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ARTICLE INFO ABSTRACT

Keywords: Exosomes are nano-sized structures that are found in semen, epididymal —fluid, endometrium, as well as in
Reproduction follicular fluid. They are responsible for transporting bioactive cargo- proteins, lipids, and nucleic acids. Exo-
Exosomes somes have been proven to influence processes in both female and male reproductive systems, including
lgsgctions gametogenesis, acrosomal reaction, sperm capacitation, and embryo implantation in the endometrium. Exosomes

are made of the same particles as the cells they come from and are secreted by normal and pathological cells.
Therefore, exosomes can reflect the physiological state of cells. Moreover, due to the transportation of bio-
molecules, they participate in intercellular communication and can be used as biomarkers of many diseases,
including ovarian, endometrial and prostate cancer. Identification of exosomes as biomarkers could contribute to
a better understanding of genital dysfunction and fertility disorders.

Reproductive system

1. Introduction

Extracellular vesicles (EVs) act as a vehicle for cell-to-cell commu-
nication [1]. EVs are secreted by cells into the extracellular space [2].
Extracellular vesicles are: microvesicles, ectosomes, membrane parti-
cles, exosome-like vesicles, apoptotic bodies, and exosomes [3]. In turn,
the best described are three groups — exosomes (EXO), microvesicles
(MV), and apoptotic bodies (AB) [4]. The differences between the in-
dividual groups are mainly based on biogenesis, release pathways,
content, function and size [2]. Table 1 below shows the differences

between the individual EV groups.

Currently, more attention is focused on exosomes, which are bilayer
extracellular membrane microvesicles secreted by most eukaryotic cells
derived from the multivesicular body (MVB) [1,4,5,8]. These vesicles
are surrounded by a membrane and are typically 40-160 nm in diam-
eter, and their density ranges from 1.13 to 1.19 g / mL [5,9]. Exosomes
are released during exocytosis, during which multivesicular bodies fuse
with the cell membrane [10].

Originally, exosomes were referred to as ‘membrane fragments’ and
defined as ‘cell waste’ [1,5]. With the development of science and
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research techniques, it has been found that exosomes constitute a type of
intercellular communication in many physiological and pathological
processes that serves to maintain the body’s homeostasis and are
involved in the transport of biomolecules [1,5,9]. Exosomes transport
bioactive cargo such as nucleic acids, including RNA, DNA, proteins,
lipids, and enzymes [1,5].

Endosome biogenesis takes place by invagination of the cell mem-
brane (endocytosis) (Fig. 1A, I), then early endosomes are formed
(Fig. 1A, 1I). This is followed by the formation of the late endosomes by
selecting the content of the early endosomes (Fig. 1A, III). The late
endosomes form multi-vesicle bodies (MVBs) (Fig. 1A, IV) that can bind
to the cytoplasmic membrane, whereby proteins are incorporated into
the membrane and the components of the cytosol are absorbed and
locked into intraluminal vesicles (ILV), which leads to the release of
vesicle content, called exosomes (Fig. 1A, V) [5,6,8,9]. Biogenesis and
structure of exosomes along with the structure of the cell membrane and
intracellular effectors necessary to abscission exosomes during biogen-
esis are shown in Fig. 1.

Fig. 1 A shows the process of exosome biogenesis and secretion- I
endocytosis, II early endosome, III late endosome, IV MVBs, V exocy-
tosis. Fig. 1B shows schematically the structure of the exosome with
cardo, surface markers.

The structure of exosomes is shown in Fig. 1 (Fig. 1B) and shows
schematically the different families of proteins, lipids, and nucleic acids,
including DNA, RNA, miRNA, and other non-coding RNA. Release of
exosomes is supported by proteins such as Rab, ALIX, TSG101 [3].

Exosomes are made of the same molecules as the cells from which
they originate. They contain nucleic acids, proteins, enzymes, lipids, or
cytokines. Exosomes include proteins such as tetraspanins (CD9, CD 63,
CD81, CD82), which play a role in cell penetration, invasion, and fusion
[6]. The CD81 protein, which is the most abundant, is used as an exo-
some marker [16]. Rab protein are the main proteins involved in exo-
some biogenesis, and it has been suggested that these proteins are
involved in exosome transport and maturation [16]. Another type of
exosomes protein is heat shock proteins like HSP70, HSP90, which are
part of the stress response and are involved in antigen presentation [6].
Cytoskeletal proteins (e.g. tubulin, actin) and proteins involved in MVB
biogenesis (e.g. clathrin, Alix), which play a role in exosome release, and
proteins responsible for membrane transport, annexin, have also been
identified in exosomes. In turn, proteins such as flotillin and TSG101 are
involved in the biogenesis of exosomes [6,15]. Exosomes also contain
metabolic enzymes, such as ATPase, aldehyde reductase, and aspartate
aminotransferase. Specific exosome marker proteins are TSG101,
HSP70, or CD81 [6]. Moreover, exosomes contain various types of RNA,
including long non-coding RNAs (IncRNAs), circular RNAs (circRNAs),
and microRNAs (miRNAs), which are involved in tumor development
[6]. The exosome membrane contains phosphatidylcholine (PC), phos-
phatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylino-
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sphingomyelin, glycine [15,16]. It has been shown that the content of
exosomes and the composition of their membranes vary depending on
various factors — including diet, expression of pathogenic genes, or
hormones [16] (Fig. 1B).

Exosomes are secreted by all normal and pathological cells, which
may reflect the physiological state of donor cells [4,8]. As a result,
exosomes can be used in the diagnosis of many diseases [8]. These
structures are found in blood, semen, saliva, plasma, urine, cerebrospi-
nal fluid, amniotic fluid, breast milk, epididymal fluid, and in tears [1,2,
6].

2. Functions of exosomes

Exosomes can participate in cellular regulation as well as physio-
logical and pathological processes by activating specific receptors on the
cell surface by means of protein ligands and bioactive lipids, or by fusing
their transported cargo, such as proteins, or miRNAs, into the cyto-
plasmic membrane of the cell [9,17]. A growing body of evidence in-
dicates that EVs are important mediators of intercellular
communication, therefore they play a significant role in physiological
and pathological processes, in terms of stem cell maintenance, tissue
repair, immune modulation and tumor growth [18-21].

2.1. The role of exosomes in physiological and pathological states

It is well known that cell metabolites flow through diffusion, chan-
nels and connections between cells or their active secretion into the
extracellular space [22]. It has been found that the flow of metabolites or
harmful substances between cells can occur using exosomes [22]. Exo-
somes are recognized as mediators of intercellular communication in
both physiological and pathological states [14]. EVs exhibit the ability
to transport RNA, proteins, enzymes and lipids, thereby influencing
physiological and pathological processes in a variety of diseases
including cancer, neurodegenerative diseases, infections and autoim-
mune diseases. Therefore, their special importance in various biological
processes such as angiogenesis, antigen presentation, apoptosis, coagu-
lation, cell homeostasis, inflammation and intercellular signaling should
be emphasized.

EVs can transfer misfolded protein, prions, or neurotoxic proteins-
amyloid B can take place with the help of exosomes and macrovesicles
[14,22]. Exosomes can transfer building blocks between cells, such as
amino acids, and lipids, that can transfer to different places in the body.
These structures are also responsible for changing the microenviron-
ment by increasing the availability of substances for energy production,
as is the case with glucose-deprived heart muscle. Then the car-
diomyocytes secrete exosomes with glucose transporters (Glul and
Glu4) that reach endothelial cells, which increase the absorption of
glucose transporters and metabolism of glucose. Pyruvate is released as

sitol (PI), phosphatidic acid (PA), cholesterol, ~ceramides, an intermediate product of glucoses metabolism, which is used by
Table 1
Differences between groups of extracellular vesicles.
Exosomes (EXO) Microvesicles (MVs) Apoptic body (ABs) Literature
Diameter 40-160 nm 100-1000 nm 1-5 um [2,5]
Content Proteins, lipids, nucleic acids, enzymes Proteins, lipids, nucleic acids Content like cytosol - intact cellular [2,6]
organelles, chromatin, small amounts
of glycosylated proteins
Function Cell transport, protein release, storage, cell-to-cell Cell transport, cell-to-cell - [2,7]
communication, immune stimulation, support for myelin communication, blood coagulation,
formation in the nervous system, neurite growth, tissue adhesion
regeneration
Origin Multivesicular body (MVB) Cell membrane Cell membrane [4,6]
Location All cell types Erythrocytes, thrombocytes, Dying cells that release apoptotic [2,6]
lymphocytes, vascular endothelial cells  bodies into the extracellular space
Possibilities ~ Use of neurodegenerative diseases biomarkers as carriers. Better A better understanding of MV function - [2]

understanding of exosome function could lead to the development
of new cancer therapies

could lead to the development of new
cancer therapies
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Fig. 1. Biogenesis and structure of exosomes (Figure based on: [3,11-15]).

cardiomyocytes for oxidative metabolism. It has been suggested that
exosomes interact with endocrine and paracrine processes that maintain
homeostasis [22]. Also, exosomal release of miRNAs is a rapid means of
regulating gene expression. miR-23 and miR-182 are released by exo-
somes during induced muscles atrophy. The release of such components
may reduce cellular stress [14].

Exosomes are also involved in angiogenesis, cell differentiation
(including regulatory T cell differentiation), immunomodulation,
metabolic balance, eradication of obsolete molecules, antigen presen-
tation [1,5,9]. Extracellular vesicles that can regulate angiogenesis, or
the growth of the placenta by secretion of the matrix metalloproteinase
inducer (EMMPRIM) are released by trophoblast cells [23-25]. Research
conducted by Grange et al. (2011) [26]has shown that microvescles
from tumors can be involved in the process of metastasis and angio-
genesis. A subset of cells with the CD105 antigen as a marker of
mesenchymal stem cells has been identified in human kidney cancer.
Moreover, CD105-positive has the ability to modify the tumor micro-
environment and induce angiogenesis [26]. I has been proven that
progenitor cells release exosomes involved in inducing migration of
endothelial cells of blood vessels, as well as cell proliferation, and the
process of angiogenesis [25-27].

A new biomarker of inflammatory diseases and conditions may be
the content of exosomes during inflammatory processes. Neoplastic
exosomes have been shown to be characterized by a high miRNA con-
tent, inhibition of T-cell proliferation and differentiation, and induction
of apoptosis via the FasL and MARK1 pathways, promoting immune
system avoidance by the tumor [28,29]. Moreover, research conducted
by Fabbri et al. (2012) [30] have shown that tumor exosomes containing
miR-21 and miR-29a induce a promestatic inflammatory response and
are associated with cytokine secretion by binding to Toll-like 8 receptor
and its activation in immune cells leading to activation NF-xB.

Exosomes also participate in the natural aging process. Aging is
associated with the acquisition of Senescence-Associated Secretory
Phenotype (SASP), which may facilitate phagocytic cell removal of se-
nescent cells. The Wnt secretory molecule, whoch is responsible for
maintaining the canonical homeostasis of the cellular pathway and is
involved in the aging process, is abundantly present in exosomes [31,
32]. Therefore, it is suggested that the exosomes are a SASP signaling
molecules. They are released from aging fibroblasts or epithelial cells.
There is also an altered exosome profile in the elderly- e.g. galectin-3,

which is essential during the maturation of bone cells, is significantly
reduced. In exosomes obtained from the elderly, which may result from
loss of bone stem cell function [31].

Exosomes are secreted from the reproductive system. The place of
origin of exosomes is endometrial cells, follicular cells, follicular fluid,
uterine body, embryos produced in vitro, Fallopian tubes [8].

2.1.1. Female reproductive system

The processes taking place in the female reproductive system,
including pregnancy, are influenced by follicle growth, oogenesis, im-
plantation, embryo development and proper fertilization, which are
related to proper cellular communication [8]. Exosomes play a crucial
role in this communication [33].

Exosomes are released from, among others, the uterus, oviduct
epithelium, endometrium, pre-implantation embryos, and the play an
important role in modulating transcriptional and translational activity,
granular cell proliferation and differentiation, cumulus expansion,
gametogenesis, or oocyte maturation, embryonic development, and
implantation. They participate in the communication necessary for the
fertilization process and just after it, as well as placental exosomes
support angiogenesis and promote the migration of endothelial cells of
blood vessels by participating in the establishment of fetal-maternal
circulation [33]. Transforming growth factor beta (TGF- f) is impor-
tant during follicular maturation, and mitogen-activated protein kinase
(MAPK) is crucial in oocyte maturation, which is carried by exosomes
[33].

miRNA-containing exosomes in the female reproductive system have
been shown to be able to influence granule cell proliferation, gameto-
genesis, oocyte maturation, as well as embryo development and fertil-
ization by targeting signaling pathways associated with re-meiosis and
ovulation or follicular maturation [8,32-34]. miRNAs are essential for
oocyte maturation, implantation and early embryonic development [8].

In the female reproductive system, exosomes play the role of regu-
lators of uterine function and may help to maintain pregnancy. Ac-
cording to Koh et al. [35], boar sperm exosomes modulate the expression
of resistance genes in the uterus of pigs, and reduce the expression of
genes related to the process of steroid biosynthesis. In the other hand,
sheep embryos contain exosomes with interferon, which may increase
the level of interferon-stimulated genes in the uterus [35].

Research by Almughlliq et al. [36] reports that exosomes are
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involved in the postnatal adaptation of cows to lactation. Moreover, any
changes in circulating exosomes can be markers of disease [36]. Exo-
somes also participate in maternal-fetal communication during preg-
nancy [37]. These structures have also been reported to be involved in
the timing of the cell signaling during labor induction. Uterine myositis
cells exposed to amniotic epithelial cells (AEC) exosomes in vitro
showed induction of a contractile phenotype by activation of NFkB and
proteins associated with COX-2 contraction. In the same mouse research,
it was proved that the exosomes labeled with dyes and injected
intra-amniotically into pregnant mice passed into the plasma and kidney
of maternal mice. In this way, it has been proven that exosomes can cross
the placenta and spread through the circulatory system [38].

2.1.1.1. Exosomes in the ovarian follicles. A mature ovarian follicle
contains an oocyte that is surrounded by several cell populations. The
closest layer to the oocyte is the Zona pellucida surrounded by corona
radiata granulosa cells and cumulus granulosa cells and mural granulosa
cells (GCs) that surround the antrum of a follicle filled with follicular
fluid. (FF). The outermost layer of the follicular cells are theca cells
(TCs) with distinctions for the outer and inner layers [32]. The follicular
fluid of plasma and follicular cell secretion contains a variety of com-
ponents, including proteins, hormones, and exosomes [32,34]. FF is
involved in communication between the oocyte and cumulus cells,
which influences oocyte maturation and modulates meiosis in the fe-
male gamete, and also affects conception and the possibility of embryo
implantation [32]. Moreover, exosomes contained in the follicular fluid
affect the quality of female gametes, limiting apoptosis of cumulus cells
and supporting conception [15]. The above-mentioned processes are
affected by the transport of cargoes in the form of miRNA and mRNA by
exosomes, which affect signaling pathways. These include
mitogen-activated protein kinase (MAPK), transforming growth factor
(TGF-B), ErbB, Wnt, and ubiquitin-mediated pathways [32,33].

TGF-8 plays an important role in follicular maturation, and the
mitogen-activated protein kinase may mediate luteinizing hormone-
induced oocyte maturation. It has also been proven that the Wnt
signaling pathway is necessary during ovarian development and ovarian
tissue function in female. It regulates follicle development, oocyte
maturation and steroidogenesis. In turn, the growth factor receptor
(ErbB) pathway, insulin signaling pathways, and ubiquitin-mediated
pathways are essential for cellular activities such as oocyte meiosis
resumption or early embryonic development [33].

Table 2 shows the signaling pathways involved in follicular
communication with exosomes.

Fertility disorders that progress with the age of females can be
diagnosed by exosomes. Twenty-year-old mares showed significantly
higher levels of exosomes miRNA of alveolar origin than younger mares.
Higher levels of expression were obtained for miR-513a-3 P, miR-181A
and miR-375, which affect the TGF B pathway by inhibiting it, resulting
in a disruption of oocyte maturation [33].

2.1.1.2. The role of exosomes in paracrine activity between cumulus cells
and oocytes. Through the networks of the ovarian capillaries, a plasma
filtrate is formed in the form of a follicular fluid, which is rich in

Table 2
Signal pathways involved in communication in the ovarian follicle.
Signal pathways Significance Literature
TGF- Follicle maturation [33]
WNT Ovarian development, ovarian follicle [32,33]
development, oocyte maturation, steroidogenesis,
ovarian tissue development
MAPK Oocyte maturation [33]
Pathway via Resumption of oocyte meiosis, early embryonic [32,33]
ubiquitin development
Insulin signaling Resumption of oocyte meiosis, early embryonic [33]
pathway development
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exosomes, through which communication between the cumulus cells
and oocytes can take place [39-41]. Communication between the
cumulus cells and the eggs is important in the content of reproduction of
mammals, mainly during oocyte maturation [40,42]. The mechanisms
of this communication include bidirectional transfer of ions and mole-
cules through gap junctions between the somatic cells of the follicle and
the cumulus and oocyte cells [40,42]. Paracrine signaling is also related
to signaling around ovulation [42]. Exosomes, through the content of
miRNAs, take part in the process of RNA silencing and regulation of gene
expression. A positive correlation of changes in miRNA expression with
the synthesis of progesterone in the follicle fluid in cattle has been
demonstrated. The presence of extracellular vesicles in the cytoplasm of
cumulus cells and ootyces in cattle has also been reported [40]. In
research conducted by Hung et al. (2015) [39], authors proved that
exosomes can influence the function of the ovaries by supporting the
expansion of the cumulus and modifying the expression ot their genes in
vitro. Similar conclusions were obtained by Matsuno et al. (2017) [41],
claiming that in cattle, exosomes may support the expansion of cumulus
cells in vitro. In turn, exosomes in human follicle fluid containing
miRNAs are involved in the regulation of biological pathways critical for
dominant follicle growth and oocyte maturation [41]. This may indicate
that these structures act as a mediator in cell signaling [39,40].

Heat stress to which animals are exposed, for example cattle, cause
oocyte damage, induction of apoptosis, mitochondrial dysfunction, and
an increased generation of reactive oxygen species (ROS). Exosomes, by
transferring cargo, deliver it to target cells by internalization into the
cytoplasm or by interaction with cell surface membrane receptors [43].
These structures increase the expansion of the cumulus during oocyte
maturation, but also enhance the competence of mature oocytes in vitro
to form blastocyst despite heat stress conditions. It has been shown that
the exosomes contained in the follicular fluid can protect the oocyte
from heat stress. However, according to the authors, the cytoprotective
effect is not limited to heat stress [43]. Research conducted by
Saeed-Zidane et al. (2017) [44] revealed that bovine granular cells
exposed to hydrogen peroxide released exosomes enriched with mRNAs
encoding genes needed for antioxidant protection (CAT- catalase, SOD1-
superoxide dismutase, PRDX1-peroxyredoxin, TXN1-thioredoxin) into
the medium. Granulat cells subjected to oxidative stress in vitro showed
exosome uptake and reduction in the effect of hydrogen peroxide on cell
proliferation, and their activity [44].

Communication between the ovarian follicle and the cumulus cells is
crucial for the follicle maturation, and to produce an oocyte capable of
fertilization and supporting subsequent embryonic development [43].

2.1.1.3. Exosomes in the uterus. The implantation of the embryo in the
uterus depends mainly on the proper communication between the
endometrium and the blastocyst. prostaglandins, interleukins. Endo-
metrial reactivity and readiness for embryo implantation also result
from the participation of exosomes in the communication process orig-
inating from the endometrium and the embryo [32,34]. There are exo-
somes in the uterine fluid that contribute to increasing the proliferation
of uterine endothelial cells at the site of implantation [32]. Some miR-
NAs, such as miR-200c and miR-30d, contained in exosomes are
involved in implantation by regulating gene expression during this
process [45]. It has also been shown that exosomes contain
interferon-tau (IFNT), which in the pre-implantation period shows the
ability to regulate the expression of genes responsible for implantation,
and IFNT promotes the synthesis of progesterone to establish pregnancy
[46]. Interferon-tau acts on the endometrium, inhibits luteolytic pro-
cesses and causes the synthesis of progesterone [47]. Exosomes in the
uterine fluid are characterized by the ability to modulate the endome-
trium and support the embryo attachment [32].

2.1.1.4. Exosomes as biomarkers of pregnancy. Proper communication
between the mother and the embryo is essential for the establish of
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pregnancy. This communication is mediated by exosomes released from
the uterine endometrium that transport signaling molecules such as
miRNAs [48]. This is crucial during implantation and embryonic
development. In a research by Qiao et al. (2018) [48] it evaluated the
effect of bovine uterine lumen fluid (ULF) exosomes on embryonic
development with somatic cell nuclear transfer (SCNT). Exosomes were
obtained from the uterus in the early luteal phase. The conducted
research confirmed that the molecules carried by exosomes are needed
for communication with the embryo. They contribute to an increase in
the interferon-tau content, which is associated with pregnancy diagnosis
in cows. Moreover, the ability to improve the development of SCNT
embryos in vitro was confirmed [48].

Turner et al. (2021) [49] in the publication indicate that in dairy
cows, exosomes with miRNA act as an epigenetic regulator of signaling
pathways, including inflammatory reactions. May affect the develop-
ment of pregnancy in cattle and reproduction [49]. There is also the
possibility of using specific miRNAs as a pregnancy biomarker [50]. It
has been proven that the expression level of miRNAs is different in
pregnant cows and in cows that are not or have lost pregnancy. The
miRNA-bta-miR 140 has been determined and can be used as a marker of
early pregnancy in high yielding dairy cows [50].

Seminal exosomes have been shown to contain small non-coding
RNAs that support embryonic development by modulating the female
reproductive system [10,51].

The period after calving is associated with the occurrence of
inflammation. During this time, hormonal, immunological, and meta-
bolically changes occur. In the event of an imbalance, dysfunction and
inflammation may occur [36,37]. During the inflammatory response in
the endometrium, there is an increase in the production of cytokines and
proinflammatory chemokines, which may impair endometrial recep-
tivity, reduce fertility, and negatively affect uterine function [35]. It has
been shown that exosomes obtained from the plasma of low-fertile
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heifers can alter the expression of inflammatory mediators, resulting
in inflammation of the uterus and reduced fertility [35].

An indicator of the fertility status may be exosomes, which may be
markers of uterine, metabolic diseases [36]. Exosomes of cows with
induced endometrial infection decreased the production of PGF2«x
(prostaglandin F2a) in in vitro research, which influenced the immune
response of the endometrium and inhibition of the luteolytic pathway
and further on the diagnosis of pregnancy by the mother [36].

Changes in the content of exosomes and their intercellular commu-
nication have been marked as a biomarker of pregnancy and all-
pregnancy-related pathologies in humas. An increase in the content of
exosomes in the placenta and circulation of women with eclampsia and
pre-eclampsia compared to non-dysfunctional women was detected.
This suggest that early detection of complications and pathologies of
pregnancy by examine exosomes may be a prophylaxis and may support
the implementation of treatment In the case of infertility, the exosome
profile should be established [33]. Examination of the exosome profile
can provide a picture of health status, as well as an increased or
decreased susceptibility to disease [36].

Research suggests that exosomes isolated from the amniotic fluid
contain mRNAs that are valuable tools in prenatal diagnosis. In a study
by Keller et al. [52] proved that CD24 vesicles are exosomes that most
likely come from the kidney and are present in the urine of newborns
and in the amniotic fluid of pregnant women. In addition, it has been
shown that CD24 exosomes are also found in the urine and amniotic
fluid of mice. In studies in mice with a CD24 knockout, CD24 exosomes
were proven to be of fetal origin. These results indicate that the secretion
of exosomes into the urine and amniotic fluid is a biological process that
may play a role in embryogenesis as well as later in life [52].

The importance of exosomes in the female reproductive system is
summarized in Fig. 2.
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Fig. 2. The role of exosomes in the female reproductive system.
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2.1.2. Male reproductive system

Semen is a mixture of secretions from the testicles, epididymis,
prostate, seminal vesicles, bulbourethral glands and periurethral glands
in which there are sperm cells and seminal plasma (SP). In the semen
plasma there are, among others lipids, sugars, growth factors [10,51,
53]. Semen plasma is a key factor for sperm maturation, capacitation,
acrosomal reaction and fertilization [10]. Moreover, SP contains exo-
somes [51].

Prostasomes are the most abundant exosomes in the semen plasma
that are secreted by prostate epithelial cells [15,51,54]. Semen exo-
somes have important functions related to sperm functions, e.g. they
induce the regulation of sperm motility [10,15].

Seminal exosomes, which account for about 3% of semen plasma
proteins, protect sperm in the environment of the female reproductive
system by modulating sperm activity in response to the acidic environ-
ment of the vagina [15,51]. Moreover, prostasomes have the ability to
modulate sperm motility, capacitation or acrosomal reaction, and also
prevent premature sperm capacitation due to the fact that they carry
cholesterol and sphingomyelin [15,54]. The participation of protea-
somes in the capacitation of sperm in the female reproductive system
results from their ability to increase cAMP generated in the capacitation
process. During capacitation, the sperm undergoes changes in the
membrane by modifying glycoproteins, which is stimulated by bicar-
bonate. This bicarbonate activates sperm-specific adenylate cyclase
(sACY), which then contributes to an increase in cAMP levels and the
phosphorylation of serine, threonine, and tyrosine-containing proteins
[54].

Currently, the influence of exosomes on the male reproductive sys-
tem, and in particular their influence on the development of gametes, is
of great interest [10]. The spermatozoa in the epididymides mature
undergoing morphological and biochemical changes through the
optimal microenvironment of the epididymides, which is provided by
the exosomes contained in the epididymal lumen fluid [55,56]. They are
involved in the incorporation of cholesterol into sperm membranes,
making the male gametes more stable. Moreover, epididymal exosomes
(epididymosomes) are responsible for acquiring the ability to fertilize,
protect against sperm oxidative stress and participate in the regulation
of motility [10].

In the bovine epididymis, two groups of epididymosomes are
distinguished - first group contains tetraspanin proteins, such as CD9,
CD26, CD224, which are characterized by the ability to interact with
live sperm [10,54]. The second group, on the other hand, interacts with
dead gametes and possesses epididymal sperm binding protein 1
(ELSPBP1). The first group of proteins (CD9-positive epididymosomes)
is associated with the maturation of sperm and has proteins responsible
for the key properties of male gametes, i.e. motility and oocyte recog-
nition [10,56]. The motility-related proteins are MIF, AKR1B1, and the
p25b and GliPriL1 proteins are involved in sperm-oocyte interactions.
Epididymosomes enriched in ELSPBP1 are associated with zinc ion
(Zn?**) - dependent sperm cells, which is associated with post-death
reactions. Dead sperm produce reactive oxygen species (ROS) that
induce oxidative stress, while the ELSPBP1 protein in the presence of
Zn?* is responsible for the removal of ROS, which protects the rest of the
cells from oxidative stress [10,56].

In the epididymis, the cargo is transferred to the sperm cells [54].
The transfer involves enzymes, proteins, such as cysteine-rich secretion
protein 1 (CRISP1) that regulates calcium channels in sperm mem-
branes, sperm adhesion molecule 1 (SPAM1), which is associated with
the adhesion of the male gamete to the Zona pellucida of the oocytes.
Another transferred factor is the macrophage migration inhibitory factor
(MIF), which is responsible for sperm motility [54]. The epi-
didymosomes also contain the enzyme glutathione peroxidase (GPX),
which prevents premature acrosomal reactions and protects sperm from
oxidative stress [54,56].

Table 3 presents a summary of the proteins contained in sperm
exosomes.

Biomedicine & Pharmacotherapy 148 (2022) 112752

Table 3
Proteins that are transferred from epididymides to sperm and their function in
males of different species.

Protein Function Literature
ELSPBP1 Protection against oxidative stress, ROS [10,54,
removal, sperm capacitation 56]
GPX Prevents premature acrosomal reaction [54,55]
MIF, AKR1B1, p25b, Related to sperm motility, involved in [10,54]
GliPriL1 sperm-oocyte interactions
CRISPP1 Regulation of calcium channels in sperm [54,55]
membranes
SPAM1 Interaction of sperm with the oocyte [56]
GPXS5, PSA, KIF5B, Fusion with Zona pellucida [51]
ANXA2, KLK2
Ubiquitin Elimination of defective sperm [56]

Semen may contribute to the transfer of pathogens by the fact that
the seed exosomes are immunosuppressive [51]. The action of exosomes
is antiviral and antibacterial. Moreover, seminal exosomes have been
shown to be able to inhibit HIV-1 replication. The exact mechanism of
action against retroviruses is unknown, but it is suggested that it neu-
tralizes the enzyme viral reverse transcriptase RNA and is associated
with effective reduction of HIV-1 transmission [51].

2.1.2.1. Acrosomal reaction. Oocyte exosomes have also been proven to
play an important role in the acrosomal reaction that occurs when the
sperm comes into contact with the oocyte. These exosomes contain CD9
tetraspanins, which are found in the membranes of the oocytes and
thanks to them the gametes are fused. Oocyte exosomes also contain
CD81, which is responsible for CD9 transfer. Both tetraspanins are
involved in the gamete fusion process and act independently of each
other [15]. Seminal exosomes have also been shown to participate in the
fusion of the oocyte with the sperm. The main proteins of human sperm
exosomes involved in the fusion are GPX5, SPAM1, PSA, KIF5B, ANXA2,
KLK2. Any abnormalities in the expression of these proteins affect sperm
function and fertilization [51].

The importance of exosomes in the male reproductive system is
shown in Fig. 3.

2.2. Exosomes as biomarkers

Exosomes, due to their small size and relative durability, show the
ability to pass from their place of origin and can accumulate in body
fluids, such as saliva, and urine. Moreover, they can influence the
behavior of adjacent cells to the cells from which the exosomes have
been released. They can also affect other cells or the microenvironment
of the parental cell. Due to the possibility of exosomes passing into body
fluids, pathological changes can be detected [57] Promising diagnostic
markers are exosomes, and more specifically exosome membrane pro-
teins [16,17,57]. Moreover, exosomes secreted from different cells may
be subjected to various factors, such as stress during the pathological
state, then they may contain various cargo, which allows for the iden-
tification of, for example, a cancer, contagious disease, or neurodegen-
erative [16,57]. Exosomes are crucial in neurodegenerative diseases
such as Parkinson’s disease, Alzheimer’s disease, and multiple sclerosis
through their ability to cross the blood-brain barrier [16]. According to
Doyle and Wang (2019) [2], exosomes detected in the cerebrospinal
fluid containing alpha-synuclein were associated with Parkinson’s
disease.

These extracellular vesicles are also important in autoimmune dis-
eases and tumor progression by promoting angiogenesis and tumor cell
migration during metastasis [1,9]. Exosome-carrying molecules
(including proteins, mRNA, non-coding RNA) have been shown to
regulate tumor growth, tumor metastasis, and angiogenesis during
tumorigenesis. It has been reported that exosomes are important in
shaping the tumor inflammatory microenvironment by stimulating the
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Fig. 3. The role of exosomes in male reproductive system.

activation of e.g. the NF-xB pathway in macrophages, which leads to an
increase in the level of pro-inflammatory cytokines such as interleukin 6
(IL-6), tumor necrosis factor alfa (TNFa) during stomach or breasts
cancer. Moreover, it has been proven, that exosomes also participate in
the metastasis process on MiR-21 and miR-29a enclosed in exosomes
secreted by the tumor, and induce a pro-metastatic inflammatory
response mediated by the Toll-like receptor [11]. They can be used as
biomarkers for the prediction or classification of cancer patients [5].
Exosome molecules are described in the literature as potential bio-
markers of neoplastic diseases such as pancreatic cancer, prostate can-
cer, pheochromocytoma, stroke and other diseases [7]. Moreover,
analyzing vesicle-borne molecules released from tumors may be useful
in the recognition of biomarkers and mechanisms of carcinogenesis, and
in monitoring tumors [4]. Tumor-derived exosomes (TEX) are important
in the process of cancers formation [5].

Exosomes are specific to the cells from which they originate — healthy
cells release exosomes with membrane protein expression profiles other
than those from cells during tumor transformation or during infection
[6,57]. For this reason, exosomes can be helpful in the diagnosis and
treatment of female and male reproductive disorders, such as polycystic
ovary syndrome (PCOS), premature ovarian failure (POF), endometrial
cancer, cervical cancer, ovarian cancer, male infertility, prostate gland
cancer [8,51].

MicroRNAs (miRNAs) are a group of non-coding RNAs associated
with biological activity that is crucial in cellular processes related to the
cell cycle, apoptosis or proliferation [8,58,59]. Moreover, the miRNA is
encased in an exosome membrane which protects it from degradation
and therefore may be a suitable biomarker for many diseases [51].

2.2.1. Polycystic ovary syndrome (PCOS)
Polycystic ovary syndrome is an endocrine disorder that is associated
with impaired ovulation and can cause female infertility [60]. Studies

have shown a higher level of expression of miRNAs, such as, for
example, miR-25-3p, miR-143-3p, miR-193b-3p, and a lower level of
expression, for example, miR-10a-5p, miR-23b-3p in human exosomes
of follicular fluid (hFF) in PCOS patients compared with healthy pa-
tients. The cited miRNAs are related to the amino acid metabolism
pathways. PCOS alveolar exosomes have been shown to express miRNAs
at different levels compared to the control. Different levels of miRNA
expression have been suggested to be involved in different functions,
such as the MAPK signaling pathway, and oncogenesis [8]. Also,
miR-323-3p has been reported to promote proliferation and inhibit
apoptosis of cumulus cells in PCOS patients by targeting programmed
cell death 4 (PDCD4) [61]. As a result, it has been shown to alleviate the
symptoms of polycyclic ovarian syndrome [8]. In turn, exosomal
miR-27a-5p may induce the development of endometrial cancer in PCOS
patients [61]. Other studies showed that the levels of miR-6087,
miR-199a-5p, miR-143-3p, miR-483-5p, miR-23b-3p  and
miR-200a-3p differed in a PCOS patient compared to healthy controls.
The authors indicate that the reported miRNAs can be used as PCOS
markers [60].

2.2.2. Premature ovarian failure (POF)

Premature ovarian failure (POF) is associated with menstrual dis-
orders, estrogen deficiency and infertility [8]. According to Esfandyari
et al. (2021) [8], the use of miR-664-5p from bone mesenchymal stem
cell (BMSC) exosomes was associated with an improvement in follicle
health and a reduction in POF in mice. This miRNA has been shown to
reduce apoptosis and improve ovarian function [8].

Another solution proposed by Q. Zhang et al. (2019) [62], is the use
of human amniotic epithelial cells (hAECs) from the placenta that
exhibit embryonic stem cell abilities. The study analyzed the effects of
exosomes on ovarian function and follicle development. It was shown
that hAEC-derived exosomes were able to suppress mouse granule cell
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apoptosis and restore ovarian function in a mouse model. The authors
suggest that this may be a new therapeutic approach to POF [62].

2.2.3. Breast cancer (BC)

Breast cancer (BC) is one of the most common malignancies, and the
occurrence of metastases during the disease is the leading cause of
mortality among women [63,64].

The glycoprotein important in breast cancer is TSP1 (thrombo-
spondinl). It is a matrix glycoprotein secreted by endothelial cells, fi-
broblasts, smooth muscle cells. It is involved in the regulation of CD47,
CD36 and TGF-f signaling pathways. Moreover, glycoprotein is a key
component of exosomes, which is derived from cancer cells and plays a
role in the metastasis of breast cancer cells, which is spread by exosomes
[63]. In study conducted by Cen et al. (2019) [63], has been established
in MDA-MB-231 and MCF7 breast cancer cell cultures that breast cancer
derived exosomes can enhance endothelial migration of cancer cells. On
the other hand, in an animal model of zebrafish (Danio rerio), it was
shown that the injection of TSP1 overexpression in animals during the
studies resulted in increased migration of breast cancer cells [63].

In a research conducted by Cui et al. (2020) [64] on serum samples
obtained from 75 patients with breast cancer, it was shown that patients
with this type of cancer are characterized by a higher level of circulating
nucleic acids compared to healthy subjects. Moreover, the authors noted
high expression of C4 lactate dehydrogenase mRNA (LDH-C4) in exo-
somes obtained from the blood serum of cancer patients at the level of
91.66%. There was also a negative correlation of LDH-C4 levels in serum
and exosomes with pharmacotherapy, and positively correlated with
tumor metastasis. This study shows that the analysis of LDH-C4 levels
can be used to monitor and diagnose this disease [64].

According to Bai et al. (2020) [4], neoplastic exosomes are capable of
inducing drug resistance, e.g. in obese women there is a possibility of
circulating exosomes inhibiting the sensitivity of BC cells to tamoxifen
used in the treatment of this disease. Moreover, exosomes favor the
migration and aggression of breast cancer cells [4]. The levels of heat
shock protein 70 (HSP70) in exosomes have also been found to be
negatively correlated with treatment response for this type of cancer.
HSP70 was elevated in exosomes obtained from patients with breast
cancer and metastases [4].

2.2.4. Ovarian cancer (OC)

Another serious disease is ovarian cancer (OC) [65]. It is recognized
as one of the most lethal and malignant neoplastic diseases in women in
the world [7,58].

Currently, two markers in the diagnosis of the disease are commonly
used - CA125 and HE4, but they are not adequately specific and sensitive
[65]. Soltész et al. (2019) [65] propose the CD24 protein expressed in
human cancer cells as another biomarker of this disease. This protein is
highly expressed in bladder cancer, but also in ovarian, prostate and
breast cancer [65]. The research was carried out on 21 serum samples
obtained from patients with ovarian cancer, from which exosomes were
isolated. The authors of the study showed a significant correlation of
CD24 protein expression with the progression of ovarian cancer. The
expression of the tested protein was also significantly higher in patients
with malignant neoplasm than in patients with a lower malignancy [65].
The results of these studies indicate the possibility of using the CD24
protein as a biomarker of ovarian cancer [65].

In research by Cheng et al. (2020) [7] the proteins and lipids of
exosomes were analyzed on the human ovarian surface epithelial
epithelial cell line (HOSEPiC) and on ovarian cancer cells (SKOV-3).
Differences in the levels of proteins and lipids in the exosomes from the
SKOV-3 line compared to the HOSPEPiC line were obtained. Ovarian
cancer cells expressed significantly higher levels of type V collagen
alpha 2 protein (COL5A2) and lipoprotein lipase (LPL) expression than
in ovarian superficial epithelial cells, which may indicate the possibility
of using exosomal proteins and lipids in the early diagnosis of ovarian
cancer [7].
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Other studies have shown that ovarian cancer is characterized by the
development of chemoresistance through exosomes, although the
mechanism is largely unknown [66]. In research conducted by
Asare-Werehene et al. (2020) [66] the ovarian cancer cell line of the
HGS subtype showed a higher level of plasma expression of the
calcium-dependent multifunctional actin binding protein- plasma gel-
solin (pGSN) in chemoresistant subjects than in ovarian cancer cells.
PGSN is secreted and carried by exosomes, which may be a marker of
chemoresistance in ovarian cancer cells [66].

In the diagnosis of ovarian cancer, exosomes from biopsies and
serum samples are used as biomarkers. In a study by Taylor and Gercel-
Taylor (2008) [67] similar levels of 8 specific microRNAs were detected
between cellular and exosomal microRNAs (showing correlations from
0.71 to 0.90). On the other hand, EpCAM-positive exosomes were
detected in patients with mild ovarian disease and with ovarian cancer,
and exosomal microRNAs from patients with ovarian cancer showed
differences from those observed in mild disease. The results indicate that
the microRNA analysis of tumor exosomes could be a potential diag-
nostic tool for this cancer [67].

2.2.5. Cervical cancer (CC)

Cervical cancer (CC) is a common gynecological cancer caused by the
human papillomavirus (HPV) virus [68]. In cervical cancer, exosome
secretion is increased and they are pro-angiogenic, which facilitates the
formation of metastases [68]. Moreover, oncogenes of the HPV-E6, E7
virus influence the content of exosomes in CC cells. One component of
such exosomes is the epithelial tumor signaling pathway-Hedgehog (Hh)
-GLI[68]. This signaling is characteristic of CC. Moreover, the Hh protein
could be a potential CC marker as it is exported to the exosomes of
cervical cancer cells [68].

Exosomes have been suggested to play an important role in the
progression of cervical cancer. Studies have detected higher levels of
miR-21, miR-146a and miR-221 expression in samples obtained from
patients with cervical cancer than in healthy subjects [8]. Moreover,
miR-221-3p has been shown to be a significant inducer of local angio-
genesis, and its expression is associated with an increase in vascular
density in tumor microcirculation [69]. Also, studies in mice showed
that the exosomes injection of miR-221-3p from cervical carcinoma into
a mouse tumor increased the angiogenesis process as well as tumor
development and growth in these animals [69]. Thrombospondin-2
(THBS2) has been suggested as a suppressor of the blood vessel forma-
tion process and a potential target of miR-221-3p. Overexpression of
thrombospondin-2 may result in disruption of the action of said miRNA
in human umbilical vein endothelial cells (HUVEC) [69]. Exosomes in
cervical cancer are considered to be predisposed for standard use as
biomarkers of the disease [8,69].

2.2.6. Endometrial cancer (EC)

Another cancer that is quite common in women is endometrial
cancer [59]. The disease is often associated with a malignancy that is
often diagnosed at an advanced stage. Recently, a molecular approach to
treatment of this cancer has started to be explored [59].

miRNA is considered to be important in endometrial cancer by being
involved in metastasis, as well as in the interaction between tumor cells
and the tumor environment through signaling pathways and the use of
exosomes that release cancer-associated fibroblasts (CAFs). CAF modu-
late tumor growth. Regulation of miRNAs contained in exosomes has
been shown to influence CAF and tumor metastasis formation [59].

Detecting EC early in the disease is essential for treatment. In a study
by Song et al. (2020) [70] elevated levels of LGALS3BP protein in plasma
exosomes of endometrial cancer patients have been reported. Galectin-3
binding protein (LGALS3BP) is a glycoprotein found in nearly all body
fluids [70]. This indicates that exosomes and the LGALS3BP they contain
may be a marker for this disease. Moreover, LGALS3BP has been
confirmed to promote tumor growth [70]. The highest level of expres-
sion of the studied proteins in exosomes was obtained in patients with
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metastatic disease, and a high level of expression was obtained in
women with EC [70].

2.2.7. Prostate cancer

Prostate cancer is a cancer that affects men whose biomarker is
prostate specific antigen (PSA) [15]. This biomarker has some limita-
tions due to the inability to distinguish the stage of the disease. An
alternative may be obtaining exosomes from the urine or semen of men
for diagnostic and therapeutic purposes [15].

Exosomes can be used in place of screening [51]. According to
Kharazi and Badalzadeh (2020) [15], the prostate-specific membrane
antigen and the prostate-specific antigen are present in the urine of
prostate cancer patients. Moreover, exosomes have been proven to be
biomarkers of prostate cancer, which is precise in diagnosis [51].

According to Vickram et al. (2021) [51], perm plasma is of particular
importance in the identification of prostate cancer. The use of miRNAs,
in particular miR-142-3p, miR-223-3p and miR-142-5p, as a disease
biomarker is associated with faster disease detection and a lack of
diagnostic invasiveness. These miRNAs have been shown to be corre-
lated with the incidence of prostate cancer - miRNA expression increases
with disease progression. The analysis of the expression of these miRNAs
and the detection of their overexpression will contribute to faster
diagnosis and prognosis of the disease [51].

Also, other studies have shown that the analysis of urine exosomes
may be helpful in the assessment of protein biomarkers of kidney
damage - aquaporin-1 or the AMP-3-dependent cyclic transcription
factor. In exosomes obtained from the urine of patients with prostate
cancer, biomarkers of the disease in the form of prostate-specific anti-
gens, prostate cancer gene 3, have been established [6].

2.2.8. Astenozoospermia and male infertility

Asthenozoospermia significantly reduces sperm motility and thus
sperm quality. Its main cause is oxidative stress that generates reactive
oxygen species (ROS) that destroy the sperm structure [15].

By analyzing the miRNA expression of semen exosomes, it is possible
to diagnose males with impaired spermatogenesis, or to diagnose
asthenosis and azoospermia [51]. Studies in men with asthenospermia
and normospermia showed a higher activity of CRISP needed to main-
tain sperm motility in men with normospermia than in men with dis-
orders [51]. Glycodelin protein extrusion has also been reported in
semen samples obtained from men with asthenospermia, but there is no
described mechanism for the transfer of this protein from sperm exo-
somes to sperm [51]. The use of this type of markers helps in detecting
the causes of the lack or significant reduction in the amount of sperm in
the ejaculate [51].

Administration of exosomes to patients with asthenozoospermia has
been shown to be helpful. MSC-Exos exosomes isolated from the human
umbilical cord and exosomes from bovine granularity may be helpful in
treatment. The main role of MSC-Exos is to reduce inflammation and the
amount of ROS by secreting IL10 mRNA, which has the ability to
polarize macrophages, thus changing their phenotype from M2 to M1,
then I110 limits the penetration of M1 macrophages, which contributes
to the reduction of pro-inflammatory cytokines. In turn, bovine exo-
somes carry an mRNA molecule that codes for antioxidants and in-
creases their expression [15].

Detailed analysis of sperm plasma and its protein profile may be
helpful in determining male infertility. Semen plasma proteins partici-
pate in sperm capacitation, the acrosomal reaction, but also in the
mobility of male gametes. Moreover, the proteins responsible for the
formation of the seed clot are semenogelins (SEMG) and fibronectin
(FN1, KLK3). SEMG proteins are most abundant in semen and are the
main components of the ejaculation clot that inhibits premature
capacitation and provides protection in the acidic environment of the
vagina [54].

Male fertility disorders are a significant problem affecting repro-
ductive indicators. It has been shown that men with defects formed in
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the seminal vesicles are characterized by a lower volume of ejaculate
and low levels of the main semen proteins — SEMG [54].

2.3. The role of exosomes in drug delivery in cancer

MicroRNA is important in tumor development. There is a therapeutic
approach to introduce tumor suppressor miRNAs, and blockade of
miRNAs can be used. The challenge that arises during these therapies is
the introduction of miRNAs so that it is not degraded by endonuclease
and that the organism does not respond to oncogenic miRNAs. For this
purpose, the focus was on exosomes, which are promising carriers of
siRNAs (short interfering RNAs) [58]. These studies examined the pos-
sibility of using exosomes as carriers of miRNA replacement therapy in
ovarian cancer. Exosomes were obtained from fibroblasts of patients
after surgery. During the research, suppressor miRNAs (miR-
NA-199a-3p) were successfully incorporated into exosomes, which
showed inhibition against the spread of ovarian cancer cells in mice
[71]. The results of the research suggest that exosomes obtained from
OC patients can be used as drug carriers in targeted therapy, while
miRNA-199a-3p inhibits several key protooncogenes, such as Met [71].
c-Met is the hepatocyte growth factor (HGF) tyrosine kinase receptor,
which is encoded by the Met proto-oncogene (chromosome 7 7p31
locus) [71]. The c-Met / HGF signaling pathway regulates cellular
functions such as differentiation, proliferation, angiogenesis, and
metastasis. Any abnormalities in the c-Met / HGF pathway can induce
mutations or cancer [71]. It has been shown that an increase in c-Met
protein expression occurs in many types of cancer, including breast,
ovarian, stomach and pancreatic cancer [71]. In research by Kobayashi
et al. (2020) [58] has been shown that miRNA-199a-3p inhibits Met,
which then inhibited c-Met phosphorylation by inhibiting c-Met prolif-
eration and expression in an ovarian cancer cell line [58].

According to Kobayashi et al. (2020) [58], exosomes can be used to
transport drugs due to their presence in the circulation, transport
functions of e.g. nucleic acids and their uptake by cancer cells. Exosomes
are used to deliver chemotherapeutic drugs and biomolecules in cancer
treatment [4].

According to Bai et al. (2019) [4], exosomes containing the drug
Paclitaxel (PTX) may inhibit the proliferation and affect the apoptosis of
neoplastic cells contributing to the anti-neoplastic mechanism in breast
cancer [4].

Many research have analyzed exosomes as drug carrier structures
[4]. According to Zhao et al. (2020) [72], integrins of tumor exosomes
are able to determine metastasis. Moreover, exosomes can be success-
fully used as natural exogenous RNA transporters (siRNA and miRNA) to
inhibit the growth of cancer cells [72]. Due to their size, exosomes do
not undergo phagocytosis, and unlike artificial carriers, they do not
elicit an immune response because they come from the patient’s cells
[72]. siRNA has the ability to silence the expression of S100A4 proteins
related to oncogenesis and therefore is able to inhibit cancer develop-
ment [72]. In research by Zhao et al. (2020) [72] has been investigated
the use of exosomes to suppress and reduce lung metastasis of breast
cancer by encapsulating cationic bovine serum albumin (cBSA) nano-
particles from siRNA S100A4 (siS100A4). The physiological stability of
such exosomes and protection of siRNA against degradation have been
obtained, as well as a significant inhibition of cancer metastasis to the
lung due to the accumulation of siRNA in the lung and the affinity for the
tumor [72]. According to the authors, it is a promising method of cancer
treatment and prevention [72].

2.4. (Clinical application of exosomes — advantages and challenges

Stem cell therapy seems to be a promising therapeutic method in the
case of myocardial infarction, impairment of the nervous system, or liver
diseases [15,73]. In regenerative medicine, the most commonly used
type of stem cells are mesenchymal stem cells (MSCs), which are char-
acterized by their anti-inflammatory, proangiogenic properties [15,74,
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75]. A significant disadvantage of MSC cells is the induction of
morphological and genetic changes during passages in cell cultures, as
well as induction of the recipient’s immune response and induction of
stress. For these reasons, other stem cell therapies have begun to develop
[74]. Stem cell activity has been found to be mediated by paracrine
activity through the release of exosomes that correlate with cell growth
regulation and antioxidant activity [15,74]. The use of exosomes in
regenerative medicine reduces the risk of unwanted side effect that have
been associated with cell transplantation. Moreover, these particles are
able to modulate target molecules in recipient cells, e.g. by suppressing
inflammation, which makes them therapeutic modulators [15,74]. The
disadvantage of using exosomes is that they can be damaged during
isolation and purification [74]. The fusion of stem cells with exosomes
has become a new approach in regenerative medicine and tissue engi-
neering [15]. In research on rats, enhanced neurological regeneration
was achieved after 28 days of treatment with exosomes derived from
mesenchymal stromal cells at a dose of 100 pg of exosomes. Rats were
characterized by greater axon density, neurite remodeling, and greater
synaptic plasticity [15]. Many research have shown the lack of induction
of the immune response of the organism to exosome therapy [15,35,57,
74,75].

There is now a new therapy for premature ovarian failure (POF) that
may be based on exosomal stem cell therapy. Bone mesenchymal stem
cell (BMSC) exosomes have been shown to improve follicular
morphology in mice and rats under POF, and inhibit apopotosis. A
similar effect was achieved using exosomes derived from human amni-
otic epithelial cells (hAEC) in mice [8]. Similar studies also took place
with Asherman’s syndrome [8]. This disorder s the occuttence of in-
trauterine adhesions that may result in infertility. The exosomes of
mesenchymal stem cells have been used in studies on rats where a
marked reduction in fibrotic adhesions was observed [75]. In the case of
the treatment of azoospermia in an animal model, it was possible to
reduce apoptosis, limit oxidative stress, and stimulate testosterone
production through MSC ttransplantation into the tests end exosome
secretion by stem cells. These exosomes were characterized by inducing
the spermatogenesis process in infertile mice and rats [73].

Literature data show that stem cell exosomes may be a promising
therapeutic approach in diseases and disorders such as POF, Asherman’s
syndrome, and azoospermia [8,73,75].

In order to use the possibilities of exosomes as therapeutics in various
diseases and disorders, including neoplastic diseases, it is necessary to
assess he properties of these structures, their size, source of origin,
biodistribution in the system, as well as purification, and efficiency of
administration. The lifetime of exosomes in body fluids and their sta-
bility are also an important issue [76]. The most important challenge is
to get enough exosomes [77]. For this, a minimum of 10-100 pg of
exosomes is required. The problem, on the other hand, is the yield from
1 mL of culture medium, which is usually less than 1 ug [78,79]. The
quality of exosomes is also variable - when isolated from biological
fluids, they are often characterized by impurity and low efficiency.
Other factors influencing exosome retrieval are the composition, volume
of the culture media, cell passage, and their viability. When acquiring
exosomes, the key is to standardize the methods and optimize their
production [80]. In order to produce a large number of exosomes, cul-
tures in bioreactors are used, with short ones, even 10 times higher
amounts can be obtained [81]. Disorders that can be encountered in the
production of exosomes include physical, chemical and biological stress
[82]. The nutrient medium may be another source of contamination.
Exosomes isolated from serum-containing culture medium have few
impurities, while serum-free conditions cause great stress in cells and
lead to altered EV secretion [83].

In turn, obtaining a greater number of exosomes and their higher
purity can be obtained by modifying standard methods, such as ultra-
filtration, microflow isolation, immunoprecipitation, ultracentrifuga-
tion, precipitation [74,76]. The method of isolating exosomes is
time-consuming and labor-consuming and should be selected
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appropriately in terms of the composition and origin of the vesicles,
while these methods may negatively affect the physicochemical prop-
erties of exosomes. Another challenge may be the targeting of exosomes
to treat specific conditions, such as cancer [76]. The method of isolating
exosomes determines their purity and quality [77]. Ultracentrifugation
and precipitation are methods that are unsuitable for therapeutic ap-
plications because the exosomes obtained in this way show different
composition and size [77,83-87].

Another limitation is the storage of exosome. At room temperature,
the exosomal cargo is lost, while at 4 °C the levels of exosomal proteins
decreased significantly [74]. Exosomes can be stored at — 80 °C in
phosphate buffered saline, and the addition of trehalose can protect
them from cryodamage [83,88]. An equally important aspect is the
sterility of exosomes that can succumb to viral or bacterial contamina-
tion. The main threat are viruses, like HIV, which use exosomes as ve-
hicles to spread throughout the body [74].

At present, the use of exosomes for therapeutic drug delivery is still
insufficiently research [76].

3. What else do we not know about exosomes?

Knowledge of exosomes has increased significantly in recent years
[4,5]. Currently, exosomes can be used as biomarkers in the diagnosis of
many reproductive diseases - PCOS, POF, ovarian, cervical and prostate
cancer [4,8,51,54]. As many research indicate, exosome-related pro-
teins are crucial in male fertility because they can serve as biomarkers of
fertility disorders including sperm maturation [10].

Exosomes have been shown to be important modulators in the
neoplastic process and can be used as diagnostic and prognostic bio-
markers of many physiological diseases and disorders [4]. The use of
cancer markers may facilitate the development of new anti-cancer
therapies. Markers related to angiogenesis, which is a key phenome-
non in cancer development and metastasis, are of particular importance
[69].

According to Bai et al. (2020) [4], despite the development of cancer
treatment techniques, there is still a need to develop mechanisms to
understand the mechanisms responsible for carcinogenesis and to un-
derstand the biomarkers of these diseases. There is still a need for further
research to understand the role of exosomes in the genesis of neoplastic
diseases of the female reproductive system [4,63]. Few oncologists have
accepted the modern prostate cancer diagnostic technique based on the
detection of biomarkers from semen exosomes [51].

Exosomes show specific antiviral activity against retroviruses. It has
been proven that the seed exosomes are able to inhibit HIV-1 replication
by inhibiting the virus transcription factors and limiting the expression
of the Tat protein (Trans-Activator of Transcription) [51]. The exact
mechanism of action against retroviruses is unknown, but it is suggested
that it neutralizes the viral reverse transcriptase RNA enzyme and is
associated with effective reduction of HIV-1 transmission. The authors
point to the need for further research on the antiretroviral properties of
exosomes [51].

Identification of exosomes as markers will help to understand
fertility disorders caused by dysfunction of sex organs and glands [10].
The use of exosomes in therapy as drug carriers seems to be the future of
treatment [4].
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