to investigate them.

Most of analyses combining fluorescence with an amp-
lification system [51, 52] or high throughput microfluidic
chips [53] have considerably contributed to improve the

Page 7 of 9

performance of biosensors. In particular, FRET (Fluores-
cence Resonance Energy Transfer) is a very accurate
nanometer-scale measurement of the distance between
two fluorescent probes due to a dipolar coupling be-
tween them. As it is effective only at a very short dis-
tance, it is possible to detect specifically a fluorescence
interaction with very high sensitivity [54]. The introduc-
tion of nanomaterials has considerably increased the de-
tection sensitivity and reliability of biosensors. Quantum
dots (QDs), whose emission length can be modulated to
the nanometer level, have been successfully used as
fluorescent probes to quantify exosomes [55, 56]. They
possess optical properties such as very high brightness
(fluorescence quantum efficiency) and wide absorption
band that are particularly well suited to multiplexed bio-
sensing [57]. However, while their toxicity is not a real
problem for in vitro diagnostics, their minimum size
(around 10 nm) can be an obstacle when they are associ-
ated with a DNA amplification system. Metallic lumines-
cent nanoclusters, especially gold [58] offer a promising
compromise since their size is close to that of molecules
(1-2 nm) and their fluorescence does not exhibits photo-
bleaching [59].

Conclusion

The heterogeneous population of EVs present in seminal
plasma is known to influence these key changes associ-
ated with sperm functions [60]. The role of EVs in male
reproduction has recently gained more attention and ex-
tensive research is focusing on their implications in male
infertility, which may shed light on the potential role of
new biomarkers different from those actually performed
in Assisted Reproductive Technics laboratories [61]. In-
deed, tissue regeneration relies on healing factors carried
by EVs to generate a trophic microenvironment suitable
for diseases. EVs can be untouched and used as thera-
peutic agents in their regular or natural state after isola-
tion from biological samples or conditioned medium in
standard cell culture conditions [62]. There is still a need
for a consensus concerning EV isolation methods and
EV characterization/designation remains. The potential
therapeutic effects of EVs are still under consideration
and more studies are needed to clarify their implication
in male fertility.
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