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Extensive evidence suggests that the release obna@ enclosed compartments, more
commonly known as extracellular vesicles (EVsp @otent newly identified mechanism of cell-
to-cell communication both in normal physiology angbathological conditions. This article
specifically reviews evidence about the formatiod eelease of different EVs, their definitive
markers and cargo content in reproductive physiocdgrocesses, and their capacity to convey
information between cells through the transferusictional protein and genetic information to
alter phenotype and function of recipient celloagged with reproductive biologyn the male
reproductive tract, epididymosomes and prostas@aggipate in regulating sperm motility
activation, capacitation and acrosome reactiothérfemale reproductive tract, follicular fluid,
oviduct/tube and uterine cavity EVs are consider®#gehicles to carry information during
oocyte maturation, fertilization and embryo-maténrass talk. EVs via their cargo might be
also involved in the triggering, maintenance ampession of reproductive and obstetric related
pathologies such as endometriosis, polycystic amasyndrome, pre-eclampsia, gestational
diabetes, and erectile disfunction. We provide hiée current knowledge on the present and
future use of EVs not only as biomarkers, but als¢herapeutic targeting agents, mainly as
vectors for drug/compounds delivery into targetste$sues.

Essential Points of the review “Extracellular Vesites in Human Reproduction in Health
and Disease”.

Extracellular vesicles are a newly identified mechanism of cell-to-cell communication, recently
discovered as a communication between the mother and the embryo.

Extracellular vesicles play and important role in normal physiology and in pathological conditions in
human reproduction.

Prostasomes participate in regulating sperm motility activation.

Different extracellular vesicles and their cargo are implicated in promoting oocyte development and
maturation.

Exosomes and their cargo in miRNAs play and important role in embryo implantation.
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Extracellular vesicles are involved in the triggering, maintenance and progression of reproductive and
obstetric pathologies.

The participation of this EVs in the human reproduction health has made them appealing players as
biomarkers and to carry therapeutic agents.

Part I. Introduction

Intercellular communication is an essential prodesh for multicellular organisms and for the
relationship of unicellular organisms with the eowiment and hosts (1). Classically,
communication has been identified as indirect amernne, paracrine and autocrine or direct via
cell-to-cell contact, secretion, release, and upt#kchemical moieties such as hormones, growth
factors or neurotransmitters (2,3). According t@ Human Protein Atlas, nearly 39% of the
human protein-coding genes are annotated to gieetoi membrane (28%) and secreted (15%)
forms of signalling protein variants, some prodgdioth isoforms and post-translational
modifications that can alter function. These moleswvhich constitute potential therapeutic
targets include cytokines, growth factors and ctatgn factors, among others, playing
physiological and pathological roles in processehss immune defence, blood coagulation, or
matrix remodelling. Of note, more than 500 of thps#eins are currently known as
pharmacological targets with already approved dabtgtargets available commercially.

A new mechanism has recently been in the spott@htellular communication: the release
of membrane-enclosed compartments, most commogérded as extracellular vesicles (EVS).
EVs can act to convey molecules from one cellssug to another. Importantly, their contents
(cargo) are protected from extracellular degradadiomodification. They exert their biological
roles by either direct interaction with cell sudaeceptors or by transmission of their contents
by endocytosis, phagocytosis or fusion with the ime@me of the target cells. Recipient cell
specificity appears to be driven by specific reoepbetween the target cells and EVs (4-6). EVs
have been described in different body fluids inclgdsemen (7), saliva (8), plasma (9), breast
milk (10), urine (11) and amniotic fluid (12), angathers (4).

EVs can be classified in different populations loase their biogenetic pathway,
composition and physical characteristics, suchzasa@ density, giving rise to three major
categories: apoptotic bodies, microvesicles and@xes (5,13,14).

EV content is complex as a continually progressielg with new cargo’s being identified
continually. Regrettably, due to technical limiteis in methods of isolation and differentiation
of the different populations of EVs, mixed, hetegngous populations are often used making
interpretation of their content and functionaliiffidult (15-17). This constitutes a salient natio
in the field at present, that populations of EVtgpbs must be considered when reviewing
published literature. With homogeneous sample pegjpan and key developments in
characterisation of EVs, we now hold importantghss into defining these select
communicators in far greater depth. With the imgatation of high resolution and sensitive
instrumentation for characterisation such as mpsstsometry and next generation deep
sequencing, it has been possible to develop daalgzthering information about protein, lipid
and RNA content of EVs from different sources: E&0@ (online source: www.exocarte.org)
(18), EVpedia (online source: www.evpedia.info))(@8d Vesiclepedia (online source:
www.microvesicles.org) (20).

In the last years, EVs have been shown to parteipedifferent processes committed to the
maintenance of the normal physiology of the orgarssich as tissue repair, maintenance of the
stem cell status of progenitor cells, platelet emchune function, nervous system homeostasis.

Downl oaded from https://acadeni c. oup. conf edrv/advance-articl e-abstract/doi/10. 1210/ er. 2017- 00229/ 4828195
by Mount Royal Col | ege user
on 05 February 2018



Endocrine Reviews; Copyright 2018 DOI: 10.1210/er.2017-00229

EVs potential role in the pathogenesis of differdiseases has also been studied, being cancer,
autoimmunity, neurodegeneration, HIV-1 infectiord gumion diseases the widest studied areas
(1,6,21). In all these cases, EVs are unique gstibeame small indicators of organism’s
homeostasis that can stably travel over the badgidl The fact that their content reflects cell of
origin and pathophysiological states highlightsrtieefulness as biomarkers. Importantly EVs
are attributed with potential to cross tissue leastisuch as blood brain barrier, possibly by
transcytosis. This fact makes them appealing targettherapeutics development (22). EVs can
be released in response to cell activation, pH gbésrhypoxia, irradiation, injury, exposure to
complement proteins, and cellular stress (23-2%erestingly, EVs are also secreted by plant
cells (26,27), and pathogens (28,29), includingdyée; mycobacteria, archaea, and fungi
(30,31), suggesting an important evolutionary corest mechanism of intercellular signalling.

In the field of reproductive biology there is aging interest in understanding the role of
EVs within the male and female reproductive traassthey may constitute a new mechanism of
communication between the reproductive tract aedrtimature germ cells, or between the
mother and the developing embryo. Such developnwgfegsgreat potential implications in the
establishment of a successful pregnancy or impdicatwith understanding associated
pathological conditions (32). In the present revies will address current knowledge on the
existence and functionality of EVs as cell-to-ee##ssengers in normal human reproductive
physiology, as well as their contribution in thiggering, maintenance and/or progression of
pathological conditions in the functionality of theproductive tract. Further, we discuss their
usefulness as biomarkers of altered reproductinéitons such as pre-eclampsia, spontaneous
premature birth, or polycystic ovaries syndrome.Wileend up gathering the current
knowledge on the present and future of the usevsfd&s therapeutic agents, mainly as vectors
for drug/compounds delivery into target cells/tessu

Part Il. Types, Isolation and Characterization of EVs and Cargo

I. EV heterogeneity

EVs can be classified into select subtypes accgrirdifferent criteria, i.e.: cellular origin,
biophysical (density and size) and biochemicall@gial markers) characteristics, biological
function, biogenetic pathway. According to theiodggenetic mechanism of formation and release,
three main classes of EVs are defined: apoptotitedsp microvesicles and exosomes, are now
known (Figure 1).

i. Apoptotic bodies

Apoptotic bodies (ABs) are EVs produced by plasnesnforane blebbing in cells undergoing
programmed cell death. This term was coined by Ked colleagues (33) who defined them as
‘small, roughly spherical or ovoid cytoplasmatiadments, some of which contain pyknotic
remnants of nuclei’. Indeed, one of the events ¢hatacterize apoptotic bodies is the
fragmentation and packaging of cellular organedigsh as the nucleus, endoplasmic reticulum
or Golgi apparatus into these vesicles (34,35).

ABs have widely been described as 1un®in diameter, thus overlapping with the size
range of platelets (36,37) although some groupsnekthis range to 50 nm (16,38,39). Their
buoyant density in a sucrose gradient is in thgeasf 1.16 to 1.28 g/mL (40,41).

This vesicle population is characterized by cyttetiad and membrane alterations, including
the translocation of phosphatidylserine (PS) frominhner to the outer leaflet of the lipid bilayer
(42). In this way, PS serves as an ‘eat me’ sifprgbhagocytes to target and clear apoptotic
debris (43,44). Moreover, PS can naturally be rezegl by annexin V, which is a useful marker
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of apoptotic bodies (45). Nevertheless, care shbalthken when using annexin V for this
purpose as PS flipping can also be triggered bgrattimuli such as mechanical disaggregation
of tissues, enzymatic treatments for detachmeneltd, electroporation, chemical transfections
or retroviral infections, and PS exposure has lbéssn described in healthy cells (46). PS
flipping also induces microvesicle (MVs) formatiam these can also be recognized by annexin
V detection (47,48). Another specific feature of AB the oxidation of surface molecules,
creating sites for recognition of specific molesuseich as thrombospondin (49) or C3b
complement protein (50), which are also useful askers of ABs.

Included in newly identified potential molecular rkers of ABs, VDACL is a protein that
forms ionic channels in the mitochondrial membrané has a role in the triggering of apoptosis.
It proves to be a useful AB marker as its biolobfaaction and subcellular localization are
characteristic of this vesicular fraction (39). @é#tulin is an endoplasmic reticulum (ER)
protein that could also work as an AB marker duigstsubcellular localization (15), although it
has also been observed in the smaller sized M\étidra(39). It is possible that, during the
apoptosis process, the ER membrane is fragmentetbems vesicles smaller in size than ABs,
which would contain calreticulin and would sedimanhigher centrifugal forces (51,52).

Indeed, proteomic studies have related calretiauith vesicular fractions across the full size
range of MVs (53) and ABs (54).

Different functions have been attributed to ABsialtgh most are also features of other EVs.
DNA can be horizontally transmitted between someeits, with possible integration of this
DNA within the receptor cell where can be functibfi®b). These vesicles are also a vehicle for
the horizontal transfer of oncogenes, which arerirétlized by target cells and consequently
increase their tumorigenic potential in vivo

(56,57). ABs have also been related to the immaspanse where they are associated with
an under-activation of the immune system (58),witkl antigen presentation with special regard
to the self-tolerance (59-61).

ii. Microvesicles

Microvesicles (MVs) were reported for the first &rhy the group of Chargaff (62) as being
sedimented at high-speed centrifugation (31,00p(xa@t specifically at lower speeds such as
5,000 x g). MVs are a population of EVs that amerfed and released directly from the cell
plasma membrane by outward budding and fission friadole cells (63,64). Plasma membrane
blebbing is triggered by different mechanisms #rataccompanied by the remodelling of the
membrane proteins and lipid redistribution, whicbdulate membrane rigidity and curvature
(65). Such changes within the periphery of thempashembrane have been associated with
cargo sorting in MVs (66).

The size range of MVs has been classically estaddidvetween 100 - 1000 nm (67), thus
overlapping with that of bacteria (13). Some groextend this range up to 1500 nm (68) or even
2000 nm (69-71). The buoyant density of MVs is a®tlear as that of other vesicle populations:
around 1.16 g/mL in sucrose gradient (71), or LM% g/mL (72). The flotation density in
iodixanol gradient is between 1.18-1.19 g/mL (73).

As a proposed marker for MVs population, ARF6 SEP-binding protein that is implicated
in the regulation of cargo sorting and promotionthef budding and release of MVs through the
activation of phospholipase D metabolic pathway {85 Additionally, data coming from our
current knowledge on proteomic studies suggest mumseproteins (e.g: KIF23, RACGAP1,
exportin-2, chromosome segregation 1-like protagmynique/enriched for MVs and potentially
discriminatory markers (75). Nevertheless, caraikhbe taken with these results, as different
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EV cell sources and techniques to selectively @nmay lead to differences within EVs
populations.

Among the functions described for MVs, are pivatdés in cancer cell invasiveness (76,77),
transformation potential (78), progression (63,09#nd drug resistance (81). MVs have also
been implicated in autoimmune diseases (82-84)unasystem modulation and coagulation
(67,85,86), embryo-maternal cross-talk (87), anbrgmself-regulation (88).

iii. Exosomes

The first description of exosomes in 1981, desdithem as a second population of vesicles that
appeared in the preparations of MVs and the teros@xe was coined (89). Two years later,
their biogenetic pathway was formally describedrapsmission electron microscopy (TEM),
trying to follow the pathway of uptake and trafficg of transferrin molecules within

reticulocytes in an anemic mice model (90). Exoseiife XOs) constitute a population of nano-
sized EVs that arise and are trafficked throughetidosomal pathway. Endosomal sorting
complexes required for transport (ESCRTS) are itgmbifor multivesicular body (MVB, which
include exosomes) biogenesis. During MVBs inwardding of the limiting membrane of late
endosomes facilitates formation of intraluminaligles (ILVs) that remain enclosed inside the
greater membrane compartment of MVBs. ESCRT-indégeinmechanisms including neutral
sphingomyelinase (N-SMase)/ ceramide formationAR&6/PLD2 have been reported may
also occur (73,91). The formed MVBs can then bgeti@d to plasma membrane to release ILVSs,
now known as EXOs or otherwise fuse with lysosotoegegrade their content (92). Members

of the Rab GTPase family have been shown to moel@#XOS secretion and are thought to act
on different MVBs along ESCRT-dependent and -indéeleat endocytic pathways. It is likely
that ESCRT-dependent and ESCRT-independent MVB@®ediogenesis machineries vary
from tissue to tissue (or even cell type) dependingpecific metabolic needs. There are several
molecular mechanisms, both canonical and alteraaitwplicated in the formation, release and
extracellular fate of EXOs (review: (5,75).

Most studies place EXOs in a size range of 30 trid (5,93) or even 200 nm (94), thus
establishing an overlap with viruses in terms pé€gil4). The buoyant density of EXOs in
sucrose gradients has been set in a wide rangé@®td 1.21 g/mL (38,95), and 1.10 to 1.12
g/mL in iodixanol gradients (96).

The classically-associated markers of EXOS are cotde mainly implicated in the
biogenesis of this population, which are incorpedaduring this process: tetraspanins (CD63,
CD9, CD81), Alix, TSG101, flotillin-1, among othefs,95). Nonetheless, with the emerging
interest in studying different EV populations aslased entities, many of these classical markers
have been identified as widespread between popoktalthough with different relative
abundances. This is the case for at least CD9, CB8870 and flotillin-1. Other molecules
such as TSG101 and syntenin-1 have been ratifiatbalsers of only this vesicle population
(39). Phosphatidylserine, while being described bsoad marker of EVs, has also been
reported as exposed on the surface of exosomeaqeddy different cell types (92,97).
Accumulating evidence fromm vitro studies using cell grown in culture and ex vivalpduids
indicates the existence of more than one exosolngsel (98-105). For example, EXOs
contains subpopulations, including the study of BEXd&rived from apical (EpCAM-EXxo0s) or
basolateral (A33-Exos) surfaces of highly polarizadcer cells, indicated the presence of two
distinct subtypes with distinct protein (98) and Rbargo (99,106). The biological significance
of these findings awaits further investigation.
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Due to the high expectations and efforts dedictidbe study of the role of EXOs in
different biological processes, both in physiol@ior pathological conditions, the field of EXO
biology has experienced an exponential growth aemeyears, with a wide range of functions
identified (1,107). EXOs are implicated in cancbygiology, participating in tumour
progression and maintenance, resistance, immunelatamh and angiogenesis (108). Their
function in immune regulation has also been weiltigtd in antigen presentation modulation,
immune activation and suppression (109,110). Ingpdkt knowledge of the seminal role of
EXOs in reproductive biology is expanding rapidbych studies and the molecular markers and
mechanisms identified have the potential for useaskers to discriminate between EV
subtypes, as well as various applications of EXOdinical diagnosis.

Il. Methods of isolation and purification of EVs

The main experimental problem when studying EMs iachieve a homogeneous separation
with appropriate yield of the EV population of irget. Different methods of isolation and
purification have been developed, although to gimgrextent, all carry the bias of providing
completely homogenous EV populations of any oné&lee/pe (summarized in Table 1). In the
field, there is a pressing need to define EV seHdaxposed proteins for the purpose of
generating mAbs that would allow — discriminatidrey class/subtype (i.e., stereotypical
markers). The majority of rapid/one-step approadbesolating EVs do not take consideration
of the fact they are dealing with a possible migtaf vesicle classes/subtypes and co-isolated
contaminants such as high-protein oligomer and protein-RNA complexes (ektL/
LDL/AGO2) complexes.

i. Serial differential centrifugation

Differential centrifugation is the most common amell-known method for the isolation of EVs.
Although each group adapts the times and centilikgzeds depending on their samples, the
basic protocol is the following. (i). centrifugati@t low speed for the elimination of cells (300 x
g, 10 minutes), (ii) centrifugation at up to 2,009 for 10 minutes to pellet membrane debris
and ABs. (iii) centrifugation at 10,000-20,000 %og 30 minutes to pellet MVs. (iv) a crude
EXO preparation is pelleted by ultracentrifugatairi00,000-200,000 x g for 70 minutes. After
steps (i)-(iii) of centrifugation, supernatants aiemsferred to new tubes for the isolation of the
subsequent EV type. Pellets (ii-iv) containing eiéint cell populations, are washed by
resuspension in PBS and re-centrifugation undesahge conditions. The washing step removes
some impurities, but also reduces EV yield.

Apart from vesicle size, centrifugation alone carexhieve the separation of pure
populations for various reasons: sedimentatiortleéroparticles in the supernatant depending on
density; distance of the particles from the bottufrthe tube; and vesicle/particle aggregation
(111).

To improve EV population purity, a gradient step b& added to the centrifugation protocol.
This system aims to avoid as far as possible theacanation of EV pellets with large
protein/protein-RNA aggregates and proteins norcifipally bound to EVs (4). The essentials
of the technique are resuspension of the pellet tiee previous serial differential centrifugation
in a suitable buffer (i.e., PBS), then loading dher the top or base of a prepared sucrose
cushion (112,113) or a sucrose gradient (114, Hd)owing ultracentrifugation, vesicles are
recovered either from the bottom of the tube (fmstgons), or from a specific fraction of the
gradient, depending on their buoyant density. Meeecsubstitution of sucrose by a non-ionic
density gradient medium, called iodixanol (116offmany advantages: better separation of
viral particles from EVs; low toxicity towards bagical material; is clinically applicable; and it
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forms isosmotic solutions compatible with the sapel shape of EVs in a wide range of densities
(117-119).

il. Size exclusion methods: filtration and chrontatiphy
Filtration for isolation of EVs is often used inmbination with ultracentrifugation protocols to
improve separation efficiency based on size. Ftirasteps using 0.8, 0.2 or even 0.1 um filters
can be inserted between the centrifugation stepsraing on the size of the desired population
(112,120,121). Alternatively, ultrafiltration utzles filtration units of different molecular weight
cut-off membranes which are centrifuged at moderetdrifugal forces. They allow
concentration of vesicles in the interface of thers, from which they can be recovered by
washing (122-125). All these methods face sevemdldacks. The pressure of the supernatant
can cause the EVs to deform or break into smad#eicles while the filter membrane may
decrease the yield. Grauvity filtration has beerppsed to cope with the problems associated
with elevated pressures (120), but this can be tamsuming and filters can become saturated.
Another option for EVs isolation in conjunction tvitiltracentrifugation, is based on size
exclusion chromatography. In brief, the medium aomnhg the vesicles is loaded into the
chromatography device, generally a gel size exatusolumn, equilibrated into the column and
eluted with PBS (126-128). The technique is usuadlypled with previous low-speed
centrifugation to remove larger debris and subsetuiéracentrifugation to wash and
concentrate the vesicles from the different chragpaphy fractions (129,130). Its advantages
are enhanced separation of EVs from proteins agiu density lipoproteins (HDL), avoidance of
protein and vesicle aggregate formation, reducaditety to the viscosity of the vesicle media,
compatibility with the biological properties andhfitionalities of the isolated vesicles and
preservation of the vesicular structure and conébion (126). Moreover, it offers shorter
isolation times and relatively low cost. As a digaictage, this technique offers reduced EVs
recovery yields in comparison to others such aaedntrifugation or polymeric precipitation,
although it is susceptible for scale-up (131,18Bvertheless, some studies indicate that a
combination of size-exclusion chromatography aicfiliration may produce a yield surpassing
that of classical ultracentrifugation (133,134).

iii. Other approaches

Immunoaffinity uses microbeads coated with spedaifitibodies for the recognition of specific
surface markers of EV populations. In brief, beadsincubated with the sample containing
EVs, then beads linked to their epitopes on theskWace are recovered by magnetism or low-
speed centrifugation, depending on the natureeobtfads (135,136). The technique can follow
centrifugation and/or filtration to clear large loér products (96,99,137). This method
differentiates EVs populations based on surfacekenaregardless of their size. Nevertheless,
care should be taken as population specific makersiot necessarily available, and the
working surface of the beads is limiting, so theskE¥ay not have access if they are large or
present at high concentrations (116).

Aiming for a quicker and simpler method to isol&ds, a polymeric precipitation system
(ExoQuicK™ was commercially developed. The experimental gloaeis as simple as
incubating the kit reagents with the exosome-cairigimedia and recovering the resulting
polymeric complex by low-speed centrifugation. Adst with human ascites samples showed
that ExoQuick could provide high concentrations padty of exosomal RNA and that the high
exosomal protein concentrations from the same sssyq@mpared to other isolation methods
such as ultracentrifugation, immunoaffinity isotetiand chromatography (138). Even though
ultracentrifugation-based protocols are preferédnleexosomal protein recovery and purity,
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ExoQuick obtains better results in terms of exodanfRNA and miRNA yield and quality
(139). The method has a series of limitations. Im@s such as lipoproteins are possibly co-
isolated along with EVs and the method is unablgréwide isolation of different EVs
subpopulations. It works ideally with small vesgia the size range of 60 to 180 nm (111).

A new technology based on microfluidic devices teently been developed for the
isolation of EVs. It allows the reduction of samptdumes, processing times and costs, while
maintaining high sensitivity. The chip technolognde based on different principles. The first
developed systems relied on the recognition of ByY/specific antibodies on the surface of the
device (140). The surface of the flow system wadenbwith anti-CD63 antibodies. When EV-
containing media was pumped through the system,EX€¥e restrained. The system allows
SEM imaging and lysis of EVs for RNA isolation ditly on the chip. However, it does not
provide sufficient material for protein or functalranalyses. Subsequently, the system was
expanded with lipophilic staining of EXOs to all@wmultaneous quantitation (141). A third
microfluidic scheme used physical properties agtireciple for EV isolation, separating
microparticles based on their size within the micetric size range (142). Clearly this method is
not applicable to EV population analysis. This tedlbgy has also been combined with porous
polymers, allowing purification of vesicles in thanometric size range: the pore size can be
modulated so that only EVs under a certain sizebesfiltered (143). A recent publication
introduces the concept of using a combination otiatics and microfluidics for a high-purity
degree exosomes isolation. The platform is composédo sequential modules that remove
larger components and other EVs groups (microvesighd apoptotic bodies), respectively,
allowing the direct use of undiluted body fluid gaes (tested in whole blood) or conditioned
media from cell cultures in a single step. Theaysis based in the combination of microfluidics
channels conformation and adjusted acoustic presthat make it possible to set the cutoff
particle diameter (144).

The demands of clinical applications involving diagtics and therapeutics such as low cost,
reliability, and speed can eventually be met withdifications to existing technologies for
improved scalability. Isolation of EVs from blooddaurine is a challenge due to the presence of
abundant and complex proteins and lipoproteins ordsy which undoubtedly will attenuate
intrinsic EV protein/RNA signatures. Distinct dially-relevant strategies to isolate EVs are
currently being investigated (75,145,146).

Ill. Methods for characterization of EVs

Characterization of EVs is fundamental to enabliedintiation among the different
subpopulations within the same biological sampétwieen vesicles of distinct cellular origin or
even of the same origin in pathological vs phygalally normal conditions (summarized in
Table 2).

i. Microscopy: morphology and size analysis

Electron microscopy (EM) techniques are the onlyhroeé available to provide the appearance of
EVs related to their size. Different variants offiiferent data to the user. Transmission EM
(TEM) was initially used by Raposo and colleagwdsy described EXOs as cup-shaped vesicles
(247). Although different protocols can be usedTf&M visualization, two general schemes

offer different views. EVs can be resuspendedxative media and laid into grids for staining
and visualization. Alternatively, EV pellets frorardrifugation/ultracentrifugation steps can be
fixed, resin embedded, cut onto ultrathin slidelsicw are then stained and laid in grids. The first
method is simpler and less time consuming, and®#Heview of the exterior of the EVs. The
second method is more informative, shows the ioter the EVs and allows immunogold
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staining of specific markers that are seen asreleatense spots (148,149). Cryo-EM allows
direct visualization of frozen EVs without previofiisation and contrast steps. The structures are
seen as close as possible to their native stabésl@mydrated or fixed) and demonstrate variable
EV morphology (150). Indeed, such analysis showeatlthe classical cup shape attributed to
exosomes was an artefact of fixation (2). Finabanning-EM (SEM) offers three-dimensional
imaging of the EVs for further morphological deption (151,152).

Atomic force microscopy (AFM) is an alternative tbe analysis of size distribution and
guantity of EVs within a sample and is based orsttaning of the sample by a mechanical
probe, which physically touches the sample progdopographical information. AFM allows
imaging at the sub-nanometric level. It can be stég to air (dry samples) or liquid modes
(aqueous samples), and differences in size or numbasurements are negligible between
them. The possibility of measuring samples in ageeuedia is advantageous as it permits the
maintenance of EVs physiological properties andicstire (153-155). AFM has been efficiently
combined with microfluidic isolation devices to piding consecutive isolation and
characterization of EVs. Mica-microfluidic chipsaalso of interest as they provide a non-
conductive flat surface for in situ AFM analysi$§1156).

ii. Size distribution analysis techniques

Nanoparticle tracking analysis (NTA), a light-seaitig technique is now widely used for the
assessment of EV size distributions and conceatrati the range of 50 to 1000 nm. The
principle of the technique is based in the inheBaotwnian motion of the particles in a solution:
EVs in suspension are irradiated by a laser beaméhmitting dispersed light. This scattered
light is captured by a microscope and NTA softwiaaeks the movement of each particle in a
time lapse. Silica nanospheres have been proposeatihdardization, as their refraction index
(Rl = 1.46) is similar to that observed for mos&Ms (Rl around 1.39) (157).

Dynamic Light Scattering (DLS) is also used for #ssessment of EV size distribution.
Although the principle for size determination is@Brownian movement of particles in
suspension, the way to attain this data varies A technology. It has limitations when
measuring polydisperse samples and those contagnigVs, since the bigger particles scatter
more light, masking the smaller ones (158). 1$® gossible to calculate vesicle concentrations
in the samples, by direct extrapolation from therebution representations using mathematical
criteria (158).

Tuneable Resistive Pulse Sensing (TRPS or gNarits t’ON commercial name) is a
novel, and cheaper technique for the analysis digesize distributions. The system is
composed by a thermo-plastic polyurethane memhran&ining nanopores which are selected
by size requirements. Currently, the system carsareandividual particles in the size range of
30 nm to 1Qum and in the concentration range of 1® 10" particles/mL. Since the system
analyses the particles individually, multimodal ptions can be studied. On the other hand, a
configuration of only one pore type restricts measuo a narrow size range, which is
particularly useful for analysis of a specific \@sipopulation. Combining pores of distinct size
and geometry allows widening of this range andysimslof a greater volume of sample (159-
161).

Flow cytometry has also been applied to the amalyfssize distribution, concentration and
gualitative characteristics of the EVs within a gdanLight scatter flow cytometry allows the
analysis of vesicles with a lower size limit of ay between 300 and 500 nm (162,163), but
small EVs including exosomes cannot be studiechtsymhethod. However, innovative new flow
cytometry technology and the use of fluorescentllaiy of EVs, has reduced the lower limit of
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detection to ~100 nm, and it is possible to disorate between vesicles 100 to 200 nm in size
(164,165). Finally, EVs can be coupled via antilesdp their surface markers, to latex beads of
greater size. In this way even nano EVs can beysed) but no quantification or differentiation
between vesicle populations is possible (166,167).

iii. Molecular marker characterization

The most effective and well accepted approach tasore EV purity is the concentration of a
specific EV surface-marker antigen. Approachesudiclg western immunoblotting, ELISA
using surface markers can be used with adaptiothéoguantitation of EVs within a sample
(168,169), and ExoScreen have been employed (170).

Another approach, for the characterization and tiadion of EVs, is based on micro nuclear
magnetic resonance spectromethMiMR) (171) EV labelling with specific EV surface
molecular markers antibodies coupled to magnetoparticles enables specific detection by
microfluidic uNMR. The technique offers a detection sensitivétyel that greatly surpasses
ELISA or flow cytometry.

Finally, transmission surface plasmon resonanceuoavride an alternative method for the
molecular characterization and quantitation of EXi©a system called nano-plasmonic exosome
assay (nPLEX). This consists of a gold film patéglwith a series of nanoholes’ arrays, each of
which is coated with specific monoclonal antibod@sthe recognition of EXO-specific
proteins. Compared to previous systems, nPLEXusl{&ree, easy to miniaturize and scalable
for higher throughput detection and improves daacensitivity to a magnitude order lower
thanuNMR (172,173).

Over the past decade, recent studies and groujgseémaployed developments in proteomic
profiling to characterise specific markers for Hygpurified EV subtypes (EXOs and MVs).
Since the emergence of the interest in studyinfgrint vesicles populations as isolated entities,
many of the exosomes classical markers of EXOs haea uncovered as widespread between
populations, although with different relative abandes. This is the case of CD9, CD63, HSC70,
EpCAM, flotillin-1, among others (98,100). On thimer hand, some new molecular markers
have been identified and ratified as markers of EXT5G101, syntenin-1, Alix/PDCD6IP
(39,100). Numerous proteins found exclusively/drettin MVs (e.g., KIF23, RACGAP1,
chromosome segregation 1-like protein, exportiG3E1L/CAS]), warrant further study as to
their potential use as discriminatory markers fardviFurther, care should be taken care when
analysing phosphatidylserine as a marker of ABs la&s also been reported to be exposed in the
surface of EXOs produced by different cell type3,@9) and also MVs (47,48). An in-depth
review detailing proteomic insights into EV biologgd defining markers for EV subtypes and
understanding their trafficking and function is yided (174).

IV. EV cargo

Membrane receptors and cargo content are the mestriant feature of EVs, since they define
their cellular selectively, target, uptake and tiomality, respectively. EV cargo includes
proteins, bioactive lipids, various RNAs (includifugion gene, and splice-variant transcripts),
and DNAs (described below), and other cell reguiatoolecules (1,4). To date, most studies
have focussed on their genetic (particularly RNA emRNA) and protein content as sensitive
methods exist for their comprehensive analysisdetdction.

Protein contents in EVs has been widely studiedesthe application of mass spectrometry-
based techniques (175). EVs have been shown a&sdorithed in proteins from cytoskeleton,
cytosol, plasma membrane, heat-shock proteins antdips involved in EVs biogenesis, while
proteins from cellular organelles are less abun{@ntrom initial studies, EVs were shown to
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carry commonly widespread EVs proteins and a sigesuibset of proteins, depending on the
cell, the type of vesicle and the method of isolai5). Moreover, it has been observed that EVs
number, protein content and protein concentratemes depending on the stimuli for
vesiculation, even in the same subpopulation oicless(176).

Cytokines have also been described to be carrideMsy(1). IL-13 is among the examples of
theses soluble mediators that are secreted in IB¥fsed, secretion pathways of EVs may
constitute an alternative to exocytosis for pratehmt lack leader signal peptide (177). Another
interesting example of cytokine cargo is lba;which has been reported to be selectively carried
by apoptotic bodies but no by smaller-in-size Mesi¢<jum) in endothelial cells (178), thus
confirming the cargo sorting into different popidats of EVs. Further examples of cytokines
released into EVs are IL-18 (179), IL-32 (180), TdK181) and IL-6 (182), among many
others. During pregnancy, EVs cytokine cargo hanlslmown to be modified towards an
increase in comparison to non-pregnancy, maybeibating to the modulation of maternal
immune response against the foetus. Levels of fG&nd IL-10 were increased in EVs from
pregnant women, along with an enhanced abilitytiuce caspase-3 activity in cytotoxic NK
cells, thus promoting and immunosuppressive ph@aotiyrough the induction of apoptosis in
these cells (183).

Lipid content of EVs has been much less studiedvéd®r, some groups have shown that
EVs are enriched in certain types of lipids in camgon with their parent cells, demonstrating
the sorting of these molecules. Specifically, Mesiare enriched in sphingomyelin, cholesterol,
phosphatidylserine (184,185), ceramide and itsvdegiand, in general, saturated fatty acids
(186). It is also remarkable that the ratio lippeteins are higher in vesicles than in parenscell
In contrast, phospatidylinositols, phospatidyglyder phosphatidylcholine and
phosphatidylethanolamines are more present in paedls than in vesicles (184). Recently
using mass spectrometry quantitative lipidomics loioiations of three lipid species were shown
to distinguish cancer patients from healthy cost{@B7).

RNAs in EVs were first described by Valadi’'s grqd@8) in mast cells. They found that
exosomes released by these cells contained mRNAsERNAS and were able to transfer their
content to other cells, where mRNA was functiomal aould be translated into protein. More
recent studies using high throughput sequencirgniques have shown that exosomes contain
various classes of small non-coding-RNAs in additm mRNA, i.e: miRNA, small interference
RNA (siRNA), small nucleolar RNA (snoRNA), Y-RNAault RNA, rRNA, tRNA, long non-
coding RNA (IncRNA), piwi-interacting RNA (piRNA)189-191). Ng group (167) showed that
endometrial epithelial cells culturédvitro produced EVs containing a different miRNA profile
from that of parent cells, thus suggesting a sgmimechanism of this miRNAs into exosomes.
This could constitute a mechanism for communicaltietween the mother and the embryo with
potential implications in embryo implantation. lredk bioinformatic studies on the EVs
mMiRNAs showed that some of the genes targeteddyniRNAS are involved in implantation.
More recently, our investigation group deepenetthéknowledge of maternal-embryo cross-talk
and demonstrated that exosomes containing miR-20d actively transferred from endometrial
epithelial cells to trophoblastic cells, were thi&RiMA was subsequently internalized (151).

A major problem concerning RNA analysis from EV¢his variability of the results
depending on the methodology used for the isolaimhobtaining of the data. One of the major
factors affecting this variability is the possitylthat the RNA present in the medium, for
example from lysed cell, could stick to the extéids wall, thus being isolated along with
internal RNA. In this sense, RNaseA treatment nevito EVs RNA isolation should be
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conducted (192). Even with this procedure, it hesnbstated that extravesicular RNAs
associated with proteins, such as miRNAs in compl#x argonaute proteins, can circumvent
RNaseA degradation, thus leading to bias in restdtpretation. This protective role of protein
complexes has been reported either in extravesimgdium (193,194) and inside EVs (195). In
order to overcome complex protection, treatment wibteinase K has been proposed for
dissociation of RNA-protein complexes (196). Nekeless, negative impact in EVs yield
should be investigated as proteases may provokele/gssis.

Less has been reported regarding DNA content in Bdme studies have currently reported
the presence of double stranded DNA (dsDNA) in EM,198), even distinguishing a different
pattern of content among EVs subpopulations (18%®revious study conducted in a similar
way in tumour cells, using DNase to cleave extrawtar DNA, showed that EVs DNA was
more abundant in microvesicles from tumour celtfrom normal cells and that this DNA was
mainly single stranded (200). It has been shownrttimchondrial DNA (mtDNA) can also be
transported between cells inside exosomes, possioigtituting a pathway to transmit altered
MtDNA and associated pathologies (201). This mayesas an evidence of a trans-acting
function of DNA, being able to have functional efieon the recipient cells.

Of note, both the amount and content of EV gereigo can be hormonally-regulated in
exosomes from target cells: this is of particu&evance to reproductive tissues and is further
discussed below.

V. EVs Mechanism of recognition and uptake

i. Mechanisms of EV uptake

For EVs to act in cell-cell signalling, they mustognise their specific cellular target, bind to
that cell and undergo internalization (Figure 2).

Target cell recognition.

EVs may interact with recipient cells by directread/ing through ligand/receptor molecules on
their respective surfaces or by direct fusion of &M recipient cell plasma membranes (202),
through lipid raft-, clathrin- and calveolae-depentlendocytosis, macropinocytosis and
phagocytosis (203-208).

Cell surface and integral membrane/ adhesion protan distinct EVs are important in
mediating associated cell recognition and adhedibase include integrin pairs: for example,
distinct EXOs integrin repertoires - specificalhegrinsa6p4 anda6pl - were identified as
associated with lung metastasis, whilst EXOs integvp5 associated with liver metastasis
(209). The integrin profile of each EXOs subtypenuiés selective cellular targeting

Differences in EXOs tetraspanin complexes also aptzeinfluence target cell interaction
vitro andin vivo, possibly by modulating the functions of assodatg¢egrin adhesion molecules
(210). Exosome capture by dendritic cells was redury 5—-30% following co-incubation with
blocking antibodies specific for various integriaghesion molecules or tetraspanins (203).
Other membrane proteins reported as importantrgetag select EVs to recipient cells, include
intercellular adhesion molecule 1 (ICAM-1) and nféi globule-epidermal growth factor VIII
protein (MFGE-8) (211,212). Further, the deliveffyogency of EXOs to cells is reported to be
directly related to rigidity of cargo lipids includy sphingomyelin and N-acetylneuraminyl-
galactosylglucosylceramide (GM3) (23).

Recent new data indicates that proteoglycans anih$ecan participate in EXOs binding and
internalization. Proteoglycans are cell surfacaging while lectins, such as galectins 1, 3 and 5
which recognise and bind proteoglycans, are identidn EVs. Indeed proteoglycan receptors
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along the plasma membranes of cells and proteagtyoa EXO surfacdsave been shown to
promote docking (213).

Exosome uptake and release of cargo.

EV internalization by recipient cells is reportedoccur via multiple processes such as
phagocytosis (188,203,204), clathrin-mediated eyttscs (214), macropinocytosis (208),
receptor-mediated (215), and direct fusion (23)wekher, much further understanding of the
underlying mechanisms , and importantly, whethersbktypes have distinct mechanisms of
uptake their target cell specificity is required §2220) (review(221)).

EV uptake is readily demonstrated in cell cultwging fluorescently-labelled EVs (91)).
Uptake and cargo release occur very rapidly, withinutes-hours. However, such techniques
do not absolutely prove release, as it is possitaethe transfer and spread of fluorescence
results from the culture conditions and lipid/meani® transfer.

Recent developments in modification of EVs have &silitated monitoring and tracking
their behaviour, interaction and transierivo (222). Intracellular probes are utilized to
fluorescently label mMRNA within EVs to monitor E\bime mRNA encoding luciferase.
Developments in transgenic mice enable visualinadioEV transfer to cells associated with
tumour stroma (223) and immune cells (224,225) evBN/-mediated transfer of donor genomic
DNA to recipient cells supports a mechanism forggiennfluence between cells (226). Such
vivo approaches have not specifically shown whethestes involves a direct fusion of EVs
with the recipient cells, formation of gap junctsoor nanotubes, or phagocytosis of live or
apoptotic cell-derived EVs by the recipient cell.

Low pH is important for EXOs uptake. There appéarse elevated stability and
lipid/cholesterol content of exosomal membranesnmcidic environment (23).

Understanding recipient cell function and regulaiy EXOs needs to focus on specific
mechanisms of targeting and delivery, uptake aauster, including modulation of key
signalling pathways in various recipient cells biotlitro andin vivo. Processes that control
target cell recognition and EV uptake are not walilerstood.

ii. Inhibiting EV recognition/uptake
While several uptake mechanisms have been progosé/s, detailed knowledge regarding
the key steps in EV target cell definition and ditive mechanisms of uptake is required (221)
particularly since variability is found betweenldgpes in vesicle internalization (227). The use
of inhibitors is proving useful in elucidating cé&jlpe specific mechanisms.

As discussed, using fluorescently labelled EVsrimlization can be readily obseniad
vitro within a short period of time (91,228). Treatmesith inhibitory agents such as
chlorpromazine to examine clathrin-dependent up(aké) and specific RGD inhibitory
peptides (229) to target integrin-mediated EV uptakows identification of selective processes
of internalization. The efficacy of EV exchangeve¢n cells probably depends on their surface
antigen repertoires since partial digestion of memeé proteins exposed on EVs with proteinase
K can significantly decrease their uptake (205) blogkage of select integrins or tetraspanins
with monoclonal antibodies also has suppressivectsffon EV internalization (203). Further, the
use of cytochalasin D, which interferes with agalymerization and endocytosis, significantly
reduces the uptake of EVs (205,206). Similarly,itiebition or knockout of dynamin, a GTPase
responsible for formation of endosomal vesiclegnisicantly suppresses EV uptake (207).
Further research is needed to understand the prex@shanisms that underpin distinct EV entry
into select target cells and importantly how toteolrthis process.
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Part Ill. EVs as messengers in reproductive physiolgy

Normal reproductive processes are highly dynamitty well characterized stages. The
considerable intercellular interactions involveetath stage have prompted the study of the
involvement of EVs in both the male and female odpctive tracts, from pre-conception to
birth. EVs associated with reproductive biology é&een specifically identified and studied in
different fluids such as prostatic and epididynhaildf (230) seminal fluid (7,150), follicular fluid
(231,232) oviductal fluid (233,234), cervical mud¢@85), uterine fluid (151,167), amniotic fluid
(115,236) and breast milk (237), and the origirgtiasues (reviewed in (238) (summarized
Table 3).

There is currently increasing data pointing at B¥key regulators of different reproduction
processes such as sperm/ovum maturation, coomlnaticapacitation/acrosome reaction,
prevention of polyspermy, endometrial embryo criadis-and even communication between
vitro co-cultured embryos leading to quorum improvedettgyment (239). In these initial steps
of the reproductive process (e.g.: pre-conceptiry are widely produced by different organs
and show specific functions. Once implantationta&en place, production of EVs continues
throughout pregnancy being the placenta the mairceaf EVs. During early pregnancy, EVs
are released by the extravillous trophoblast. Laterthe syncytiotrophoblast (STB) is formed
and establishes contact with maternal blood-floneni-here on, STB constitutes the main site of
EVs generation, and these EVs get access to thermahsystemic vasculature, where they show
important roles in immune modulation, either fog thnate and the adaptive response (32). Of
note, EVs are also found in amniotic fluid, whdreyt are attributed inflammatory and pro-
coagulant activities (240); and in maternal breaitit. In this last case, an important influence of
EVs recovery procedure has been detected on sulrsegpalysis (241). Among attributed roles,
milk EVs have been involved in bone formation, immaumodulation and gene expression
regulation, with special emphasis for long non-ogdRNAs (237,242).

I. EVs in the male reproductive tract: epididymis and prostate

After leaving the seminiferous tubules, spermatd&i7) are still immature cells. SPZ are
stored in the epididymis where they undergo a safenorphological and biochemical
modifications that provide them with motility anekfilization ability in their transit from the
caput to the cauda, a process called sperm matur@4#43,244). During ejaculation, SPZ mix
with seminal fluid from the seminal vesicles, thiegtate and the bulbourethral gland to form the
ejaculated semen, which is ejected into the vagiaaity. Seminal fluid composition is crucial in
promoting sperm motility and genomic stability (2285). Moreover, it contributes to the
establishment of maternal immune tolerance (246,Bubsequently, as SPZ travel through the
female reproductive tract to the upper Fallopidretwhere fertilization occurs, they interact
with the endometrial and tubal milieu. Finally,aohieve successful fertilization, SPZ undergo
capacitation: sperm head membranes undergo a séhéschemical modifications that enable
the acrosome reaction when the spermatozoon rettthesna pellucida of the oocyte. This
leads to the release of enzymes that allow SP2netpate the zona pellucida and fuse with the
oocyte plasma membrane (248-250). In this congedretions from the different components of
the male and female reproductive tracts have bemoped to play a sequential role in
programming sperm function (251).

i. Epididymosomes
Epididymosomes (EVs originating from the epididyywigre first described in 1967 by Piko in
the Chinese hamster (252) as having diameters bat2@ and 100 nm, and being associated
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with the SPZ acrosomal membrane (253). More regeihthas been shown that
epididymosomes are a population of roughly sphebitayered vesicles that display
heterogeneity both in size and content that vdre@ween the different segments of the
epididymis. Their sizes range from 50 to 800 nrev@n to 2-1Qum in the first segments of the
caput (230). Their lipidic composition also variggleed, an increase in sphingomyelin and a
general decrease in the other phospholipids atiteiproportionof cholesterol occurs with
epididymal progression from the caput to the calitiés is in contrast to SPZ, where the
proportions remain more constant. Epididymosomss ladve an increased ratio of
saturated/unsaturated fatty acids from the captitd@auda, while the opposite situation is
found in SPZ. Together, these data indicate thigidgpnosomes tend to gain membrane rigidity
whilst SPZ membranes tend to become more fluid)(230

Two main classes of epididymosomes have been faEhtCD9-positive epididymosomes,
that preferentially bind live SPZ, and ELSPBP1-emed epididymosomes, which present higher
affinity for dead SPZ (254). CD9-positive epididysomes are EVs of size ranging from 20 to
150 nm (255). These were recovered by ultracegiifon from the total epididymal fluid EVSs,
specifically in the epididymis cauda. CD9-positef@didymal cargo transferred to SPZ includes
proteins involved in sperm maturation namely PZBIRr1L1 and MIF (256-258), in contrast to
ELSPBP1 which was widespread between all EVs. MaedCD9, in cooperation with CD26,
plays a role in promoting this transfer (255).

ELSPBP-1-enriched epididymosomes constitute a quidption of vesicles obtained from
the epididymal fluid by high-speed ultracentrifugat(120,000 x g) after SPZ and debris
removal at 4,000 x g (259). It had been sugges$iaidEL SPBP1 allowed distinction between
dead and viable SPZ as it was only detectabledréad SPZ population (260). Later, the same
group demonstrated that epididymosomes were thepath for the transmission of molecules
including ELSPBPL1 to dead SPZ (255,259). IntergbtirELSPBP and biliverdin reductase A
(BLVRA) can associate and bind in tandem to dead, $Bncurrently with the epididymal
maturation of SPZ, a process during which theds cebhse producing BLVRA. Therefore,
BLVRA could act as a quencher of reactive oxygescss generated by dead and immature
SPZ, protecting viable SPZ from oxidative stressrédver, BLVRA may be involved in haemic
protein catabolism, changes also important in tR2 Saturation process (254,261).

Since the epididymis brings SPZ to functional migfurefore they enter the vas deferens, it
is not surprising that epididymosomes serve as mearprotein transfer into SPZ during their
transit in the epididymal duct. Some epididymoslpnateins have proven roles in sperm
maturation: these include P25b, MIF or SPAM1, amotigrs (262,263). Sperm adhesion
molecule 1 (SPAM1) is a hyaluronidase with rolebath fertilization and sperm maturation. It
is transferred to SPZ from epididymosomes, incregasieir ability for penetrating the oocyte
cumulus (264). Another protein transferred to SRZhis mechanism is ADAM7, which is
important for sperm motility, morphology and esistininent of membrane correct protein
composition (265,266). Of note is the transferhaf plasma membrane ATPase 4 (PMCA4), a
major C&" efflux pump, into epididymosomes: this plays aopél role in SPZ maturation and
motility (264). Glutathione peroxidase 5 (GPX5)@sates with SPZ during its transit through
the epididymis, protecting them from lipid peroxida stress and, independently, is transferred
to SPZ via epididymosomes (267). Finally, compos@ftthe Notch pathway are described in
epididymosomes, suggesting that these vesiclesriaiNotch signalling at a distance between
epididymal epithelial cells, but also between thalelymis and SPZ with important implications
for sperm motility (268).
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Epididymosomes also convey miRNAs within the eprchdl duct. As with proteins, distinct
regions of the epididymis produce EVs with a speaét of miRNA whose profiles differ from
those of parent cells, suggesting a sorting mesha(269). Indeed, it has been proposed that
epididymosomes may act as modulator of gene exprebstween sections of the epididymal
duct (269). Recent analysis confirmed that theytaiarover 350 miRNA, showing a different
profile from that of parent cells and dependanthenregion of the epididymis from which they
originate. Finally, it was demonstrated that mahthese miRNAs are transported into the SPZ
(270).

An emerging concept is the transfer of traits ®dffspring by epigenomic modifications. In
this respect, transfer (t)RNA, has been attribat@@w function as a modulator of genetic
expression. It was initially discovered that a nepry syncytial virus (RSV) infection of lung
and kidney cell lines, led to the production of@fie tRNA fragments (tRFs) that are able to
repress the expression of specific mRNAs in themgism to favour viral replication and
survival (271). Subsequently, further examplesR¥ig have been described with potential
implications in pathological processes, such dspeeliferation in cancer (272). Mature
molecules corresponding to tRNA fragments are ighriched in mature sperm. Interestingly,
these fragments are produced by sequence spdeticage, giving place to fragments
corresponding to the tRNA 5’ end (273). Recenthg transfer of tRFs to maturing SPZ in
epididymosomes was demonstrated in mice (274)igirayan explanation for the scarcity of
these molecules in testicular SPZ but with an iaseevith SPZ maturation. A tRF (tRF-Gly-
GCC) has been identified as transferred to SPZpmidymosomes. This tRF, represses
MERVL, an endogenous retro-element, that positivetulates a set of genes that are highly
expressed in pre-implantation embryos. Interesfinglle mice treated with a low-protein diet
have a trend (non-significant) to increased tRF-GEC in mature SPZ and to downregulate
tRF-Gly-GCC targets in embryos at 2-cell stagesH®vidence supports that parental diet can
affect the offspring epigenome: however, this pnelary data requires confirmation (274).

ii. Prostasomes
Prostasomes were first described as vesicles res¥®m human prostatic fluid by
centrifugation, that were associated with arfivand C4'-dependent ATPase activity (275).
They are now considered a population of EVs prodimethe prostate epithelial cells that
interact with SPZ, epididymal and seminal secratiainthe time of ejaculation. They are EVs of
size range 30 to 500 nm, surrounded by lipoprdédaminar or multilaminar membranes
(276,277). 1t is likely that a population of prostanes is exosomal, as they originate from
structures resembling MVBs and exhibit classicaldExiarkers (278). Prostasomes’ lipid
composition is unusual and provides them with aastteristic highly ordered structure, rigidity
and viscosity due to several factors: a high cliete§phospholipid ratio reaching values of 2,
which greatly surpasses the values for most obliohl cholesterol-rich membranes;
phospholipid composition domination by sphingomyelvhich accounts for almost a half of the
phospholipids found in prostasomes (279); and lfimaostasomes show a strongly saturated
fatty acid profile in comparison to SPZ membrarg890j. It has been reported that prostasome
uptake decreases the fluidity of SPZ membranesdmgter of lipids directly dependent on the
prostasome/SPZ ratio (277,281). This decrementigal as it stands as a regulator of the
acrosome reaction, preventing a premature resd@sg.

Different roles have been attributed to prostasomeperm maturation and function, either
directly or indirectly. These include protection&®®Z from the female acidic environment and
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immune surveillance modulation of SPZ maotility, aapation, acrosome reaction and fertilizing
ability, among others (276-278,282).

SPZ motility is vital for a successful fertilizirapility, especially for traversing the cervical
mucus and zona pellucida (283). One of the firlgsrattributed to prostasomes was the
enhancement of SPZ motility (284) in a pH-dependesminer, suggesting that prostasomes
might alleviate the negative effects of vaginatacimicroenvironment on SPZ motility, thus
showing a protective effect (285). €4as been well known as the major ion promoting SPZ
motility and fertility, from initial studies carriein hamster (286). Increased SPZQavels
have been linked to prostasomal delivery, direddpending on the extent of fusion/prostasome
concentration and influenced by pH (287). Howeitdgok a decade to identify a mechanism.
Park and colleagues showed that a progesterorgetdd long-term sustained Catimulus is
involved in SPZ motility promotion, via fusion ddgidic) pH-dependent prostasomes.
Specifically, prostasomes transferred progestereceptors and different €asignalling
cascade components to the SPZ neck region whélmyiiog progesterone stimulation, they
trigger the release of €afrom SPZ internal acidic stores to promote SPZiliyo(288). Other
proteins involved in intracellular €ahomeostasis are also transported into SPZ ingsostes,
including PMCA4 (289), which along with nitric ox@dsynthases (NOSs) are delivered into SPZ
by prostasomes. PMCA4 and NOS activity is stimualdtg C&" ions (290) and indeed, NOS
spatially interacts with PMCA4 to a degree posliivelated to C& concentration levels. This
supports the theory that PMCA4 expels Teom SPZ in the presence of NOS to reduce nitric
oxide production and thus oxidative stress, whimhl@ reduce SPZ viability resulting in
asthenozoospermia (289). Prostasomes also carnppaptidase N, a protein involved in
modulating sperm motility, which acts through tkegulation of endogenous opioid peptides,
such as enkephalins, once in SPZ (291,292).

Interestingly, EXO-like EVs found in cervical muchiave been reported to carry sialidase
activity, which reaches a maximum during the owarlaphase in healthy women. This is likely
involved in modifying the properties of the high@ifycoslyated mucus to favour SPZ access to
the uterine cavity and tubes (235).

There is scarce data on the prostasomes’ nuclelcargo and its implications for male
reproductive physiology. Prostasomes contain varauing and regulatory RNAs, with
potential modulatory functions (190). InterestinglyRNA and miRNA do not represent the
majority of the prostasomal RNA (278), and it hastb postulated that mMRNA in semen is
predominantly transported inside vesicles while NMRs mostly contained in the vesicle-free
fraction of the semen, forming complexes with pirigg195). DNA inside prostasomes
apparently represents random regions of the geraomiés effectively transported into SPZ
(293,294). Nevertheless, this DNA may be a contantifrom apoptotic bodies in the semen
(295).

Capacitation is a cAMP-regulated process, whosdymtion is in turn promoted by
bicarbonate and G&ions and influenced by membrane dynamic changésiyrgue to
cholesterol composition (276,278). It has been gsef that prostasomes may act as inhibitors
of the capacitation process and acrosomal reactiamly through transfer of cholesterol
(296,297). Indeed, this might represent a mechatosawoid premature capacitation and
acrosome reaction (282,298). A switch between pesitnd negative regulation exerted by
prostasomes may be influenced by the environmeeaten determined by specific prostasome
subpopulations. cAMP promotes capacitation thraihghprotein kinase A (PKA) axis, by the
simultaneous tyrosine-phosphorylation of specifievd-stream proteins and plasma membrane
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protein and lipid remodelling. This remodelling &ks down plasma membrane asymmetry,
exposing cholesterol molecules to external acceptotrigger the capacitation process (299). In
this context, co-incubation of equine SPZ with paeemes led to increased cAMP levels and
tyrosine phosphorylation of PKA cascade proteingddition to the prostasome endogenous
PKA activity described in previous reports. Howewtbese changes were not correlated with
increased capacitation and acrosome-reaction aatéseverted after 3 hours of co-incubation in
capacitating conditions (296). Interestingly, Aatbend colleagues observed that at least a
subpopulation of prostasomes are able to bind/&SiPZ only when capacitation-inducing
conditions are established, probably to promoteshyotility and acrosome reaction at the
precise moment it is needed. Nonetheless, carddsbeuaken when interpolating these results
into human, as they were obtained from a stalli@d@h a species that deposits its ejaculate
directly in the uterus (299).

Following capacitation, SPZ need to undergo ansare reaction to enable penetration of
the zona pellucida of the oocyte and fusion ofpasnembranes. The zona pellucida
glycoprotein ZP3 is mandatory for this procesd &acilitates sperm-binding, triggering the
acrosome reaction. Nevertheless, the acrosomeaedeigins before the SPZ contacts the zona
pellucida, probably due to the progesterone-depdrstemulus produced by cumulus cells
(300). Conversely prostasomes have been proposatibagors of the acrosome reaction
through the transference of cholesterol to the &22,301) or as inducers by facilitating
progesterone uptake by the SPZ (302), most likglghb transfer of progesterone receptors
(288). Other studies also supporting the promaotitihe acrosome reaction via prostasomes
include delivery of molecules to the SPZ membran& pig model (303), or progesterone
priming, acting via the Gasignalling axis (304). Other acrosome reactiomyting molecules
in prostasomes include hydrolases (305) and lipergges (306).

In summary, the role of prostasomes in sperm-iarig ability in humans is most likely the
result of orchestrated actions. Initially, prostass would attach to SPZ after mixing during
ejaculation, favoured by the acidic environmenthef vagina, thus transferring cholesterol to
stabilize SPZ membranes and prevent premature itafp@ec and acrosome reaction. This would
enable prostasomes to pass the barrier of cemvicalis adhered to spermatozoa with
subsequent fusion and transfer of their contettied/SPZ when the SPZ first contacts the oocyte.
At this time, the progesterone secreted by the twsrzells would activate Gadependent
pathways that promote capacitation process angacr® reaction (276).

Finally, of note is the role of prostasomes in pating SPZ from the potentially hostile
female genital tract They appear to exert rolgsratectors from female immunity, antioxidants,
antibacterial, and in the process of semen liguefagreviews: (276,282,299)).

Il. EVs in the female reproductive tract: folliculéuid, oviduct/tube and uterine cavity
Contemporarily to sperm maturation, a coordinateyteodevelopment must be taking place so
as both gametes can meet at the appropriate lacatio time inside the female reproductive
tract. Developing oocytes are arrested in prophaseneiosis in primordial follicles from the
fetal period until female reproductive maturityoRr this moment, cohorts of these oocytes
cyclically restart growth, forming the zona pelld&iwhile granulosa cells proliferate in order to
form the cumulus, which will support posterior gggilization. Concomitantly, meiosis is
reinitiated, extruding the first polar body andesting again at metaphase Il during ovulation
(307). The resumption of meiosis is stimulatedheyltH peak, which in turn is initiated by a
surge in estradiol-¥¥levels due to the secretion by the granulosa &elhs the preovulatory
follicle, and results in ovulation 36 hours 1at@08). After ovulation, the extracellular matrix of
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the cumulus cells serves as an adhesion dockddralopian tubes, through which the eggs
travel as far as the ampulla where they await SiPZeftilization (309). Following fertilization
embryo development to blastocyst stage, proceetteeammbryo passages through the Fallopian
tubes reaching the uterine cavity of about 4 détgs avulation. The blastocyst undergoes final
preparation for implantation into the maternal endtrium in the microenvironment of uterine
fluid with implantation occurring 6 -10 days afterulation (310).

The process of embryo implantation can only oceuing) a short period of time during the
luteal phase of the menstrual cycle, which has lokessically regarded as the window of
implantation and that typically extends from days &d 9.5 days after ovulation in healthy
normal cycling women (310,311). At this point, difént factors affect and limit embryo
implantation, namely: embryo quality, endometredeptivity and embryo-endometrial cross-
talk (312), where EVs stand as important potemtiedliators.

During all this process, EVs carry out many différsupporting actions: they assist follicle
and oocyte development and maturation at the listéages, and further assist early embryo
development and implantation as the conceptus esatie uterus. Further, female tract EVs
contribute in preparing endometrial vascular neipte embryo implantation and prime the
endometrium for harbouring the embryo. MoreovegsthEVs also contribute to SPZ maturity,
capacitation and acrosome reaction coordinatigppat SPZ storage while waiting for the
oocyte and regulate molecule delivery into SPZraythis period. All these concepts will we
discussed in the following sections.

i. Follicular fluid EVs

Oocyte maturation occurs within the micro-enviromingf follicular fluid (313). The easy
availability of this fluid during oocyte retrieval assisted reproductive techniques makes it
attractive in the search of biomarkers for oocytelity (314). EVs (resembling exosomes and
microvesicles) were first identified in folliculfiuid by da Silveira and colleagues who
demonstrated follicular fluid EV uptake by granda=lls, both in vivo and in vitro, and their
protein and miRNA cargo. EV miRNAs were also preéserhe surrounding granulosa and
cumulus cells, thus suggesting EVs as a vehicléifanolecule transfer within the ovary. Of
particular interest, the miRNA signature of folllauEVs varied with the age of the female,
suggesting EVs miRNA cargo as an indicative andiptes predictor of age-related decline in
oocyte quality (315). Subsequently, EV miRNAs wiemneher evaluated and a set of four
differentially expressed miRNA based on age (yoolay/wvas defined. However, these age-
related miRNAs were studied in complete folliculard samples and as such cannot be
confidentially attributed to EVs (316).

The miRNA of bovine follicular fluid is present hoin exosomes and free, each with
different composition (317). The exosomes werertake by granulosa cells in vitro, resulting in
increased miRNA content and variations in mRNA pesf some of the affected genes are
involved in follicle development. Moreover, sometloé miRNA within exosomes may also
contribute to oocyte growth as they were differ@htiexpressed in follicles containing oocytes
at different maturation stages (317). A more extieeis€haracterization of the EV content of
bovine follicular fluid demonstrated variation inmber, protein markers and miRNA contents
depending on the developmental stage of the feicWWhat is more interesting, variation in
mMiRNA signature suggested a switch in genetic @agning concurrent with the follicular
maturation. As such, EVs miRNAs from small folliglpreferentially promoted cell proliferation
pathways while those from large follicles relatedrtflammatory response pathways (318). A
possible role of follicular fluid-derived exosomedollicle development and growth through the
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TGFB/BMP axis ACVR1 and ID2 regulation, was demoatgtd when granulosa cells were
exposed to follicular fluid exosomesvitro. It was proposed that these effects were triggbyed
the direct delivery of ACVR1 and ACRV1 regulatoryRNA within follicular exosomes to
granulosa cells (319).

Cumulus-oocyte complex expansion is a critical pssdor ovulation. In this context, in
vitro co-culture experiments using bovine folliaufuid-derived exosomes and cumulus-oocyte
complexes from mouse and bovine revealed thattddr EVs are taken up by cumulus cells,
promoting both cumulus expansion and related gereansion (320).

ii. Oviduct/Tubal EVs

Fertilization of the oocyte by SPZ occurs withie fRallopian tubes/oviduct. After capacitation,
SPZ must undergo an acrosome reaction and maimgpigractivated motility in order to fuse
with the oocyte, both functions being regulatechigh intracellular C& concentration levels. In
this context, the major murine €afflux pump PMCA4, and particularly its splicingnant
PMCA4a, is predominant in oviductal fluid, compatediterine and vaginal fluids, and is totally
associated with EVs. Moreover, these PMCA4a-cagymsicles had exosomal characteristics
and were taken up by SPZ, where the efflux pumpfwactionally relocated to their
membranes. This was the first study describingtieeence of exosomes in the oviducts and
introduced the relevance of PMCA4 as a tool forrtientenance of Gahomeostasis and SPZ
viability during SPZ storage, regulating capacttatand acrosome reaction timings and SPZ
motility (233,234,321,322). Subsequently, the saothors discovered that integrindgl and
avp3), in oviductal EVs were transferred to SPZ, amdennvolved in EV-SPZ fusion for cargo
delivery. While the oviductal EVs, include both magesicles and exosomes, the former
appeared to be more efficient in fusing with SPZ3)2

Bovine oviductal EVs produced in vitro by cell Isyéhave beneficial effects on the quality
and development of in vitro co-cultured bovine eyoisy suggesting a functional communication
between the oviduct and embryo during the earlyestaf embryo development (323). However,
these results must be treated with caution as otati&Vs produced in vitro have been observed
to carry a differential cargo compared with in viwmduced EVs. This is the case, for example
of OVGP and HSPAS, oviductal proteins known tofgartant in the fertilization process and
early pregnancy. While HSPA8 was found in bothitrovand in vivo exosomes, OVGP was
absent in exosomes of in vitro origin (324).

iii. Uterine EVs

Endometrial fluid is a viscous liquid, secretedthy endometrial epithelial cells from the glands
into the uterine cavity. Since the endometriura l®ormonally regulated organ, the molecular
composition of the fluid varies depending on thagehof the menstrual cycle (325). Uterine
fluid, a biologically and clinically relevant sanepsource (326) also contains contributions from
the oviductal fluid and a large cohort of plasmetgins along with other factors, differentially
transudated from the blood (327). It is highlightedt this uterine fluid carries information that
mirrors maternal environmental exposure and pogsébays such information to the embryo,
subsequently generating long-term epigenetic effestthe offspring via embryonic and
placental programming.

To date, EVs have been reported throughout mem&straus cycles in the endometrial fluid
of different species, including humans (151,167 sineep (328-331), and are also released by
endometrial epithelial cells in culture (151,167).

Ng et al (2013) first described the production ¥y human endometrial epithelial cells in
primary culture and by the endometrial epithelel tne ECC1. These EVs contained a specific
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subset of miIRNAs, not detectable in the parensc8lioinformatic analysis revealed that some
of the target genes of the EVs miRNAs are relet@processes involved in embryo
implantation. Importantly, they also verified theegence of EVs in human uterine fluid and the
associated mucus (167).

Greeninget al (388) demonstrated that the proteome of highhfipd EXOs derived from
human endometrial epithelial cells, is regulatedteyoid hormones, and thus varies with the
progression of the menstrual cycle. Under follicdhase hormonal conditions, when oestrogen
constitutes the main hormonal stimulus, the EX@égmme was enriched in proteins related to
cytoskeletal reorganization and signalling cascac@aciding with the phase of endometrial
restoration. Importantly, after ovulation, when geeterone is the dominant hormone driving
endometrial receptivity, the proteome altered witAnges indicating enrichment in extracellular
matrix reorganization and embryo implantation. A®ther systems, the exosomal protein
profiles were shown distinct from parental celtapbrtantly, this study demonstrated that
endometrial EXOs were transferred and internallaetiuman HTR-8 trophoblast cells,
enhancing their adhesive capacity, partially thtotagral adhesion kinase signalling (91). This
was significantly higher when the exosomes werevddifrom cells subjected to both estrogen
and progesterone to mimic the receptive phaseeofrénstrual cycle.

iv. Embryonic and trophectodermal EVs.

Interestingly, murine embryonic stem cells from iteer cell mass generate microvesicles that
reach the trophectodermal layer and enhance thatiaig ability of trophoblast cells in culture,
either as isolated cells or in the whole embryce Phesence of the laminin and fibronectin in the
cargo of the inner cell mass EVs, enabled attachtoehe integrins on the trophoblast cell
surfaces and stimulated JNK and FAK kinase cascaugeasing trophoblast migration.

Further, injection of these EVs inside the blasede@avity of 3.5 day blastocysts increased their
implantation efficiency (88). It must be noted ttids mechanism may be particular to the
mouse and those other species in which the ICNbtaldo the site of trophectoderm attachment
to the endometrial surface: in women this is therge with the ECM tightly aligned with the
attaching trophectoderm.

EVs produced by ungulate trophectoderm participateoss-talk with the maternal
endometrium (330). Bidarimath and colleagues ofeskthat EVs from a porcine
trophectodermal cell line stimulated the prolifevatof endothelial cellg vitro, thus being
potential regulators of maternal endometrial angnagis (332). These vesicles contained a
mMiRNA and protein cargo likely to annotate funcgan the angiogenesis process. Again, care
should be taken with these data as they were vettid'om cell lines cultureh vitro. Further,
the pig is a species with epitheliochorial placeata and thus then uterodevelopment is very
different from that of the human (332). Neverths|etudy of human extravillous trophoblast
cell (HTR-8/SVneo and Jeg3)-derived exosomes silpithowed that these vesicles promote
vascular smooth muscle cells migration, which ipantant during human uterine spiral artery
remodelling in successful pregnancies (333). Ingly, the two trophoblast cell lines (which
are different stages along their differentiatiothpaay) produced differential migration results,
raising the likelihood that cell origin as well @@ntent and bioactivity of the exosomal cargo are
of considerable importance, emphasising the ne&ddp models as close to the physiological
situation as possible.

v. EVs as vehicles for embryo-maternal cross talk
The first indication that the endometrium produ& with unique cargo was that the human
endometrial epithelial cell model ECC1 (which begiresents luminal epithelium), released EVs
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containing a different miRNA profile from that o&gent cells (167). These EVs could provide a
mechanism for communication between the mothettlam@mbryo with potential implications

in embryo implantation. Indeed, bioinformatic arsayg on the EV miRNAs showed
predominance of the genes targeted by the miRNAsvadved in implantation. Furthermore,
interrogation of the proteome of ECC1 EVs, cultueder conditions to represent the
proliferative (estrogen-dominant) and secretoryr¢gen plus progesterone) phases of the cycle,
showed that the protein cargo of EVs is hormoneifipeenriched with 254 and 126 proteins
respectively (91). Importantly, 35% of the endonaéEV proteome had not been previously
reported, indicating the unique cargo of endomiefigs. These findings were validated in EVs
from primary endometrial epithelial cells. Functdiy the EVs were internalised by human
trophoblast cells, inducing increased adhesive @gpdhat was at least partially mediated
through active focal adhesion kinase (FAK) signalliindicating a likely role in promoting
embryo implantation (109). Interestingly, among tmplantation-related proteome of these
endometrial exosomes, were the cell surface metaleinases ADAM10 and MMP-14 (a
membrane-bound MMP), for which there are abundalngtsates on the trophectoderm.

Another study showed that endometrial epitheliaiveel EVs in the uterine fluid contain
has-miR-30d during the receptive phase of the cyidies EXOs-associated hsa-miR-30d was
internalized by mouse embryos via the trophectodessulting in an indirect overexpression of
genes encoding for certain molecules involved értturine embryonic adhesion phenomenon—
Itgb3, Itga7, andCdh5 Functionally, in vitro treatment of murine embsywith miR-30d
resulted in a notable increase in embryo adhegiamandicating how maternal endometrial
mMiRNAs might act as transcriptomic modifiers of gire-implantation embryo (151).

Part IV. Implications of EVs in Reproductive Pathology

Given their seminal functional role and presenceainous aspects of reproductive biology, a
growing field of evidence is uncovering potentialess for EVs in regulating reproductive
pathological conditions including endometriosislypgstic ovaries syndrome, erectile
dysfunction, early pregnancy loss, hypertensioe;gaulampsia or gestational diabetes mellitus
(summarized Table 4). Given this importance in BUEng maternal environment and
development, significant efforts are now focuseawealuating prognostic value and
applicability of EVs as diagnostic and therapeatients (107,334).

I. EVs in endometriosis

Endometriosis is an estrogen-dependent inflammatisgase which is characterized by the
deposition and growth of endometrial cells outdlgeuterine cavity, with the pelvic peritoneum
and ovaries being the most common sites for ecignoiwth (335). For this reason,
endometriosis is considered a benign metastasiiigagse (336).

Endometriosis is characterized in part by an irszea the expression of angiogenic factors
and metalloproteinases. Patients with endometrgissv higher levels of these molecules in
endometriotic lesions than in eutopic endometriuth @utopic endometrium of endometriosis
patients shows higher levels than healthy endoaletontrols (337). Indeed, by inhibiting
metalloproteinases it is possible to avoid theldistament of ectopic endometriotic cysts (338).
In this context, EMMPRIN, a metalloproteinase inelygs carried in EVs produced by uterine
epithelial cells and stimulates the expression efatfoproteinases in stromal fibroblasts. The
secretion of both EMMPRIN and metalloproteinasepasitively regulated by IL#la, whose
secretion is increased in women under endometroasiditions in whom there is a pro-
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inflammatory peritoneal environment. This wouldallthe increase of metalloproteinases
production by fibroblasts to trigger endometridésions invasion (339).

In terms of EV RNA cargo, EVs from endometrial stiad cells from women with
endometriosis versus women without the disordexwsld different profiles of exosomal
mMiRNA content between EVs derived from eutopic aotbpic endometrium from
endometriosis subjects and between eutopic endmmetrom women without or with disease
(340). Moreover, there was a differential miRNArsgure, between eutopic endometriotic and
control exosomes. Among these miRNAs, miR21, isaaly known for a role in angiogenesis. It
remains to be established whether miR-21 can pm@ogiogenesis following EV uptake (340).

Ectonucleotidases are enzymes involved in inflaronygtrocesses and previously reported
as expressed in the endometrium. Teixido and auliesinvestigated ectonucleotidase activity
from endometriotic cysts (endometriomas) on the'yvane of the common sites for
endometriotic lesion development. Ectonucleotidaga® highly enriched in endometriomas
compared to simple cysts. Interestingly, the eatteutidase activity was also contained by
exosomes derived from endometriomas and simplefleyds, but and was significantly higher
for exosomes from endometriomas (341).

Il. Polycystic Ovarian Syndrome

Polycystic ovarian syndrome (PCOS) is one of thetmmommon hormonal disorders affecting
women, characterized by androgen excess and ingglistance, leading to androgenism, high
risk of glucose intolerance, diabetes and lipidaahralities (342). Its complex phenotypic
manifestation was formally described nearly a cgnéigio as the concurrence in women of
amenorrhea, hirsutism, obesity and typical polyicysppearance of the ovaries (343).

Koiou and collaborators observed that platelet oviesicles in plasma from PCOS affected
women (defined by elevated circulating androgertsiasulin resistance markers) were at higher
levels than in healthy controls. Moreover, thers aaignificant positive correlation between
microvesicles and numbers of follicles in the ogamf these women (344). Subsequent
confirmation of the increase in EVs levels (maiafyexosomal size) in PCOS also demonstrated
a direct correlation with insulin resistance maskéturthermore, PCO-derived EVs showed a
higher content in annexin-V along with 16 miRNA tthaae normally expressed at low levels,
being increased with PCOS, (345).

Sang and colleagues described EVs in the humdadiait fluid and identified 120 miRNAs
within their cargo, 11 of which were highly expredsand with target genes in pathways
involved in reproduction, endocrine and metabotmcpsses. Two of these miRNAs, miR-132
and -320, were significantly decreased in thedualar fluid EVs from PCOS patients compared
to non-affected controls (346). Of note, miR-132 aB20 have HMGA2 and RAB5B
respectively as target genes: these were assowdételey roles in the etiology of PCOS in a
previous genome-wide association study (347).

DENND1A is a PCOS candidate locus, characterizednamber of genome-wide
association studies (347,348). DENND1A variantvlg, both at protein and mRNA levels,
were increased in theca cells of PCOS patients aomdpto healthy controls. In agreement with
these results, mRNA for this locus was significaimkcreased in exosomes extracted from urine
of PCOS-affected women in comparison to normalingetontrols. In this sense, the exosomal
MiRNA profile is proposed to reflect the physiologi status of the source cells, providing a
potential biomarker of PCOS (349). Further studiesneeded to uncover the roles of EVs in the
triggering and development of PCOS.

Ill. Erectile dysfunction
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Erectile dysfunction (ED) is the most studied séxwablem worldwide and mainly affects men
over 40 years of age. It costs up to £7 milliothie UK and $15 billion in the USA. The
prevalence of this condition varies greatly thromgiithe world, highlighting the Middle East
(45.1%), United States (37.7%) and specially machi@hina (varying from 17.1 to 92.3%),
according to a retrospective study carried on nfatifferent ages (350).

Microparticles have been proposed as involved dothelial dysfunction and atherogenesis,
with special regard to ED. Initially, micropartislélefined as membrane vesicles, apoptotic or
not, smaller than 1.5 um, were recovered from péagfter platelet depletion at 900 x g and
measured by flow cytometry using specific mark&glj). These circulating endothelial-derived
microparticles were increased in type 2 diabetio mg¢h ED, compared with controls and a
positive correlation between microparticle countd &D severity, determined by the
International Index of Erectile Function (IIEF), ssshown. However, diabetes risk factors did
not influence microparticle levels and so, theseavpmstulated to be independently linked to ED
severity. Finally, microparticles were proposegassible links between endothelial dysfunction
and ED (351). Retrospectively, a molecular sigreatdentified in microparticles enabled
discrimination between diabetes and ED. The matika31 in microparticles was mainly related
to diabetes, whereas CD62E, was directly linkeBllDo without diabetes. The ratio CD31/CD62
could be used to evaluate endothelial functionhaihigh ratio being related to endothelial
activation and a low ratio associated with apostdsi the study, diabetic men with ED men
showed lower ratios, maybe indicating a cooperagitect of the two disorders. Finally, levels
of CD31+ microparticles were directly correlatedniED aggressiveness (352).

La Vignera and colleagues, increased the centiifiogee to achieve a better clearance of
platelets from serum (13.000 x g). They confirmadrerease in endothelial-derived
microparticles levels in ED patients with arteeéiblogy, in comparison to patients with ED of
psychogenic origin. Since a positive correlatiors whserved with typical ED metabolic
parameters they proposed endothelial dysfunctidghesause underlying ED and reasserted
microparticles as predictors of the condition (333)rthermore, their levels were directly related
to the aggressiveness of arterial ED (354): a coatlmin of disorders leading to a greater
vascular damage was associated with more seveanBRndothelial dysfunction, and
correlated with increasing levels of endotheliatmparticles (355).

ED is associated with increased endothelial apaptasd both can be in part, reverted by
treatment with a type 5 phosphodiesterase inhisiich as tadalafil (356). Treatment benefits
were maintained for 4 weeks after the cessatianlfjear treatment in almost half of the
analysed cases (357). Subsequently, the effeadafdfil treatment and discontinuation on the
production of apoptotic endothelial-derived micrdjudes was examined. ED patients had
increased levels of apoptotic microparticles coragdo controls before the start of the
treatment. 90-days of tadalafil administration iowgd IIEF, endothelial parameters and reduced
apoptotic microparticle levels, although not tottohlevels. These improvements reverted by
six months after treatment discontinuation (358jerdestingly, complementation of tadalafil
treatment with an antioxidant, maintained the tafilaé¢ffects at least until 6 months after
treatment cessation, prolonging the duration ofathtgapoptotic effect within endothelium (359).
This is in accord with other studies implicatingdative stress in endothelial dysfunction
(360,361). Patients with greater severity and domatf ED, associated with the concurrence of
high cardiovascular risk profiles, were non-respado sildenafil, another type 5
phosphodiesterase inhibitor.
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Androgen deficiency has also been proposed to iboiérto the development of
cardiovascular disease and endothelial functioraimpent (362). Six months of androgen
replacement therapy (Tostrex) improved endothalal erectile dysfunction features and
decreased endothelial derived microparticle lewrefsatients of ED and late onset hypogonadism
(LOH; a new vascular risk factor) (363). Indeed, H.@orsened metabolic parameters and
increased the already high endothelial micropatielels in ED patients (364).

IV. Pregnancy complications

EVs from a variety of sources (epididymis, prostaezvical mucus, ovarian follicle, embryo,

and endometrium) have potential roles in both #taeldishment and development of a successful
pregnancy. However, from the sixth week of gestafB65), placental-derived EVs mainly of
syncytiotrophoblast origin, represent the main sewf vesicles with potential implication in
feto-maternal communication (32,87). Their concaidns in maternal plasma increase
gradually as pregnancy progresses (366). Theiaseland bioactivity are favoured by both low
oxygen tensions (367) and high D-glucose conceatrs{368). Changes in concentration,
composition and bioactivity of placental and noaggntal EVs have been reported in pregnancy
disorders (369). Notably, the secretion of EVfigeased in the two main EVs-related
pregnancy complications: gestational diabetes (an@)preeclampsia (371).

i. EVs in early pregnancy loss

Early pregnancy loss (PL) is a common complicatiat affects around 15% of the gestations
and shows recurrence rates of 2-3%. ImportantlypUi0% of these cases are usually of
idiopathic etiology (372). Interestingly, the lesalf plasma endothelial microparticles are
decreased in pregnancy loss, especially in cagbs@&durrent miscarriage, compared to controls
(373). However, these results should be viewed eatltion, as in healthy pregnancy (their
controls), there is also an increase in EV levalsinly due to the contribution of placental-
derived EVs (365).

In pregnancy, the haemostatic balance shifts tosvapdegulated pro-coagulant activity, with
increased clotting factors and fibrinogen, and corently decreased anticoagulant factors and
fibrinolytic activity (374). An excessive pro-codguat response leading to thrombosis of the
uteroplacental vasculature and subsequent hyploagbeen proposed as a factor accounting for
an important part of the fetal loss cases (375)himregard, blood microparticles with pro-
coagulant activity are increased in miscarriagesais parallel with the enhanced coagulation-
promoting activity. These microparticles may playke in this outcome by favouring the
thrombotic phenomena (376,377). Furthermore, Peeddld women present with lower levels of
platelet microparticles and higher levels of endb#h microparticles than controls, although this
could not be directly related to the hypercoagataphenotype, it was suggested to reflect
endothelial dysfunction (378). In contrast, plagteelet-derived microparticles were increased
in women with recurrent miscarriage compared tdrots (344): However, these results may be
biased by the small size of the study populatiaf®j&nd the controls may be inappropriate due
to the contribution of the placenta to the total &htent.

ii. EVs in gestational vascular complications

Gestational vascular complications which includpdryension (HT) and pre-eclampsia (PE), are
prevalent causes of maternal and fetal morbidityraortality. HT may appear as a consequence
of abnormal placentation into the maternal uteans, may lead to the development of impaired
liver function, progressive renal insufficiencylimonary edema and the new onset of cerebral
or visual disturbances that might end in HELLP sgnte (hemolysis, elevated liver enzymes
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and low platelet count) and/ or eclampsia (380)iP&complex disorder causing preterm birth,
intra-uterine growth-restriction and maternal dg@8il). In general, different studies point
towards an increase in endothelial micropartickedsling within GVC conditions, thus
suggesting vascular injury (382).

1. Pre-eclampsia (PE)
PE is a pregnancy-related syndrome affecting bet2esnd 8% of pregnancies and
characterized by a variety of systemic symptomis. dietected by new onset hypertension and
proteinuria after the 2bweek of gestation. Its etiology is not well knovaut the pathogenesis
of PE is conceptualized in a two-stage model withlacental defect precipitating an abnormal
vascular maternal response that manifests asdhe ef this pathological condition Early PE
appears before 34 weeks of gestation and invohegetus, showing reduced placental
perfusion, possibly due to abnormal trophoblasagien and/or uterine spiral arteries”
remodeling. Late PE appears after 34 weeks, anch#ternal manifestations appear; a series of
inflammatory, metabolic and thrombotic responseam@mise vascular function up to the point
of producing systemic organ damage (383).

Several published studies have attempted to eligcttia relevance of EVs of both maternal
and placental syncytiotrophoblast origin, in théhpahysiology of PE. Changes in EV
concentration and cargo, affect PE developmenpraanflammatory and pro-coagulatory
activities enhancement. Here we summarize curmemiviedge of EVs in relation to PE.

a. Placental-derived EVs
The placenta plays a critical role and is undoulgtdte source of PE development. PE can
develop even in the absence of a fetus, providetttbphoblast tissues are established, forming
the characteristic mass known as a hydatidiformefretissue abnormality formed by the
distension of some or all of the chorionic villiB@).

Syncytiotrophoblast-derived exosomes and microlesiSTMBS) are increased in PE
compared to normal pregnancies (385), maybe induerto the hypoxia resulting from
abnormal placentation (333). This increase ocqpesifically in early-onset PE cases but not in
late-onset PE or normotensive intrauterine growstriction (386,387). Importantly, early-onset
pre-eclampsia is established in the first trimesteen trophoblast invasion and vascular
remodelling occurs (333), emphasising the impoeasfcSTMBs in these processes.
Furthermore, variations in protein (371,388,38@)jdl(390) and miRNA (371) cargo of STMBs
may explain the specific roles of STMB in PE inchglimmune response, coagulation,
oxidative stress and apoptosis.

One of the main characteristics of PE is abnoreaadelling of the uterine spiral arteries,
which in normal pregnancies ensures enough matbloadl flow to support fetal growth and
development. Thus, a role for extravillous troplasbEVT)-derived EVs has been proposed in
PE development. Variations in concentration, cangw bioactivity of EVT-derived EVs as
indicated above, may result from a pro-inflammatemyironment, inducing these changes,
impairing their physiological roles in vascular/sotio muscle tissue remodelling, and thus
stimulating the emergence of PE (333,391). In R&regiased amounts of pro-inflammatory
cytokines (IL-18, IL12, TNFa) are released by monocytes and lymphocytes. Pieased
STMBs can bind monocytes to promote the produatiomore inflammatory cytokines,
perpetuating the pro-inflammatory environment aadde stimulation of EV alterations and
endothelial cell damage (385). Furthermore, villoy®trophoblast-derived exosomes carry
syncytins 1 and 2, which are involved in exosonsdin with the target cells. Importantly
syncytin-2 content was reduced in exosomes defroed serum of PE patients (392).
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Antiangiogenic factors, such as sFltl and sEngeapio participate in PE through a series
of mechanisms that lead to the imbalance of angicdactors and finally to the generation of
endothelial dysfunction and the maternal syndrofifeko Increasing levels of sFLT and sEng
can predict PE and directly correlate with the aggiveness of this syndrome (393). PAI-1 and,
to a lesser extent PAI-2, which is predominantlacenta, are important inhibitors of
fibrinolysis. Their overactivation results in thet&lishment of fibrin deposits that occlude
placental vasculature and spiral arteries, leattirtg/pertension and endothelial damage causing
PE. Moreover, increasing levels of PAI-1 in plasiiractly correlate with PE severity (394).
Eng and PAI-2 are highly expressed and localizetiecsurface of STMB microvesicles and
exosomes, and thus can readily influence the dpuedat of PE (395). In addition, STMB from
PE patients possess increased tissue factor gatimipared to normotensive patients (396) and
this could increase fibrin deposition. Coagulatiay be enhanced by STMB action directly by
direct association with platelets leading to adtora such activity is increased in PE-derived
STMBs and correlates with PE-associated thrombistkc Moreover, treatment with aspirin,
which is usually prescribed for PE women to redole¢elet aggregation, also inhibits STMB-
induced platelet aggregation (397).

Cell-free haemoglobin (HbF) is released by the grié& and increased haemoglobin (Hb)
expression as well as HbF accumulation in the astwmen of PE placentas has been reported
(398). Indeed, HbF has been proposed as an impdataor marking the transition between the
first and second stages of PE. HbF causes pladctantzige similar to that observed in PE by
inducing oxidative stress, which affects the blgdakcenta barrier (BPB) integrity (399). BPB
disruption may lead to the release of placentdbfacincluding HbF which leak into the
maternal circulation contributing to the materri&etations of PE. Moreover, levels of HbF
correlate with PE severity symptoms (400). Pladetibd can provoke differential alterations in
STBM miRNA cargo between EVs populations: three NWR were specifically downregulated
in microvesicle populations under HbF influenceB®&& may also transport HbF itself,
although these data may be an artifact of the eatétbF perfusion (401). Furthermore, STBMs
from PE pregnancies exacerbated the productionpErexide radicals by neutrophils in a dose-
dependent manner, also correlating with PE sevérnitthis way, STBMs display multiple
mechanisms to cause vascular damage and dysfumctraomen with PE (402).

b. Maternally-derived EVs
Even before pregnancy, maternal risk factors foaREobesity, diabetes mellitus, hypertension
and Systemic Lupus Erythematous (SLE). Pro-PE Ewe laltered concentrations and modified
molecular contents that may alter the functionihghaternal tissues prior to pregnancy. In
particular, changes in endothelial cells, leuko@rid platelet-derived EVs are associated with
the risk of PE. All share the common feature oEaegal increase in endothelial and platelet-
derived EV levels (for review see (403)).

Once pregnancy is established, maternal EVs oédifft cellular origin interact with
embryonic tissues with potential implications in pdihogenesis. Platelets have crucial roles in
PE development and several studies report decr@datedet-derived EV levels in pregnancy
compared to non-pregnancy, with further decreasEif403). EVs of maternal endothelial and
platelet origin appear to unleash a thrombo-inflatory response in the placenta. EVs cause
activated platelet aggregation and inflammasomieatin within the placental vascular and
trophoblastic cells, triggering a PE-like phenotyperther, inhibition of inflammasome or
platelet activation components within the placeatieogated the PE-like phenotype (404).
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In contrast to platelets, leukocytes and certanvdd EVs populations are increased in PE in
comparison to normotensive pregnancies, mainlyetlogs of granulocyte and monocyte origin
(405). Interestingly, low levels of NK cell-derivé&)/s are observed in PE, linking with PE-
associated maternal immune tolerance disordersa@likdeath activity dysfunction) (406). Of
interest, Holder and collaborators showed that uphacenta is able to internalize exosomes
from macrophages via endocytosis. Importantly, w@lcage exosomes uptake induced the
release of proinflammatory cytokines by the plaagd07). Previously, the same group had
reported that exosomes from PE placenta can agtpeaipheral blood mononuclear cells
(PBMCs), inducing a pro-inflammatory response tpeater extent than EVs from normal
placenta, and related to their cytokine conteninimdlL1p. Moreover, PE-derived EVs
stimulated an enhanced response of PMBC to extellPs such as LPS (407). Such
outcomes may be triggered by direct stimulatiofeMg of TLR, the signal subsequently
internalized via NReB (408). Taken together, these studies indicatetenpial positive feed-
back loop by which an inflammatory response is stewulated under PE conditions via EVs.
Endothelial-derived EVs levels correlate with therement of the anti-angiogenic factor sFLt1
and the ratio sFLt1:P1GF. This combined evidenggesis that apoptosis of endothelia occurs
along with inhibition of angiogenesis, and corretatvith PE-characteristic endothelial damage
which persists between <1 week (409) to 72 houstgaotum (410).

Regarding obesity, a link between exosomes rel@agdehe progression of PE is emerging.
A recent study has observed that the levels of@xres in maternal blood are correlated with
maternal BMI. A positive correlation of BMI with EX levels was established, leading to the
decrease of placental-derived exosomes proportisnaghout gestation. These increased
exosomes levels contributed to a further exacedoa&iease of IL-6, IL-8 and TFM-from
endothelial cells thus leading to worsened systemfi@mmation in a BMI-dependent manner
(411).

Finally, it has been observed that serum microlesitom healthy pregnant women can
reduce caspase activity and stimulate migrationtabd formation in endothelial cells, while
this is abrogated when the microvesicles are deriingm patients with gestational vascular
complications such as PE and hypertension. Furtirariar opposing actions on early-stage
trophoblast of these vesicles was observed (412).

iii. EVs in gestational diabetes

Gestational diabetes (GD) is defined as a carbaltgdntolerance of variable severity that
appears or is first recognized during pregnancgnglwith PE, GD represents the most common
metabolic complication of pregnancy, affecting betw 1 and 15% of all pregnancies and
increasing concurrently with obesity rates. Ithakacterized by pancreatic beta cell insufficient
insulin production, usually due to pregnancy anarabteristic insulin resistance, and is
associated with maternal and fetal morbidity. Meespwomen with GD have increased risks of
developing type Il diabetes in the future (413,414)

To date, little is known about the contributionefs in this pathophysiology. Salomon and
colleagues showed increased serum placenta-dezkasbmes in GD pregnancies compared to
control pregnancies, regardless of gestationallagetro, GD exosomes increased the release of
proinflammatory cytokines from endothelial cellswtidbuting to the enhanced proinflammatory
state in pregnancy under GD conditions (415).

Part V. Clinical and therapeutic applications of EVs
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The involvement of EVs in a wide variety of pathggiological processes has made them
appealing players as biomarkers and to carry tleettapagents. This may also be the case when
considering reproductive disorders.

I. EVs as biomarkers

EVs have been proposed as potential biomarkersofders of reproductive organs. The
placenta releases EVs from the sixth week of pnegyhavith steady increase as pregnancy
proceeds, peaking at term (397). Importantly, thelgase is modulated by a number of factors
that arise from the placenta; hence EVs may prowinleors of placental/foetal health and
evolution (369). Since maternal blood is the priyrsource of placental exosomes it will contain
both maternal and placenta-specific EV populatemd thus placental alkaline phosphatase
(PLAP) has been proposed as a marker for the plaldé¥'s, since it is restricted to placental
cell linages (365).

Alterations in both, the levels and cargo of plaakderived exosomes during pregnancy are
associated with different pregnancy complicatighiproteomic signature of 62 proteins in
microparticles was developed from plasma samplegaofien at 10-12 weeks of gestation (403).
This signature was able to predict and differeatsgggontaneous premature births (SPB) from
normal term births. Functional enrichment analydesved processes related with preterm birth,
such as inflammation, fibrinolysis, immune moduwatithe coagulation cascade or steroid
metabolism. Currently, the only tool for evaluatiofrrisk of spontaneous preterm birth is
measurement of cervical length by ultrasound (4@4jetrospective study on plasma samples of
women at early gestational age (prior to 18 weedexnonstrated potential for exosomes in the
diagnosis of PE and SPB with higher (but not sigaiit) levels of exosomes in both
pathological conditions versus normal pregnandiese interestingly, a specific exosomal
mMiRNA signature could differentiate between theéhconditions, being more similar between
normal pregnancy and SPB compared with that oMPen these miRNA profiles were
compared with those from the extravillous trophebldTR-8/SVneo cell line cultured under
normal and low-oxygen tension (LOT) conditions thesas a strong correlation between the
SPB and LOT conditions, with a common variatior#5% of the SPB condition miRNA
profile. Placental-exosomal miRNA cargo was reldtedell migration potential and
inflammatory cytokine production. Particularly, L&&kosomes decreased endothelial cell
migration potential and increased their TNIproduction, which could negatively impact spiral
artery remodelling during placentation. Thus, urderumstances that favour a pro-
inflammatory environment or a reduction of oxygendion such as advanced gestational age,
placental EVs may be negatively altered, impacsipigal artery remodelling and resulting in
development of pathologies such as PE or SPB (40%)is sense, placental EVs may be
potential early biomarkers of PE/SPB or as tarfyetdirected therapy. Finally, both total and
placental-derived EVs are increased in women detigdow-birthweight babies compared to
those with normal-birthweight deliveries (416).

EVs have been further investigated as biomarkePEofRecent publications debate the
usefulness of EVs’ content for their predictiveusain the diagnosis of PE. As an example, Tan
and colleagues analysed three candidate biomarkii§-1, PAI-1 and P1GF, for their
predictive ability in a large cohort of low-risk Rtomen from EVs isolated from bank plasma
samples. They concluded that measurement of TIMRdLPAI-1 reinforced the value of the
classical P1GF for PE prediction (417). Indeed, PHland PAI-1 were analysed in specific
subgroups of EVs which can be retrived thanks &ir @hffinity to cholera toxin B and annexin V,
both of which had been described previously insisch for PE biomarkers. In this study, EVs
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were purified from plasma of women at ~32 weekregnancy, using immunoadsorption to the
surface proteins, GM1 ganglioside (binds to cholexan B chain) and phosphatidylserine
(binds to Annexin V). Using these two populatiof&¥'s (one from each marker), a specific
protein signature was identified in women with REEnpared to healthy pregnant controls. It is
important to highlight that such biomarker discgvisrhighly dependent on the selected
conditions, providing a possible limitation. Indeedthis study, large cellular debris were not
removed from samples prior to the immunoadsorpgiep, providing a major potential source of
error (418). In another study, different subtypem@rovesicles were evaluated in plasma,
compared with cord blood from normal women and ¢hogh PE. Microparticles were more
abundant, and had altered coagulation-relatedriactaord blood in PE compared with no PE
(419). Recently, Salomon and colleagues (2017)stny&ted whether exosomes and their
miRNA cargo might provide early biomarkers of PEre©300miRNAs were identified in total
and placenta-derived exosomes in maternal plasmasagestation with has-miR-486-1-5p and
has-miR-486-2-5 being identified as candidatesuddher study. Functional analysis showed
that these miRNAs are involved in migration, pladeédevelopment and angiogenesis (420).
Since PLAP is a marker of serum placental-derivexsemes, which trend upwards with
gestational age, exosomal content of PLAP has pemosed as a potential biomarker of PE in
saliva and gingival cervical fluid (421). Finalleduced EV-associated endothelial nitric oxide
synthase expression and activity, a common featuRE, was elevated in EVs from PE
placentas (defined by PLAP), in both serum andguitat perfusates, compared with healthy
controls (422). Considering the above informatiorg important to note that current biomarkers
of pregnancy complications, such as PE or GDMwalls to diagnose these states only once the
pathologies are established and when the clinieadagement is limited. In this sense, in order
to progress the field, efforts should focus on a®ey of new biomarkers during early gestation.

EVs have also been proposed as biomarkers of penpaardiomyopathy (PPCM). PPCM
is an idiopathic form of cardiomyopathy charactediby left ventricular systolic dysfunction
(the ejaculation fraction is reduced normally b&l5%) and subsequent heart failure. It usually
appears around the end of pregnancy and in thef@exnonths and, it is currently only
diagnosed by exclusion of other heart failure ca423) making a search for new biomarkers
of considerable importance. Initially, Walenta atlaborators (2012) reported increased levels
of blood-derived activated endothelial micropaggcin PPCM when compared with healthy
post-partum, pregnant and non-pregnant controalsat with patients of ischemic
cardiomyopathy (ICM) and stable coronary arteriakdse (CAD). These microparticles in
PPCM were mainly platelet-derived and monocyte oparticles. Treatment with
bromocriptine, a therapy proven to work in animaldels and human patients, significantly
reduced endothelial and platelet-derived microplgiin PPCM compared to patients treated
with standard undirected heart failure therapy.sTspecific microparticle profiles may provide
biomarkers that can distinguish PPCM from normabpeancy, vascular diseases and heart
failure of different origin (424). MiR146a has alseen identified as a possible exosome-
associated biomarker for PPCM. The 16-kDa N-terfrpnalactin fragment, the primary known
trigger of PPCM, stimulates the packaging of miBd#to exosomes from HUVECSs, which
then are able to reach cardiomyocytes and trigB€&NP. Thus miR-146a may provide a
biomarker and therapeutic target for PPCM (425).

Placental EVs may provide indicators of infectidiseases during pregnancy. Both total and
placental-derived EVs are increased in plasma fsoegnant women with HIV infection
compared with non-infected controls. In contrastré were no changes in the level of plasma
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EVs due to malaria infection, neither for placemtalaria nor for its peripheral variant.
Nonetheless, miR-517c was found to be increasedaroparticles from plasma of women with
active placental malaria compared with non-infectexdtrols (416).

II. Clinical and therapeutic aspects of EVs in repoductive biology

Intercellular transfer of genetic and protein malenediated by EVs could facilitate new
diagnostic and therapeutic tools in the field girogluctive biology. As discussed, EVs are
stable, versatile, cell-derived nanovesicles vatigét-homing specificity and the ability to
transfer througln vivo biological barriers and hold promise for the depahent of new
approaches in drug delivery (75). Specifically,dngineered EVs are being successfully
deployed to deliver potent drugs and the capaoitgélect cellular reprogramming capacity
(6,41). Recently, members of the International &ydor Extracellular Vesicles (ISEV) and the
Society for Clinical Research and Translation ofr&sellular Vesicles presented a framework
for challenges associated with development of ESelaherapeutics at the preclinical and
clinical levels (426). This discussion addressa®iipment of best-practice models and current
outlook for EV therapies.

Engineered or modified EVs can be designed forsgkific targeting and delivery
(427,428). A seminal study has demonstrated tlezted cellular uptake of EVs surpasses that
of more traditional carriers such as liposomesasraparticles, taking advantage of EVs’ natural
characteristics to deliver molecules to targetsc@PR9). Such insights provide future possibilities
for clinical applications of EVs based on theirlépito circumvent the limitations of various
drug delivery systems of mucosal and blood bramidraraversal. The physicochemical
configuration of EVs can also be modified to enablitended clearance compared with synthetic
nanoparticles, and spatio temporal localizatiogafid and cell-type specific targeting) and
controlled release (229,430-432). With respect ¢alifying EV cargo, a recent, comprehensive
study compared various passive and active drugrAgadethods including electroporation,
saponin treatment, extrusion and dialysis, and pseghyrins of various hydrophobicities as
model drugs (433). A comprehensive overview of BYgo loading strategies, including
electroporation, sonication, direct transfectiamj aellular engineering is reviewed (434,435).

The potential functional roles of EVs in human eyabdevelopment have only recently been
demonstrated. Embryos may generate their own metcement by secreting soluble factors
and membrane vesicles, which constitute a secretdtheselect autocrine and paracrine
signaling (91,436-440). In reproductive biologynoparticles have been used experimentally to
load sperm with exogenous genetic material thatildssequently transferred to the oocyte during
fertilization (441,442)EVs have been identified in uterine fluid during #strous/menstrual
cycles including humans, sheep and nfi¢&151,167,329,443)ndeed EVs derived from the
maternal endometrium contain multiple subtypesudiclg mixtures of EVs, exosomes and
packaged different proteins, miRNAs and endogemnetsvirus mRNA (91,151,329-
331,339,444)In the broader context of trophectodermal prepamdbr implantation, EVs have
been shown to mediate communication between trex cell mass (ICM) and the
trophectodern(88). EV-encapsulated cargo is protected from degradatnohare highly stable
in biological fluids. Such unique properties magagty facilitate the translation of EVs and their
select bioactive cargo and surface ligands intaadi applications. The study of EVs in
reproduction has the potential for expanding ouresu understanding of the normal physiology
of reproduction and pathological conditions sucingdantation failure (439). Recent studies
have provided key insights into the functional catysof maternal EVs and how the protein
cargo is directly modulated by uterine hormonesmgduimplantation to subsequently modulate
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trophoblast adhesive capacity (91). This studyhiervalidated select components in primary
human endometrial cells under hormonal control.

Recent studies have observed the ability of EMsndergo cell-selective fusion (445) and
tissue-specific tropism (219,446-448), as wellresrtcapacity to transverse the blood-brain
barrier (449) and penetrate dense structural tig&@). Importantly, based on their surface
composition, EVs may be directed to specific tissaied organs (219,446-448). Imaging of EVs
in select targeted organs has indeed demonstizéthe interactions of EVs with target cells
are highly dynamic (223,451). Such unique propsmiecirculating EVs make them promising
applications for the delivery of therapeutic car8everal studies support the utility of EVs as a
novel path for drug delivery and as new drug targ&lvarez-Erviti et al., in an in vivo study,
demonstrated that systemically injected neuronetadjexosomes loaded with BACEL siRNAs
(small interfering RNA) were able to significantgduce BACE mRNA and protein, specifically
in neurons (452). Further, exosomes loaded witficat sSiRNA against MAPK efficiently
knocked down MAPKZ1 upon their delivery into monaey/and lymphocytes in vitro (453).
Similarly, exosomes from iPSCs have been showrlivet siRNA to attenuate expression of
ICAM1 and neutrophils adhesion in pulmonary micsmudar endothelial cells (454). Exosomes
have further been applied for drug delivery to ¢a@ small-molecule, anti-inflammatory drug to
select organs and immune cells (455). These sthdes demonstrated the capacity for EV-
mediated targeted and delivery capacity and impdytéhe ability for exosomes to deliver and
modulate multiple pathways simultaneously in thigeged cells. All these studies are examples
showing how EVs cargo can be manipulated in a Wwayrmay be useful for target-based drug
development for successful in vivo drug delivery.

Recent reviews have discussed the rationale tdaiselective silencing of EVs that
promote unwanted functional effects. However thistill an emerging concept in the field.
Some of the strategies for specific silencing of &Ndtypes (cell-specific) are likely to require
careful and detailed mechanistic studies. Thereéndererent difficulties in avoiding the
blocking of all EV types indiscriminately, which snanterfere with and perturb physiological
intercellular communication. Some examples of systéor abrogating EV formation and
targeting/recipient cell uptake (reviewed inclu@&3,221,435,456): (i) inhibition of exosome
formation, including treatment with dimethyl amilde, (i) inhibition of the endolysosomal
compartment functions, including proton pump intaks (PPI), (iii) blocking of exosome
release, (for example silencing GTPase Rab11/27A48%) siRNA or targeting ESCRT proteins
and/or GTPases involved in trafficking of exosomasy (iv) prevention of fusion or uptake of
exosomes by target cells, which can be done usuagiaty of reagents that block phosphatidyl
serine such as diannexin, heparin to inhibit entissy (heparan sulphate proteoglycans),
cytochalasin D to inhibit endocytosis and microiytosis, chlorpromazine to inhibit clathrin-
dependent endocytosis, EIPA and LY294002 to blokapinocytosis, annexin-V to inhibit
phagocytosis and macropinocytosis, mefrgyclodextrin (MBCD), simvastatin and filipin IlI
to target lipid raft-mediated endocytosis, nyst&titarget caveolae-mediated endocytosis,
dynasore to inhibit clathrin-independent endocgdsalveolae), and nystatin to perturb lipid
raft-mediated endocytosis.

Future studies are required towards investigativig ftom primary tissues and biofluids and
incorporate state-of-the-art quantitative analysesuding quantitative proteomics (174,457)
and sequencing technology that could be explogesiudy protein and gene regulation during
pregnancy. These would enable identification anditodng of functional or low-abundant EV
cargo, and cellular drivers of implantation anchsiling, that hitherto, have been unreported or
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functionally maskedJnlike small molecule pharmaceutical compoundsietlaee no defined
parameters or assays for current safety testifif)/albased therapeuti¢d58) Understanding
biodistribution patterns and circulating timefraonfdocally and systemically administered EVs
is important to assessing safety, in addition ebéques which enable reproducible monitoring
and safety testing of select EV marker caigrgeted studies using EVs (modified or
engineered) will hold the potential to develop riavenodiagnostics and nanotherapeutics to
increase the success of pregnancy rates during@RJF. Recent work on targetable
biodegradable delivery platforms for transportinmgjdigical cargo into gametes and embryos
(reviewed (459)), emphasizes the need to unders$tawdEVs enter cells. We anticipate that
future investigations into the use of EVs for thientional targeted delivery of molecular
compounds will provide new horizons for reproduetscience and clinical ART, ultimately
leading to improvements in pregnancy success.

Part VI. Concluding remarks

Considering the body of evidence treated in thegmereview, there is no doubt that the field of
EVs and its implication in reproduction is rapidyolving and promises a further understanding
of the processes that lead to a successful pregnasaevell as markers of correct or
compromised reproductive function. Nonethelesggetieestill a difficult path to negotiate.

Firstly, there is an unavoidable need to firmlyidefstandard methods for EVs isolation, since
these define the fractions considered as diffeE&f# populations and, as such, may lead to
ambiguous results that cannot be compared amodgstiNew challenges associated with
standardization of methods for isolation, quarsificn and analysis of EVs from complex
tissues such as blood, and the stability of EV&iwisuch biofluid samples, need to be
overcome, before the EV field can provide reliablals for diagnosis and therapy.

It is also necessary to define the extent to wkiWls are important participants in the
reproductive events that lead to the delivery @ity normal newborns, as this knowledge will
lead to new therapies and clinical test to ensaeElgpregnancy outcomes. Sample availability is
maybe one of the main limiting factors that hindassh progress. In this sense, much more is
known about epidydimal and prostatic EVs regulabbsperm compared with embryo maternal
cross-talk through EVs. Nevertheless, EV commuiooaihay provide a cornerstone to enable
better understanding of the conception and imptamtgrocesses. This is important as it paves
the way to deal with those patients in which therent assisted reproductive techniques fail.

Finally, data regarding the involvement of EVshie triggering, maintenance and
progression of reproductive and obstetric relaisdrders is still in its infancy and further key
investigations utilizing homogeneous and human4fipenaterial is needed. The use of EVs as
disease biomarkers provides the opportunity fogmtstic potential with reduced invasiveness,
as they can be retrieved from body fluid insteatissiue biopsies. This is vital for embryo
diagnoses, where the possibility of getting STM&srf mother blood-flow appears as an
interesting alternative to invasive amniocentesi$ ehorionic villi sampling, further offering the
possibility of an earlier diagnostic. Regarding BMé& as therapeutic agents, many different
variants could be exploited. EVs could be usedeasovs to deliver drugs and biological
compounds in a targeted manner. Nevertheless cthdy potentially be used as therapeutic
targets, if they are produced by affected cells@edent disease promoting characteristics. This
may be achieved by inhibiting EV biosynthesis, bBptaring them once produced or by blocking
their uptake by target cells, and may be applicabtiiseases such as pre-eclampsia. Further,
they could be used as natural therapeutic agergs wkperimental strategies rely on their
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natural features. Understanding cell-type spetyfiand the long-term effects of EV

remodelling, and their potential to impart transgrational consequences on the offspring’s
health, ranging from metabolism to sex determimatamd potential epigenetic changes affecting
the mother’s fertility and altering the offsprindestility, are key factors to be addressed as Need
the field moves forward. EVs derived from the immaicells including dendritic cells within the
reproductive tissues also need examination, sincke sells, once stimulated, may trigger
detrimental immune responses. Advances in resegrciloncoding RNAs contained in EVs

must also be considered (460). Understanding edle¢imolecular signaling networks, utilising
advances in quantitative proteomics and sequenetimology, and mediated by EVs that
coordinate strategies for successful implantatiosy lead to approaches to improve the
outcomes of natural pregnancy and pregnancy adthgsiag reproductive technologies.
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Figure 1. Main types of extracellular vesicles premt in body fluids and culture media.EVs
are classified in three groups according to thigigénetic pathways. Exosomes are produced in
the endosomal pathway by invagination of the memdi late endosomes to form intraluminal
vesicles (ILV) enclosed in multivesicular bodies\(B). MVBs can then fuse with lysosomes
and degrade its content, or fuse with cell plasreenbrane to release ILV, now regarded as
exosomes. Microvesicles are produced directly ftbencell plasma membrane by outward
budding. Apoptotic bodies are generated as blebslia undergoing programmed cell death.
AbbreviationsE.E.: Early Endosomegx.V.: Exocytic vesiclel.E.: Late Endosomé\l.V.B.:
Multivesicular Body].L.V.: Intraluminal VesicleEXO: Exosome.
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Figure 2. Pathways shown to participate in EV uptak by target cells.EVs transport signals

between cells and facilitate selective reprograngmitVs have been shown to be internalized by
cells through(1) phagocytosis(2) clathrin- and3) caveolin-mediated endocytosis. There is also

evidence to support their interaction wi#) lipid rafts resulting in EV uptake. Lipid raftsear

involved in both clathrin- and caveolin-mediatediecytosis. EVs may also deliver their protein,

MRNA and miRNA content bgb) fusion with the plasma membrane. EVs can be iateed by
(6) macropinocytosis where membrane protrusions dosbétend from the cell, fold backwards
around the EVs and enclose them into the lumennaheropinosome(7) alternatively EVs are

macropinocytosed after becoming caught in membnaffies. On the other han(B)

intraluminal EVs may fuse with the endosomal limgtimembrane following endocytosis to
deliver their protein, mMRNA and miRNA cargo anccila phenotypic response.

Table 1. Classification of the methods of isolatodrextracellular vesicles based on their

principle.
METHOD TECHNIQUE ISOLATION | GENERAL ADVANTAGES LIMITATIONS REFERENCES
PRINCIPLE | WORKFLOW
Centrifugation | Serial Sedimentatio| Serial or| e Broad application | (16,112,116,461)
differential n velocity differential . Standardization. Sedimen
centrifugation centrifugation: R tation
(1) 300 x g, 10 Easedi u??. dependent on
remove cells> |- Reproducibility density, tube
(2) 2000 x g, 10°| *  Yield length,
remove cell sample
debris, apoptotid viscosity,
bodies > (3) concentration
10.000/20.000 X and vesicle
g, 30’ to isolate aggregation
microvesicles > apart from
(4) size.
100.000/200.000
X g, 70’ to isolate
€X0S0mes.

Density Buoyant Generally . Purification - . Yield (4,112-115,117-
gradient density introduced to increases EVs 119,462)
further purify populations purity

distinct types of from: protein
EVs (ie., aggregates, RNA-
microvesicles or protein complexes,
exosomes). separation of EVs
Various different subpopulations
reagents within the same
including sucrosg type
or ionidxanol.[ «  Soft isolation .
Crude EV approach Reprodu
populations cibility
loaded either o~ Clinically e Trained user
top (float down) applicable medium
or at bottom (ionixodonal)
(float up) of =V homo - T
gradient, . geneisty | ime-
Ultracentrifugatio consuming.
n performed
under pre-
established
conditions

Size-exclusion| Filtration Size/shape Generally . Easy to use. . Yield (112,120,121)
interspersed loss within filtering
within membrane
centrifugation «  Further stringency | +  Risk of
steps:  prior  to of the populations vesicles
centrifugation, based on their deformation

supernatants arg

canonical sized.

or
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challenged fragmentation
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filters of | «  Reproducibility

determined porg
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filtration units of within 125,463)
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y specific EV | coupled to specific molecules coupled to 137)
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A33, EpCAM, cellular
CD63). debris.
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ble.
. Resolutiol » Cos
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precipitation increase to polymerization co-
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possible passed throug volume needed. couple to 4)
principles: microfluidic centrifugation

system and EV{ in order to

specific markerg remove

are recognised b undesired

antibodies in & EVs

device surface. populations.
(1) Presence| (2) Still  not| Smaller processing| ¢ Unable to
of specific applicable for times and costs, differentiate
molecules. EVs. maintaining high EVs

sensitivity. populations.

(2) Physical | (3) Combination| Possibility to e Stillunder
properties of microfluidics process, quantify development.
such as size.| and polymer filter and image the

that allow passing samples within the

EVs under a system itself.

certain size.
(3)
Microfluidic
filtration.

Table 2. Classification of the methods of charazé&tion of extracellular vesicles based on their

principle.
METHOD TECHNIQUE PRINCIPLE MAIN FEATURES QUANTITANNE / REFERENCES
QUALITATIVE
Microscopy Transmission Negitive staining of | « Direct imaging . Semi-quantitative. (147-149,462,465)
electron EVs with electron- of EV size
microscopy dense molecules  ["." Sjze distribution | «  Dehydrating
(TEM) (heavy metals). (fixation)

. Can be couples
to immunogold

Possibility to take

measures within the

labelling to stain imaging field.
specific
structures.
Scanning electror] Covering of . Three- . Sem-quantitative (151,152,466)
microscopy molecules with dimensional . Possibility to take
(SEM) microgold particles imaging of EVs measuresmentswithif
and electron structures.

reflexion scanning.

the imaging field.

Cryo-electron Plunge-frozen in . Avoids fixation . Semi-quantitative. (73,150)
microscopy liquid and contrasting
(Cryo-EM) ethane/nitrogen. steps.
. Allows to see . Possibility to take
structures closer measures within the
to their native imaging field.
states.
. Size distribution | Highly trained user
Atomic force Use of a cantilever | « Resolution at the| Quantitative. (153-156)

microscopy with a free end that nanometric level.
(AFM) touches the surface[ < possibility to «  Size-distribution
to obtain analyse both dry profiles
topographical and agqueous determination.
information. samples.
. Can be combineq ° Require
with microfluidic homogeneous EV
isolation devices. purification
. It does not
provide direct
imaging of EVs.
Size distribution Nanoparticle Particles are . Size measures in| Qualitative: not only | (157,467,468)
analysis techniqueg| tracking analysis | challenged with a the range of 50 size populations but
(NTA) laser beam and to 1000 nm. also EVs markers cap
forward scattered be analysed by
light is real-time fluorescent labelling.
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captured by a . Standardization [| . Quantitative:

microscope to is not needed bu possibility to get

calculate sizes possible (interest precise size

based in particles for concentration distributions and

their Brownian assessments). their associated

motion. concentrations in 1
nm intervals.

. Size distribution | ¢ Cost
. Low sample use
. Compatibility of

fluorescence
detector
Dynamic Light Particles are . Size . Mainly qualitative. (158,469)
Scattering (DLS) | challenged with a measurements in
laser beam and the range of 1 to
reflected light is 6000 nm for EVs
captured by a concentrations
detector in a certain from 1¢ to 10
variable angle. The| particles/mL
detector converts [+ Samplescanbe [ =  Semi-quantitative if
time dependent recovered after standards are used.
fluctuations in the the analysis.

scattered light
intensity into
particle size data.

. Limitations with
polydisperse
samples and
those containing

big EVs
Tunable resistive | Atransmembrane |«  Size «  Qualitative. (159-161)
pulse sensing voltage is measurements in
(TRPS) established in a the range of 70
porous membrane. nm to 10 pm for
The crossing of EV{ EVs
through the pores concentrations
alters the from 10 to 102
electrophoretic flow particles/mL.
causing aresistancg «  Single EVs «  Quantitative
that can be measures that
translated into size allow
data. multimodal EVs
populations
study.
. By modifying
pores

configuration the
analysable EVs
size and sample
volume can be

regulated.

Flow cytometry EVs are swept . Analysis of EVs | Qualitative: not only | (162-167)
along by a liquid with a lower size size populations but
stream to align then limit of 250-500 also EVs markers cap
in single file in the nm and ability to be analysed.
centre of the streamy distinguish
until the vesicles that
interrogation point, differ 200 nmin
where they are size.
excited by a laser [+ New «  Quantitative.
beam. Laser technological
scattered light is developments
gathered by have reduced thd
detectors situated limit of detection
180° (size data) and to ~100 nm and
90° (morphology or the
fluorescently discrimination
stained structures power to 100-
data) to the laser 200 nm.

beam. +  Possibility to

coupling to late)
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beads for easy
marker analysis.

. No sorting

capacit
. Dependent on
EV surface
markers or use o
EV fluorescent
labels
Molecular markers | Western blotting /| Both techniques . Easy to perform. | Qualitative. (39,168,169)
characterization ELISA share the same . Cheap and . Semi-quantitative in
techniques principle: proteins available. the case of Western
are attached to blot and quantitative
support (membraneg for ELISA.

or plates,
respectively) and
challenge with
antibodies carrying
a certain label.

. Relatively quick.

ExoScreen ELISA sandwich- | Reduced time . Qualitative. (170)
like system with consumption.
modifications inthe [+~ ncreased +  Quantitative.
detection tandem. sensitivity
The method relies

. EVs isolation is
not mandatory.

. Little sample
volumes are
required.

in that all the
components of the
system must stay
closed (~200 nm,
within the same
vesicle) for a laser
stimuli transfer and
detection.

MNMR Labelling of «  Greatly higher |« Qualitative. (171)
specific EVs sensitivity. . Quantitative.
surface molecular
markers with
antibodies coupled
to magnetic
nanopatrticles and
detection by
microfluidic

uNMR.

Nano-plasmonic | A gold film with +  Label-free. «  Qualitative. (172,173)
exosome assay | nanoholes coated [ . Easy to . Quantitative.
(nPLEX) with specific miniaturize.
antibodies for the
recognition of

. Scalable for

exosomal proteins higher

is li ; throughput

o IIght-meted, detection

generating surface [— A —

plasmons. Joining &nagm ude

of EVs to the gf tertr_nore

antibodies cause SSnes(i:tilvoi?y than
lasmon intensit:

: 4 UNMR.

changes that are
proportional to the
amount of joined
EVs.

Table 3. Main functions of extracellular vesiclageproductive physiology classified by their

origin.
EV TYPE MAIN TARGET FUNCTIONS REFERENCES
FEATURES
Epididymosomes | - First SPz Transfer of molecules involved in sperm matomat (256-258,262,264)
described by (P25b, GliPriL1, MIF, SPAM1, PMCA4)
Pikoet alin
1967
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- Sizes: 50 to
2822 2”115) ' Protection from oxidative stress (BLVRA) (261)
um. Protection from lipid peroxidation (GPX5) (267)
- Two main Morphology and membrane composition regulation | (265,266)
classes: (ADAM7)
CD9- Sperm motility (ADAM7, PMCA4) (264-266)
positive Small RNA regulation of gene expression (273,274)
(affinity for
live SPZ)
and
ELSPBP-1-
enriched
(affinity for
dead SPZ2)
epididymoso
mes
Prostasomes - First SPz Enhancement of sperm motility (progesteroneptecs, | (284,288,289,291,292
described by Cé* cascade signalling components, aminopeptidasg N.
Ronquistet Protection from acidic female reproductive tract (285)
alin 1978. environment.
- Sizes: 30 to Protection from oxidative stress (PMCAA4). (289)
500 nm.
- Unusual Prevention of premature capacitation and acrosome | (282,296-298)
lipid reaction (cholesterol)
composition Posterior induction of capacitation, SPZ hyperntgtil | (299,302,303,305,306)
that provide and acrosome reaction at the moment of fertilizatio
them with (cCAMP, progesterone receptors, hydrolases,
increased lipoxygenases).
ordered Protection from the hostile female reproductivetra (276,282,299)
structure, immunity, oxidative stress, bacteria.
rigidity and
Viscosity.
Uterine - Wide variety | Endometrium Endometriaj Promotion of embryo implantation (167)
microenvironment of origins: origin (specific miRNA cargo)
EVs serum
transudates,
residues
from womb
cell
apoptosis,
endometrial
epithelial
cells and
conceptus.
- Variations
throughout
the
menstrual
cycle.
- Embryo Regulation of endometrial angiogenes|s(332,366)
origin (specific miRNA and protein cargo) and
uterine spiral arteries remodelling.
Embryo Endometrial Embryo development (enJSRMvgene | (329-331)
origin RNA) and subsequent priming of the
endometrium for embryo harbouring.
Promotion of embryo implantation (91,151)
(miR-30d, specific protein cargo,
influenced by uterine hormones —
functional with trophoderm).
Embryo Enhancing of trophoblast cells (88)
origin migratory ability and implantation
efficiency (laminin, fibronectin).
SPZ Sperm maturation (SPAM1) (444)
Capacitation, acrosome reaction and motility proomot| (234,470)
(PMCA4).
Oviductal EVs - First SPz Regulation of SPZ storage and promotion of (234,321,322,471)
capacitation, acrosome reaction and hypermotility
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described (PMCA4a).
for their Regulation of molecule delivery into SPZ (Integrins | (233)
implications a5B1 andavB3).
in SPZ final ["Embryo Enhancement of embryo quality and early kgveent. | (323)
competence
acquisition.
Follicular EVs - First Cumulus- Follicle development and oocyte growth (specific (317,319)

described by| oocyte miRNA cargo, ACVR1, ID2)
da Silveraet | complex Follicle maturation: proliferation of small folliet and | (318)
al. in 2012. inflammatory response of large developed follicles

- miRNA (specific miRNA signatures).
Sg;g:ion Cumulus—_oocyte complex expansion and related gene$320)
with female upregulation.
age and
reproductive
aging.

Table 4. Involvement of extracellular vesiclesepnoductive-related pathologies.

DISEASE

EVs PATHOGENIC ROLE

REFERENCES

Endometriosis

Promotion of endometriotic lesionggion and progression.

(337);(339); (341)

Enhancement of angiogenic potential.

(337); (340)

diabetes mellitus

Polycystic Ovaries| miRNA expression regulation towards PCOS phenotype. (346)
Syndrome
Erectile Promotion of endothelial dysfunction, vascular dgenand atherogenesis. (351); (353)
dysfunction
Early pregnancy | Induction of an excessive [-coagulant activity (376); (377
loss Promotion of endothelial dysfunctic (378
Pre-eclampsia Placental | Promotion of abnormal remodelling of uterine spamdéries. (420)
origin Enhancement of angiogenic failure and subsequetutieelial (395)
dysfunction.
Stimulation of pro-inflammatory and pro-coagulactities. (385);(395);(396);(397); (408)
Generation of oxidative stress into the placenthranther vasculature] (401); (402)
Maternal General Transportation of PE risk factors. (403)
origin Failure to ensure appropriate vascular development(412)
Platelet EVs Unleashing of thrombo-inflammatorycgiatal (404)
response.
Leukocytes Promotion of pro-inflammatory cytokines release by (408)
EVs the placenta
Gestational Promotion of pro-inflammatory cytokines productimnendothelial cells. (415)
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Figure 1 EXOSOMES

(30 to 150/200 nm)

BIOGENESIS

Inward budding of late endosomes membrane
to form MVBs, which then fuse with cell
plasma membrane to release the exosomes.

MOLECULAR MARKERS
CD63, CDY, CD81, Alix, TSG101, flotillin-1,
HSC70, syntenin-1.

MICROVESICLES

(100 to 1000/2000 nm)

BIOGENESIS

Outward budding and fission
directly from cell plasma membra-
ne. Membrane budding is promoted
by lipid distribution asymmetry.

MOLECULAR MARKERS
ARF6.

FIOGENESIS

Plasia rembrane blebbing in cells

unde:going programmed cell death. H APOPTOTIC BODIES
MOLECULAR MARKERS (S0nm/1jim to Sym)

PS (questioned), thrombospondin, C3b,
VDACL, calreticulin.
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Figure 2

€3 Extracellular Vesicle

4. Lipid raft-mediated

2. Clathrin-mediated endocytosis
endocytosis —

Tansmembrane
protein  Cholesterol  Glycosphineolinid

7. Macropinoeytosic
(membrane ruffles)
3. Caveolin-mediated
endocytosis
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