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Abstract: Two technologies, in vitro culture and exogenous gene introduction, constitute cornerstones
of producing transgenic animals. Although in vitro embryo production techniques can bypass the
oviduct during early development, such embryos are inferior to their naturally produced counterparts.
In addition, preimplantation embryos are resistant to the uptake of exogenous genetic material.
These factors restrict the production of transgenic animals. The discovery of extracellular vesicles
(EVs) was a milestone in the study of intercellular signal communication. EVs in the oviduct, known as
oviductosomes (OVS), are versatile delivery tools during maternal-embryo communication. In this
review, we discuss the important roles of OVS in these interactions and the feasibility of using them
as tools for transferring exogenous nucleic acids during early development. We hypothesize that
further accurate characterization of OVS cargoes and functions will open new horizons for research
on maternal-embryo interactions and enhance the production of transgenic animals.

Keywords: preimplantation embryo; oviduct; extracellular vesicles; oviductosomes; transgenic
animal

1. Introduction

The mammalian oviduct comprises the infundibulum, ampulla and isthmus. Given that after
being transferred to the uterus, embryos derived from intracytoplasmic sperm injection or in vitro
fertilization can establish a pregnancy and that normal oviduct-embryo communication has been
bypassed, the role of the oviduct has been underestimated. However, it is unanimously accepted that
the oviduct is not just a tract that connects the ovary to the uterus and serves simply for transporting
the early embryos. In fact, it provides the best environment for the embryos before they enter the
uterus [1]. Many kinds of reproductive events (e.g., gamete maturation, gamete transport, sperm
capacitation, fertilization and early embryo development) take place in the oviduct. Inside this tubular
structure—the oviductal microenvironment—is where the first maternal-embryo cross-talk initiates,
as it contains key molecules involved in such communication. The quality of embryos produced
in vitro is inferior to those developed in vivo, and the quality of embryos without coculture is also
inferior to those embryos cocultured with oviduct epithelial cells; the deficiencies were manifested in
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terms of abnormal large offspring, lower pregnancy rates and aberrant gene expression profiles [2-5].
All these indicate that the conditions of in vitro embryo production are far from normal and that
oviduct-embryo communication is important during preimplantation embryonic development.

Exosomes and microvesicles, collectively termed extracellular vesicles (EVs), are attracting
increasing attention. EVs function as evolutionarily conserved bioactive transmitters of intercellular
communication, and participate actively in cell-to-cell cross-talk [6,7].  Because proteins,
messenger (m)RNAs and small RNAs are loaded by EVs, these lipid bilayer-enclosed membrane vesicles
enable communication between cells [8,9]. EVs containing proteins, mRNAs and small RNAs have
also been identified in oviductal fluid (known as oviductosomes or OVS), indicating that they might
function as transmitters of bioactive molecules and mediate oviduct-embryo communication [10-13].
The study of OVS is providing us with new insights into communication between the oviductal
epithelium and embryos.

Although the in vitro microenvironments for culturing preimplantation embryos are designed to
be similar to the composition of oviductal fluid, the culture media currently available still lack EVs
derived from oviductal fluid, which means that such systems bypass the normal interactions between
oviducal epithelial cells and embryos. Investigating the mechanisms underlying such communication
mediated by OVS might provide novel methods for reformulating or optimizing in vitro culture (IVC)
media. In addition, preimplantation embryos are remarkably resistant to the uptake of exogenous
substances such as drugs and genetic material. Nucleic acid delivery methods, such as microinjection,
in vitro electroporation, viral transduction and liposomal transfection, have defects [14]. Given that
EVs—natural nanosized shuttles—are novel tools for delivering biomolecules to target cells [15-18],
exploring the characteristics of OVS might also provide novel methods for delivering exogenous
nucleic acids into preimplantation embryos.

This review aims to outline the key roles played by OVS during communication between the
oviduct and preimplantation embryos and the feasibility of using them as tools for transferring
exogenous genetic material into such embryos. Direct supplementation of embryos with OVS should
enhance their developmental capacity; delivery of exogenous nucleic acids into preimplantation
embryos using OVS might also allow us to bypass invasive delivery procedures and develop novel
transgenic delivery technologies.

2. General Aspects of EVs

According to the Minimal Information for Studies of Extracellular Vesicles (MISEV) 2018 guidelines
for EVs, the generic term “EVs” refers to particles naturally released from the cell that are delimited
by a lipid bilayer and cannot replicate. Due to the difficulty of distinguishing EVs, these vesicles are
classified into large (L)-EVs and small (S)-EVs based on their diameter [19]. The L-EVs, larger vesicles
than 200 nm, include microvesicles/ectosomes, apoptotic bodies and large oncosomes, while S-EVs
include exosomes and exomeres. Microvesicles (0.2-0.5 um) are large extracellular vesicles originated
from the plasma membrane by direct shedding in response to cellular activation or stress, apparently in
a manner similar to that of retroviruses [20-24]. Baig et al. [25] also found that microvesicles originate
at special lipid raft domains of the plasma membrane. When cells undergo apoptosis, they dissociate
into membrane-bound apoptotic bodies (0.8-5 pm), which might contain genomic DNA [20,26].
In addition, in cancer cells, the larger EVs (1-10 pm), termed large oncosomes, can bleb off the cell
membrane [20,27]. Exosomes (50-100 nm), a subclass of (S)-EVs, are produced via lyso-endosomal
pathways. Exosomes, or intraluminal vesicles, are formed from the inward curve of endosomal
membranes during the maturation of multivesicular endosomes (MVEs). If MVEs fuse with the
plasma membrane, exosomes are released into the extracellular space [7]. Tetraspanins such as CD9,
CD63 and CD81, which have been shown to bind to endosomal sorting complexes required for
transport (ESCRT) machinery, are enriched in exosomes. The other (S)-EVs that are nonmembranous
nanoparticles, known as exomeres, have also been identified through employing asymmetric flow
field-flow fractionation [28]. Due to the overlapping characteristics of the major subclasses of EVs,
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it is difficult to distinguish among them. Thus, according to the Minimal Information for Studies
of Extracellular Vesicles (MISEV) 2018 guidelines, unless authors can establish specific markers of
subcellular origin, it is advisable to use operational terms for EVs, with a description of physical
characteristics, such as size, biochemical composition, conditions, or cell of origin, to distinguish
subsets of EVs [19,29].

Apoptotic bodies also have signaling functions, which carry “find-me” and “eat-me” molecular
signals to attract phagocytes to apoptotic sites and promote apoptotic cell clearance [30,31]. Other EVs,
such as exosomes and microvesicles, are constantly released by normal viable cells, while apoptotic
bodies are released exclusively during apoptotic cell death [26]. In this review, we will focus on
exosomes and microvesicles for the remainder of the discussion.

EVs contain a number of cargoes such as proteins, mRNAs and micro (mi)RNAs, which have been
reviewed by Raposo et al. [32]. Besides these cargoes, it is now known that genomic DNA (gDNA)
fragments in EVs are transportable between cells, then increase the gDNA-coding mRNA and protein
expressions in the recipient cells, eventually affecting the function of recipient cells; for instance, the
AT1 receptor DNA in EVs could increase AT1 receptor expression, then stimulate Na™-K* ATPase
activity in recipient HEK293 cells [33]. In addition, EVs derived from embryos also contain DNA
fragments that represent the full murine genome, which may be useful for embryo chromosomal
noninvasive diagnosis [34].

After first being described in sheep reticulocytes by Pan et al. [35], EVs have been identified in
diverse extracellular fluids [36—41]. Previously, the process of releasing EVs had been considered
as a means of discarding nonfunctional cellular components from the cell [42]. However, in 2007,
Valadi et al. [43] demonstrated that exosomes derived from various cell types contain a large number
of RNAs, including mRNAs, microRNAs, 18S or 28S ribosomal RNAs, and exosomes are transmitters
of genetic material between cells. It is well known that EVs are not just waste carriers and that they act
as transmitters for intercellular communication and signaling. They are considered to be evolutionarily
conserved mediators of intercellular communication thanks to their capacity for exchanging nucleic
acids, lipids and proteins between cells [44—46].

Capitalizing on the physicochemical and biochemical properties of EVs, many techniques,
such as ultracentrifugation, ultrafiltration, immunoaffinity capture and polymer-based precipitation,
have been developed for their isolation. Unfortunately, these isolation techniques also carry a
unique set of advantages and disadvantages, as reviewed by Pin et al. [47]. Powered by the precise
nanoscale liquid and particle control capacity of microfluidic-based devices, microfluidic platforms,
which enable fast, low cost, portable and small volumes of liquid samples, might be ideal tools
for isolating EVs. Based on size-based separation, immunoaffinity-based separation or dynamic
separation, microfluidic separation methods provide many advantages (including higher recovery,
higher purity, higher throughput, higher resolution and sensitivity, short separation time and real-time
observation) in separating EVs. Although each microfluidic separation method has specific limitations,
combining dynamic, size-based and immunoaffinity-based microfluidic methods into one integrated
device—a streamlined strategy—might overcome the disadvantages of microfluidic methods, ultimately
providing opportunities for on-chip isolation of exosomes [48-50].

3. Oviductosomes Participate in Communication between Oviduct and Embryos

The first stages of embryo development in eutherian mammals occur in the oviduct, where the
embryo spends around 4-8 days, depending on species. Oviductal fluid contains factors that can
enhance the quality of embryos [51,52]. The mechanism underlying the delivery of these bioactive
factors into preimplantation embryos is fascinating. Release of EVs appears to be an evolutionarily
conserved process. Thus, EVs should also appear in oviductal fluid. The term OVS is used to refer to
both exosomes and microvesicles detected in the oviductal fluid. After OVS were identified for the
first time in murine oviductal fluid [53], they have also been identified in the oviductal fluid of other
species [54-56].
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OVS are released from the oviductal epithelium, then internalized by preimplantation embryos,
ultimately improving embryo development and quality through bioactive molecules contained in these
vesicles. Increasing evidence also indicates that the oviduct can enhance embryo development and
quality with the participation of OVS [10-12,57]. Generally, OVS mainly include proteins, mRNAs and
miRNAs. Almifiana et al. [11] isolated OVS from bovine oviductal fluid. Besides the proteins
characteristic of an exosomal proteomic signature, they also identified the presence of oviduct-specific
glycoprotein precursor 1 (OVGP1). OVGP1 can bind to the zona pellucida (ZP) of the oocyte or
early embryo, then interact with it and eventually cause the ZP to block polyspermic fertilization
and ensure normal embryonic development [52,58]. It is also known that during ciliary beating
and muscular contractions of the oviduct, OVGP1 can also prevent nutrients and ions from being
dispersed, thereby stabilizing the microenvironment of early embryos [59]. mRNAs that act on
embryos also have been identified in OVS. They are rich in mRNAs encoding ribosomal proteins,
which might participate in protein translation, immune signaling and development [60]. In addition,
the mRNAs associated with histone methyltransferases (e.g.,, EHMT1, EHMT2, EZH1, KMT2A,
KMT2B, KMT2C, PHF1, PHF2, PRMT5, SETD1A, and SETD2), histone demethylases (e.g., ARID5B,
IMJD1C, KDM2A, KDM3B, KDM5B, KDM5C, and KDM6B) and the DNA methyltransferase (DNMT1)
have also been identified in OVS, indicating that chromatin modification and epigenetic regulation
in the early embryo might be controlled by the oviduct via OVS [13]. Surprisingly, tumor protein
translationally-controlled 1 (TPT1), which can induce the activation of pluripotency genes such as Nanog
and Oct4 in oocytes, has also been identified in OVS [61]. Micro (mi)RNAs could promote degradation
or inhibit translation by binding to complementary sequences in target transcripts, eventually being
responsible for fine-tuning many gene regulatory networks. Regulatory miRNAs in OVS, such as
miR-375, might be associated with amino sugar and nucleotide sugar metabolisms and be involved in
cell fate determination in early embryos [13,62]. In addition, by using an integrated platform linking
miRNA targets and functions, a comprehensive analysis of miRNAs contained in OVS and their
potential target genes in embryos suggested that many miRNA target genes are involved in embryo
development, embryo morphology or implantation [13]. Several researchers have demonstrated
that several key genes for embryo development (e.g., Bcl2, Cdk6 and c-Myc), are also targets of OVS
miRNAs [63-65]. Currently, Qu et al. [66] have shown that neurohormone contained in OVS also
improved the developmental competence of embryos. Melatonin, which is involved in antioxidant
activity, is abundantly present in OVS. The addition of these OVS into the embryo culture media led to
a significant downregulation of reactive oxygen species (ROS) and 5-methylcytosine (5-mC) as well
as an increase in the blastocyst rate of embryos, which can be inhibited by the addition of luzindole
(a melatonin receptor agonist). Having these results in mind, we should be aware of the fact that
the molecular cargoes of OVS are under hormonal regulation, with considerable differences between
different stages of the estrous cycle [13]. This finding is consistent with previous transcriptome and
proteome studies in the oviduct during the estrous cycle [67-70].

On the other hand, the crosstalk between oviduct and embryo may not be unidirectional. It is
well known that maternal recognition of pregnancy occurs in the uterus; however, oviduct also
responded to embryo specifically. The oviductal epithelium can respond to signals from embryos
by altering the composition of the fluid it secretes [71,72]. A number of pieces of evidence also
indicated the impact of early embryo on the gene expression of oviduct epithelial cell. For instance,
in mice, the presence of early embryos upregulated the expression of genes such as T4, Rpl41 and
MLC3nm in oviduct [73]. In pigs, the presence of early embryos regulates the expression of Ticam2,
an immune-related gene, in the oviduct epithelium, which depends on the embryo developmental
stages [71]. Moreover, early embryos can also release EVs [74-77] that in turn might be components
of OVS. Given this background, we hypothesized that oviduct may also respond to preimplantation
embryos due to embryo-derived EVs. Overall, given their molecular cargoes, OVS as communicating
mediators may facilitate cross-talk between the oviduct and preimplantation embryos as two-way
traffic (Figure 1).
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Figure 1. Scheme of the two-way communication between oviductal epithelial cells and embryos.
The oviduct comprises ciliated and secretory cells. Oviductosomes (OVS)-containing proteins,
mRNAs and miRNAs, are released from secretory cells, then internalized by two-cell embryos.
These embryos also release OVS that are internalized by the epithelial cells. Ultimately, OVS as
communicating mediators facilitate the cross-talk between oviductal epithelial cells and two-cell-stage
embryos as two-way traffic.

4. Oviductosomes: Possibilities for Optimizing In Vitro Culture Systems

Several key early embryo developmental events such as the first cleavage division and activation
of the diploid embryonic genome, occur in the oviduct, and the embryos undergo epigenetic changes
responsible for further development. However, embryos in in vitro conditions are inferior, as shown
by lower blastocyst formation rates, altered inner cell mass/trophectoderm ratios and abnormal gene
expression patterns [2,3,78]. Moreover, embryos produced under in vitro conditions have higher levels
of DNA methylation than when growing in vivo [79]. It is worth mentioning that, despite considerable
improvements in IVC systems designed to support early embryo development, such culture systems
are still far from the normal physiological environment in the oviduct, where oviduct-derived soluble
molecules, antioxidants, ciliary beating and oviduct-embryo crosstalk exist. Conventional IVC systems
might compromise the developmental competence of preimplantation embryos in the absence of
assistance from the oviduct [80]. Thus, the quality of embryos cocultured with oviductal epithelial
cells is superior to that of embryos grown without coculture [5], so bovine oviductal epithelial
cells can help overcome the developmental block at the 8- to 16-cell stage in IVC-produced cattle
embryos [81]. In addition, culture systems using conditioned media also support the development of
early embryos [82]. Thus, Lopera-Vasquez et al. [12] demonstrated that a medium conditioned with
oviductal epithelial cells could improve blastocyst quality to the same extent as conventional coculture
systems, and this positive effect could be reproduced by the sole addition of OVS isolated from such
conditioned medium. Electron microscopy and nanoparticle tracking analysis also confirmed the
presence of OVS in these types of conditioned media derived from the extended culture of oviductal
epithelial cells monolayers [12].

Given this background, we hypothesized that current IVC conditions are suboptimal largely
because OVS, which produce an ideal natural shuttle for carrying specific bioactive molecular cargo
into preimplantation embryos, are absent. Up to now, supplementation with OVS during IVC has
shown positive effects. For example, the supplementation of IVC media with OVS downregulates the
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expressions of the pregnancy recognition factor interferon-tau (Ifnt) and placenta-specific 8 (Plac8)
genes that are linked to implantation [10]. Moreover, supplementation of IVC media with OVS
might also alter the expressions of Bax, Bcl2 and Oct4 genes that associated with apoptosis and cell
proliferation in embryos [12]. In addition, supplementation of IVC media with OVS also improved
embryo development and cryosurvival [10,11]. Although suboptimal IVC conditions might lead
to epigenetic effects on embryo developmental potential [83-85], supplementation of IVC media
with OVS containing mRNAs linked to chromatin modification, such as histone methyltransferases,
histone demethylases or DNA methyltransferase, will also partly revert the abnormal epigenetic
modifications [13]. Thus, adding OVS into IVC media could deliver a cocktail of specific bioactive
molecule into embryos and mimic the communication between oviductal epithelium and embryos and
overcome the deficiencies in IVC systems. Furthermore, increasing our understanding of the content
and function of OVS will provide great potential for optimizing IVC systems from a novel perspective.

Although this paper mainly discusses the role of OVS in optimizing in vitro culture systems,
we shall also bear in mind that besides OVS, soluble molecules presented in oviductal fluid may also
play vital roles in supporting embryo development. For example, oviduct-derived C3/C3b which
was converted to IC3b, improves the development of embryos [51]. In addition, antioxidants in
oviductal fluid may protect the embryos against reactive oxygen species in the microenvironment;
large amounts of taurine and hypotaurine, which were synthesized and secreted by oviduct epithelial
cells, have important antioxidant functions for embryos [86].

5. Oviductosomes: Potential Tools for Delivering Exogenous Nucleic Acids into
Preimplantation Embryos

Due to the presence of the ZP barrier, zygotes and preimplantation embryos are remarkably
resistant to the uptake of exogenous genetic material. It is also well known that because of a
similar electrical charge to that of the cell membrane, nucleic acids are usually unable to pass
such membranes [87-89]. In practice, the delivery of nucleic acids into preimplantation embryos
mainly relies on microinjection, in vitro electroporation, viral transduction or liposomal transfection.
Unfortunately, all these transgenic procedures have defects. For example, microinjection requires an
expensive micromanipulator system and high-skill techniques. In addition, RNA interference (RNA1)
experiments based on the microinjection of short interfering (si)RNA, can only be carried out on 1-cell
zygotes [90-92], meaning that microinjection might not be suitable for RNAi experiments when the
target genes need to be silenced at the 4-cell or 8-cell stages. The preparation and concentration of viral
particles prior to infection are time-consuming and labor-intensive, so viral transduction based on
viral vectors is inconvenient. In vitro electroporation has not made a significant advance in delivering
nucleic acids into preimplantation embryos, because the ZP must be removed prior to electroporation;
then, the ZP-free embryos tend to be trapped by the oviductal epithelium [93,94]. In addition, in vitro
electroporation by itself can also cause damage [95]. Because the ZP acts as a barrier and blocks
transfection, the efficiency of liposomal transfection is also low [96]. Thus, although preimplantation
embryos devoid of the ZP could be transfected successfully [97], those transfected with liposomes
also suffer similar shortcomings as embryos transfected by electroporation because of the absence of
the ZP. The use of biocompatible nanomaterials with their large loading capacity, stability and highly
specific affinity towards targeted cell populations [98,99] might prove to be a novel minimally invasive
technique to deliver biomolecules into embryos, while the nonbiodegradable nature of nanomaterials
limits their practical application [100]. Thus, a more effective delivery method for transfection with
nucleic acids is highly desirable.

EVs, as nanosized biological vesicles, might provide a natural way to deliver functional nucleic
acid molecules into recipient cells. This possibility has created much excitement among researchers
seeking effective alternative delivery strategies. Using EVs as exogenous nucleic acid delivery vesicles
has the following advantages. First, EVs are produced during natural cell cycles and are composed
of endogenous cell membrane lipids and proteins, which allows them to more faithfully mimic the
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cell membrane than liposomes. Generally, liposomes, the synthetic vesicles, commonly interact with
serum proteins or innate immune response molecules, and then may be destroyed by the immune
system. However, it is well known that the surfaces of EVs have similar surface markers as cells,
which prevents provocations of immune response [101]. Second, it is well known that free genetic
material such as RNA molecules are fragile once in an extracellular environment. Several studies have
shown that the lipid-rich membranes of EVs can serve to protect the internalized RNA molecules from
degradation by extracellular RNases [102,103]. Third, EVs can also protect internalized RNA cargoes
against environmental factors such as temperature changes. Ge et al. [104] have shown that EVs stored
at —20 °C are able to retain their stored miRNAs unchanged for up to 5 years.

Two strategies have been used for loading EVs with nucleic acid molecules: during EVs biogenesis
and after their isolation. Once the desired miRNA is introduced to cells, they can provide a continuous
overexpression, and then EVs with an increased level of this miRINA, are released. This is because
miRNAs are sorted to exosomes when the expression levels of endogenous mRNAs—the targets of
miRNAs—are downregulated, and vice versa [105,106]. On the other hand, electroporation can also
successfully introduce heterologous siRNAs into EVs. Briefly, to load EVs with heterologous siRNAs,
isolated EVs are mixed with the siRNAs, then incubated on ice for 10 min and exposed to an electric
field pulse [15]. Importantly, other studies have also shown that heterologous small RNAs, delivered
by EVs, are functional in recipient cells [102,107,108].

Early embryos travel down the oviduct to reach the uterus, which provides a short time
window but has huge consequences persisting into later stages of development. During this time,
essential developmental events, such as first cleavage, zygotic gene activation (ZGA) and starting
epigenetic reprogramming, occur in microenvironment of oviduct. More often, delivering exogenous
nucleic acids into IVC-derived embryos needs to be completed prior to preimplantation stage.
Nevertheless, embryos, cultured in IVC condition, bypass the embryo-oviduct interactions. OVS are
the major mediators involved in communication between oviductal epithelium and preimplantation
embryos. It is well known that the cell source of EVs may determine their biodistribution; that is to
say, OVS can be targeted to preimplantation embryos. Therefore, the use of OVS might serve as the
most physiologically appropriate method for delivering exogenous nucleic acids into preimplantation
embryos, mimicking the natural mechanisms of molecular cargo trafficking. Itis noteworthy thatanovel
exogenous nucleic acid delivery technology, called genome editing via oviductal nucleic acid delivery
(GONAD), can directly deliver exogenous nucleic acids into preimplantation embryos in the oviduct
in situ. Briefly, after surgical exposure of the oviduct, a solution of nucleic acids is instilled into the
oviduct, then electric pulses are applied for electroporation into the embryos [109,110]. Unfortunately,
besides the invasive surgery needed prior to electroporation, the GONAD technology also leads to
poor fetal development because of the physical damage caused by electric pulses [109,110]. It is clear
that oviductal epithelial cells release OVS into oviductal fluid that are involved in communication
between the epithelium and preimplantation embryos. When combined with GONAD technology that
can deliver exogenous nucleic acids into preimplantation embryos, we can assume that OVS might
function as carriers of exogenous nucleic acids following electroporation and then deliver them into
preimplantation embryos.

Currently, there are two methods available for obtaining OVS: from oviductal fluid aspirated
in vivo, or from the secretion of oviductal epithelial cells subjected to IVC. Although OVS can be
obtained from oviductal fluid, this source is limited, so oviductal epithelial cells subjected to IVC could
provide an alternative source [10]. Cell polarity is defined as the asymmetric organization of cellular
components, and this asymmetry can be associated with cell function, growth and survival [111].
The challenge now is to maintain cell polarity in IVC of oviductal epithelial cells as close as possible to
normal. To preserve cell polarity and mimic the microenvironment of the oviduct, air-liquid-interphase
(ALI) culture systems are needed for culturing in vivo-like primary oviductal epithelial cells [112,113].
Such ALI culture systems can secrete surrogate oviduct fluid and promote normal epithelial cell
differentiation (e.g., polarization, columnar shape and ciliary activity), and functional epithelial tissues
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have been established in vitro [112,113]. Embryos cocultured with these oviductal epithelial cells in
IVC systems can develop up to the blastocyst stage without the need for conventional embryo culture
media [114]. Thus, using ALI culture systems, oviductal epithelial cells subjected to IVC can maintain
their primary cell attributes and provide an alternative OVS source.

Given this background, we suggest the following technical approaches. After isolating OVS
from oviductal fluid or the secretions of oviductal epithelial cells subjected to IVC, exogenous nucleic
acids—in theory—could be loaded into the purified OVS using electroporation. After adding
these OVS into IVC media for preimplantation embryos and following the uptake of these OVS,
the exogenous nucleic acids might be able to carry out their biological activities in preimplantation
embryos. For instance, siRNAs could be transferred to preimplantation embryos via OVS (Figure 2).
In this way, OVS, as physiologically normal intracellular carriers, might function as transmitters of
exogenous nucleic acids. Moreover, only the OVS will be subjected to electroporation, leaving the
preimplantation embryos free from the associated damage caused by electroporation.
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Figure 2. Schematic illustration showing the potential technology involved in delivering exogenous
siRNAs into preimplantation embryos via OVS isolated from oviductal fluid. Alternatively, OVS could
also be isolated from surrogate oviduct fluid secreted by oviductal epithelial cells cultured
in an air-liquid-interphase (ALI) system and displaying normal morphological differentiation
(e.g., polarization, columnar shape and ciliary activity). After isolating the OVS, exogenous siRNAs
can be loaded into them by electroporation. After adding these OVS into the embryo in vitro culture
(IVC) system, they can be internalized, eventually silencing target genes in the embryos.

It is noteworthy that cellular nanoporation biochips have now been developed, enabling the
large-scale generation of functional mRNA-encapsulating exosomes. Yang et al. [115] cultured
monolayers of source cells over the chip, which contained an array of nano-channels. These were
subjected to transient electrical pulses that shuttled DNA plasmids from the buffer into the attached
cells. This method yielded a more than 50-fold increase in secreted EVs and a more than 10°-fold
increase in exosomal mRNA transcripts. We anticipate that the development of such novel biochip
nanotechnology will provide exciting tools to load EVs and OVS with exogenous nucleic acids.
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6. Challenges in Oviductosomes-Based Embryo Production

OVS provided promising tools for optimizing in vitro culture systems and delivering exogenous
nucleic acids into preimplantation embryos, which only involves the production of transgenic livestock,
not the clinical practice. However, there are still a number of challenges that need to be addressed.
One major challenge is whether the sufficient number of OVS can be obtained. Besides oviductal fluid,
oviductal epithelial cells subjected to IVC could provide an alternative OVS source, while the OVS
yield per cell will impact the final production, and selecting donors should be critical. At the same time,
because EVs play a vital role in pathological cellular processes (e.g., EVs are also secreted by a variety
of cancer cells) [116], the health status of donors should also be given full attention in the process
of selecting donors. The consistency of isolated OVS may be difficult to achieve as the OVS come
from many different donors and possesses inherent variability, and then immortalization of excellent
donor cells may maintain the consistency. Delivering Myc gene into excellent donor cells may allow
these donor cells to obtain immortalization without altering the fundamental characteristics [117].
It is well known that there is still no consensus on markers that distinguish the origin of various EVs,
and the absolute separation and definition of various EVs based on their size or biogenesis has not
been established [118]. Therefore, OVS may also be composed of a heterogeneous population in terms
of their biochemical composition, which prevents the use of OVS in clinic currently.

7. Conclusions

From an evolutionary perspective, OVS might act as conserved mediators of intercellular
communication between the mammalian oviduct and preimplantation embryos. This reciprocal
communication is not unidirectional, in that OVS are released from the oviductal epithelium and then
taken up by preimplantation embryos, improving their development. At the same time, OVS derived
from embryos can be taken up by the oviductal epithelium, eliciting maternal responses in terms
of biological functions and pathways. Because of the potential bioactive cargoes contained in OVS,
these provide new approaches for exploring the molecular mechanisms underlying intercellular
communication during embryogenesis. The application of OVS might help to improve IVC systems
for preimplantation embryos and provide exciting opportunities to develop novel methods for
delivering exogenous genetic material into them, and in enhancing the production of transgenic
animals. We anticipate that further investigations into the characteristics of OVS will open new
horizons for research on maternal-embryo interactions and transgenesis in livestock.
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ESCRT Endosomal sorting complexes required for transport
ovs Oviductosomes

IvC In vitro culture
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DNMT1 DNA methyltransferase
TPT1 Tumor protein translationally-controlled 1
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ZGA Zygotic gene activation

GONAD  Genome editing via oviductal nucleic acid delivery

ALI

Air-liquid-interphase

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Besenfelder, U.; Havlicek, V.; Brem, G. Role of the Oviduct in Early Embryo Development. Reprod. Domest.
Anim. 2012, 47, 156-163. [CrossRef] [PubMed]

Rizos, D.; Clemente, M.; Bermejo-Alvarez, P; De La Fuente, J.; Lonergan, P; Gutiérrez-Adan, A.
Consequences of In Vitro Culture Conditions on Embryo Development and Quality. Reprod. Domest. Anim.
2008, 43, 44-50. [CrossRef] [PubMed]

Plourde, D.; Vigneault, C.; Laflamme, I.; Blondin, P,; Robert, C. Cellular and molecular characterization of
the impact of laboratory setup on bovine in vitro embryo production. Theriogenology 2012, 77, 1767-1778.
[CrossRef] [PubMed]

Pontes, ].H.E; Nonato-Junior, I.; Sanches, B.V.; Ereno-Junior, J.C.; Uvo, S.; Barreiros, T.R.R.; Oliveira, J.A.;
Hasler, ].E.; Seneda, M.M. Comparison of embryo yield and pregnancy rate between in vivo and in vitro
methods in the same Nelore (Bos indicus) donor cows. Theriogenology 2009, 71, 690—-697. [CrossRef] [PubMed]
Cordova, A.; Perreau, C.; Uzbekova, S.; Ponsart, C.; Locatelli, Y.; Mermillod, P. Development rate and gene
expression of IVP bovine embryos cocultured with bovine oviduct epithelial cells at early or late stage of
preimplantation development. Theriogenology 2014, 81, 1163-1173. [CrossRef]

Lawson, C.; Kovacs, D.; Finding, E.; Ulfelder, E.; Luis-Fuentes, V. Extracellular Vesicles: Evolutionarily
Conserved Mediators of Intercellular Communication. Yale J. Biol. Med. 2017, 90, 481-491.

Van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev.
Mol. Cell Biol. 2018, 19, 213-228. [CrossRef]

Simons, M.; Raposo, G. Exosomes—Vesicular carriers for intercellular communication. Curr. Opin. Cell Biol.
2009, 21, 575-581. [CrossRef]

da Silveira, J.C.; Veeramachaneni, D.N.R.; Winger, Q.A.; Carnevale, EM.; Bouma, G.J. Cell-Secreted Vesicles in
Equine Ovarian Follicular Fluid Contain miRNAs and Proteins: A Possible New Form of Cell Communication
Within the Ovarian Folliclel. Biol. Reprod. 2012, 86. [CrossRef]

Lopera-Vasquez, R.; Hamdi, M.; Fernandez-Fuertes, B.; Maillo, V.; Beltran-Brefia, P,; Calle, A.; Redruello, A.;
Lopez-Martin, S.; Gutierrez-Adén, A.; Yafiez-Mo6, M.; et al. Extracellular Vesicles from BOEC in In Vitro
Embryo Development and Quality. PLoS ONE 2016, 11, e0148083. [CrossRef]

Carmen, A.; Emilie, C.; Guillaume, T.; Agostinho, S.A.-N.; Valérie, L.; Karine, R.; Laurent, G.; Rustem, U.;
Anastasiia, 5.G.; Xavier, D.; et al. Oviduct extracellular vesicles protein content and their role during
oviduct—embryo cross-talk. Reproduction 2017, 154, 253-268. [CrossRef]

Qu, P; Zhao, Y.; Wang, R.; Zhang, Y.; Li, L.; Fan, ].; Liu, E. Extracellular vesicles derived from donor oviduct
fluid improved birth rates after embryo transfer in mice. Reprod. Fertil. Dev. 2019, 31, 324-332. [CrossRef]
[PubMed]

Almifana, C.; Tsikis, G.; Labas, V.; Uzbekov, R.; da Silveira, ].C.; Bauersachs, S.; Mermillod, P. Deciphering
the oviductal extracellular vesicles content across the estrous cycle: Implications for the gametes-oviduct
interactions and the environment of the potential embryo. BMC Genom. 2018, 19, 622. [CrossRef] [PubMed]
Sato, M.; Ohtsuka, M.; Watanabe, S.; Gurumurthy, C.B. Nucleic acids delivery methods for genome editing
in zygotes and embryos: The old, the new, and the old-new. Biol. Direct 2016, 11, 16. [CrossRef] [PubMed]
Jessica, W.; Karlson, T.D.L.; Mikael, B.; Forugh, V.S.; Esbjorn, T.; Per, S.; Hadi, V. Plasma exosomes can deliver
exogenous short interfering RNA to monocytes and lymphocytes. Nucleic Acids Res. 2012, 40, e130.

Shtam, T.A.; Kovalev, R.A.; Varfolomeeva, E.Y.; Makarov, E.M.; Kil, Y.V,; Filatov, M.V. Exosomes are natural
carriers of exogenous siRNA to human cells in vitro. Cell Commun. Signal. 2013, 11, 88. [CrossRef]

Usman, W.M.; Pham, T.C.; Kwok, Y.Y;; Vu, L.T.; Ma, V.; Peng, B.; Chan, Y.S.; Wei, L.; Chin, SM.; Azad, A;
et al. Efficient RNA drug delivery using red blood cell extracellular vesicles. Nat. Commun. 2018, 9, 2359.
[CrossRef]


http://dx.doi.org/10.1111/j.1439-0531.2012.02070.x
http://www.ncbi.nlm.nih.gov/pubmed/22827365
http://dx.doi.org/10.1111/j.1439-0531.2008.01230.x
http://www.ncbi.nlm.nih.gov/pubmed/18803756
http://dx.doi.org/10.1016/j.theriogenology.2011.12.021
http://www.ncbi.nlm.nih.gov/pubmed/22365704
http://dx.doi.org/10.1016/j.theriogenology.2008.09.031
http://www.ncbi.nlm.nih.gov/pubmed/18995895
http://dx.doi.org/10.1016/j.theriogenology.2014.01.012
http://dx.doi.org/10.1038/nrm.2017.125
http://dx.doi.org/10.1016/j.ceb.2009.03.007
http://dx.doi.org/10.1095/biolreprod.111.093252
http://dx.doi.org/10.1371/journal.pone.0148083
http://dx.doi.org/10.1530/REP-17-0054
http://dx.doi.org/10.1071/RD18203
http://www.ncbi.nlm.nih.gov/pubmed/30196804
http://dx.doi.org/10.1186/s12864-018-4982-5
http://www.ncbi.nlm.nih.gov/pubmed/30134841
http://dx.doi.org/10.1186/s13062-016-0115-8
http://www.ncbi.nlm.nih.gov/pubmed/27037013
http://dx.doi.org/10.1186/1478-811X-11-88
http://dx.doi.org/10.1038/s41467-018-04791-8

Int. ]. Mol. Sci. 2020, 21, 2189 110f 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kotmakg¢i, M.; Bozok Cetintas, V. Extracellular Vesicles as Natural Nanosized Delivery Systems for
Small-Molecule Drugs and Genetic Material: Steps towards the Future Nanomedicines. . Pharm. Pharm. Sci.
2015, 18, 396-413. [CrossRef]

Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, ].D.; Andriantsitohaina, R.; Antoniou, A.;
Arab, T.; Archer, F,; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the
MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [CrossRef]

Mannavola, F.; D’Oronzo, S.; Cives, M.; Stucci, S.L.; Ranieri, G.; Silvestris, F.; Tucci, M. Extracellular Vesicles
and Epigenetic Modifications Are Hallmarks of Melanoma Progression. Int. J. Mol. Sci. 2019, 21, 52.
[CrossRef]

Maas, S.L.N.; Breakefield, X.O.; Weaver, A.M. Extracellular Vesicles: Unique Intercellular Delivery Vehicles.
Trends Cell Biol. 2017, 27, 172-188. [CrossRef] [PubMed]

Gan, X.; Gould, S.J. Identification of an inhibitory budding signal that blocks the release of HIV particles and
exosome/microvesicle proteins. Mol. Biol. Cell 2011, 22, 817-830. [CrossRef] [PubMed]

Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases
2017, 8, 220-232. [CrossRef] [PubMed]

Cocucci, E.; Racchetti, G.; Meldolesi, J.; Cocucci, E.; Racchetti, G.; Meldolesi, J. Shedding microvesicles:
Artefacts no more. Trends Cell Biol. 2009, 19, 43-51. [CrossRef] [PubMed]

Lim, J.Y.; Fernandis, A.Z.; Wenk, M.R.; Kale, A.; Su, L.L.; Biswas, A.; Vasoo, S.; Shui, G.; Choolani, M.
Lipidomic analysis of human placental Syncytiotrophoblast microvesicles in adverse pregnancy outcomes.
Placenta 2013, 34, 436-442. [CrossRef]

Akers, J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of extracellular vesicles (EV): Exosomes,
microvesicles, retrovirus-like vesicles, and apoptotic bodies. J. Neuro Oncol. 2013, 113, 1-11. [CrossRef]

Di Vizio, D.; Morello, M.; Dudley, A.C.; Schow, PW.; Adam, R.M.; Morley, S.; Mulholland, D.; Rotinen, M.;
Hager, M.H.; Insabato, L.; et al. Large Oncosomes in Human Prostate Cancer Tissues and in the Circulation
of Mice with Metastatic Disease. Am. J. Pathol. 2012, 181, 1573-1584. [CrossRef]

Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.;
Bojmar, L.; et al. Identification of distinct nanoparticles and subsets of extracellular vesicles by asymmetric
flow field-flow fractionation. Nat. Cell Biol. 2018, 20, 332-343. [CrossRef]

Witwer, KW.; Van Balkom, B.W.M.; Bruno, S.; Choo, A.; Dominici, M.; Gimona, M.; Hill, A.F,; De Kleijn, D.;
Koh, M,; Lai, R.C,; et al. Defining mesenchymal stromal cell (MSC)-derived small extracellular vesicles for
therapeutic applications. . Extracell. Vesicles 2019, 8, 1609206. [CrossRef]

Poon, L.K.H.; Lucas, C.D.; Rossi, A.G.; Ravichandran, K.S. Apoptotic cell clearance: Basic biology and
therapeutic potential. Nat. Rev. Immunol. 2014, 14, 166-180. [CrossRef]

Ravichandran, S.K. Find-me and eat-me signals in apoptotic cell clearance: Progress and conundrums.
J. Exp. Med. 2010, 207, 1807-1817. [CrossRef] [PubMed]

Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200,
373-383. [CrossRef] [PubMed]

Cai, J.; Han, Y.; Ren, H.; Chen, C.; He, D.; Zhou, L.; Eisner, G.M.; Asico, L.D.; Jose, P.A.; Zeng, C. Extracellular
vesicle-mediated transfer of donor genomic DNA to recipient cells is a novel mechanism for genetic influence
between cells. J. Mol. Cell Biol. 2013, 5, 227-238. [CrossRef] [PubMed]

Simon, B.; Bolumar, D.; Amadoz, A.; Jimenez-Almazan, J.; Valbuena, D.; Vilella, E; Moreno, L
Identification and Characterization of Extracellular Vesicles and Its DNA Cargo Secreted During Murine
Embryo Development. Genes 2020, 11, 203. [CrossRef] [PubMed]

Pan, B.; Teng, K.; Wu, C.; Adam, M.; Johnstone, R. Electron microscopic evidence for externalization of the
transferrin receptor in vesicular form in sheep reticulocytes. J. Cell Biol. 1985, 101, 942-948. [CrossRef]
[PubMed]

Caby, M.-P,; Lankar, D.; Vincendeau-Scherrer, C.; Raposo, G.; Bonnerot, C. Exosomal-like vesicles are present
in human blood plasma. Int. Immunol. 2005, 17, 879-887. [CrossRef] [PubMed]

Pisitkun, T.; Shen, R.-F; Knepper, M. A. Identification and proteomic profiling of exosomes in human urine.
Proc. Natl. Acad. Sci. USA 2004, 101, 13368-13373. [CrossRef]

Vella, L.J.; Sharples, R.A.; Lawson, V.A.; Masters, C.L.; Cappai, R.; Hill, A.F. Packaging of prions into
exosomes is associated with a novel pathway of PrP processing. J. Pathol. 2007, 211, 582-590. [CrossRef]


http://dx.doi.org/10.18433/J36W3X
http://dx.doi.org/10.1080/20013078.2018.1535750
http://dx.doi.org/10.3390/ijms21010052
http://dx.doi.org/10.1016/j.tcb.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27979573
http://dx.doi.org/10.1091/mbc.e10-07-0625
http://www.ncbi.nlm.nih.gov/pubmed/21248205
http://dx.doi.org/10.1080/21541248.2016.1215283
http://www.ncbi.nlm.nih.gov/pubmed/27494381
http://dx.doi.org/10.1016/j.tcb.2008.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19144520
http://dx.doi.org/10.1016/j.placenta.2013.02.004
http://dx.doi.org/10.1007/s11060-013-1084-8
http://dx.doi.org/10.1016/j.ajpath.2012.07.030
http://dx.doi.org/10.1038/s41556-018-0040-4
http://dx.doi.org/10.1080/20013078.2019.1609206
http://dx.doi.org/10.1038/nri3607
http://dx.doi.org/10.1084/jem.20101157
http://www.ncbi.nlm.nih.gov/pubmed/20805564
http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://dx.doi.org/10.1093/jmcb/mjt011
http://www.ncbi.nlm.nih.gov/pubmed/23580760
http://dx.doi.org/10.3390/genes11020203
http://www.ncbi.nlm.nih.gov/pubmed/32079252
http://dx.doi.org/10.1083/jcb.101.3.942
http://www.ncbi.nlm.nih.gov/pubmed/2993317
http://dx.doi.org/10.1093/intimm/dxh267
http://www.ncbi.nlm.nih.gov/pubmed/15908444
http://dx.doi.org/10.1073/pnas.0403453101
http://dx.doi.org/10.1002/path.2145

Int. ]. Mol. Sci. 2020, 21, 2189 12 0of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Admyre, C.; Johansson, S.M.; Qazi, K.R,; Filén, J.-].; Lahesmaa, R.; Norman, M.; Neve, E.P.A; Scheynius, A.;
Gabrielsson, S. Exosomes with Immune Modulatory Features Are Present in Human Breast Milk. J. Immunol.
2007, 179, 1969-1978. [CrossRef]

Ogawa, Y.; kanai-azuma, M.; Akimoto, Y.; Kawakami, H.; Yanoshita, R. Exosome-Like Vesicles with
Dipeptidyl Peptidase IV in Human Saliva. Biol. Pharm. Bull. 2008, 31, 1059-1062. [CrossRef]

Raposo, G.; Nijman, H.; Stoorvogel, W.; Liejendekker, R.; Harding, C.; Melief, C.; Geuze, H. B Lymphocytes
Secrete Antigen-presenting Vesicles. |. Exp. Med. 1996, 183, 1161-1172. [CrossRef]

Johnstone, RM.; Adam, M.; Hammond, J.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte
maturation. Association of plasma membrane activities with released vesicles (exosomes). |. Biol. Chem.
1987, 262, 9412-9420. [PubMed]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].; Lotvall, J.; Valadi, H.; Ekstrom, K.; Bossios, A.;
Sjostrand, M.; et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic
exchange between cells. Nat. Cell Biol. 2007, 9, 654—659. [CrossRef] [PubMed]

Colombo, M.; Raposo, G.; Théry, C. Biogenesis, Secretion, and Intercellular Interactions of Exosomes and
Other Extracellular Vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289. [CrossRef]

Lo Cicero, A.; Stahl, P; Raposo, G. Extracellular vesicles shuffling intercellular messages: For good or for bad.
Curr. Opin. Cell Biol. 2015, 35, 69-77. [CrossRef]

Yariez-Mo, M.; Siljander, PR.M.; Andreu, Z.; Bedina Zavec, A.; Borras, FE.; Buzas, E.I; Buzas, K,; Casal, E.;
Cappello, F; Carvalho, J.; et al. Biological properties of extracellular vesicles and their physiological functions.
J. Extracell. Vesicles 2015, 4, 27066. [CrossRef] [PubMed]

Li, P; Kaslan, M,; Lee, S.; Tan, J.; Gao, Z. Progress in Exosome Isolation Techniques. Theranostics 2017, 7,
789-804. [CrossRef]

Yang, F; Liao, X.; Tian, Y., Li, G. Exosome separation using microfluidic systems: Size-based,
immunoaffinity-based and dynamic methodologies. Biotechnol. |. 2017, 12, 1600699. [CrossRef]

Guo, S.-C.; Tao, S.-C.; Dawn, H. Microfluidics-based on-a-chip systems for isolating and analysing extracellular
vesicles. J. Extracell. Vesicles 2018, 7, 1508271. [CrossRef]

Lin, S; Yu, Z; Chen, D.; Wang, Z.; Miao, J.; Li, Q.; Zhang, D.; Song, J.; Cui, D. Progress in Microfluidics-Based
Exosome Separation and Detection Technologies for Diagnostic Applications. Small 2019, 16, 1903916.
[CrossRef]

Lee, Y.-L.; Lee, K.-E; Xu, ].-S.; He, Q.-Y.; Chiu, J.-F,; Lee, W.; Luk, J.; Yeung, W. The Embryotrophic Activity of
Oviductal Cell-derived Complement C3b and iC3b, a Novel Function of Complement Protein in Reproduction.
J. Biol. Chem. 2004, 279, 12763-12768. [CrossRef] [PubMed]

Coy, P; Canovas, S.; Mondéjar, I.; Saavedra, M.D.; Romar, R.; Grullén, L.; Matas, C.; Avilés, M. Oviduct-specific
glycoprotein and heparin modulate sperm-zona pellucida interaction during fertilization and contribute to
the control of polyspermy. Proc. Natl. Acad. Sci. USA 2008, 105, 15809-15814. [CrossRef] [PubMed]
Al-Dossary, A.A.; Strehler, E.E.; Martin-DeLeon, P.A. Expression and Secretion of Plasma Membrane
Ca2+-ATPase 4a (PMCA4a) during Murine Estrus: Association with Oviductal Exosomes and Uptake in
Sperm. PLoS ONE 2013, 8, e80181. [CrossRef] [PubMed]

Bathala, P; Fereshteh, Z.; Li, K.; Al-Dossary, A.A.; Galileo, D.S.; Martin-DeLeon, P.A. Oviductal extracellular
vesicles (oviductosomes, OVS) are conserved in humans: Murine OVS play a pivotal role in sperm capacitation
and fertility. Mol. Hum. Reprod. 2018, 24, 143-157. [CrossRef] [PubMed]

Huang, A.; Isobe, N.; Yoshimura, Y. Changes in localization and density of CD63-positive exosome-like
substances in the hen oviduct with artificial insemination and their effect on sperm viability. Theriogenology
2017, 101, 135-143. [CrossRef]

Alcantara-Neto, A.S.; Fernandez-Rufete, M.; Corbin, E.; Tsikis, G.; Uzbekov, R.; Garanina, A.S.; Coy, P;
Almifnana, C.; Mermillod, P. Oviduct fluid extracellular vesicles regulate polyspermy during porcine in vitro
fertilisation. Reprod. Fertil. Dev. 2020, 32, 409-418. [CrossRef]

Ricaurte, L.-V.; Meriem, H.; Veronica, M.; Alfonso, G.-A.; Pablo, B.-A.; Miguel Angel, R.; Maria, Y.-M.;
Dimitrios, R. Effect of bovine oviductal extracellular vesicles on embryo development and quality in vitro.
Reproduction 2017, 153, 461-470. [CrossRef]

Algarra, B.; Han, L.; Soriano-Ubeda, C.; Avilés, M.; Coy, P; Jovine, L.; Jiménez-Movilla, M. The C-terminal
region of OVGP1 remodels the zona pellucida and modifies fertility parameters. Sci. Rep. 2016, 6, 32556.
[CrossRef]


http://dx.doi.org/10.4049/jimmunol.179.3.1969
http://dx.doi.org/10.1248/bpb.31.1059
http://dx.doi.org/10.1084/jem.183.3.1161
http://www.ncbi.nlm.nih.gov/pubmed/3597417
http://dx.doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://dx.doi.org/10.1146/annurev-cellbio-101512-122326
http://dx.doi.org/10.1016/j.ceb.2015.04.013
http://dx.doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
http://dx.doi.org/10.7150/thno.18133
http://dx.doi.org/10.1002/biot.201600699
http://dx.doi.org/10.1080/20013078.2018.1508271
http://dx.doi.org/10.1002/smll.201903916
http://dx.doi.org/10.1074/jbc.M311160200
http://www.ncbi.nlm.nih.gov/pubmed/14699127
http://dx.doi.org/10.1073/pnas.0804422105
http://www.ncbi.nlm.nih.gov/pubmed/18838686
http://dx.doi.org/10.1371/journal.pone.0080181
http://www.ncbi.nlm.nih.gov/pubmed/24244642
http://dx.doi.org/10.1093/molehr/gay003
http://www.ncbi.nlm.nih.gov/pubmed/29370405
http://dx.doi.org/10.1016/j.theriogenology.2017.06.028
http://dx.doi.org/10.1071/RD19058
http://dx.doi.org/10.1530/REP-16-0384
http://dx.doi.org/10.1038/srep32556

Int. ]. Mol. Sci. 2020, 21, 2189 13 of 16

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

HF Hunter, R. Modulation of gamete and embryonic microenvironments by oviduct glycoproteins.
Mol. Reprod. Dev. 1994, 39, 176-181. [CrossRef]

Zhou, X.; Liao, W.-].; Liao, ].-M.; Liao, P; Lu, H. Ribosomal proteins: Functions beyond the ribosome. J. Mol.
Cell Biol. 2015, 7, 92-104. [CrossRef]

Koziol, M.].; Garrett, N.; Gurdon, J.B. Tptl Activates Transcription of oct4 and nanog in Transplanted Somatic
Nuclei. Curr. Biol. 2007, 17, 801-807. [CrossRef] [PubMed]

Hinton, A.; Afrikanova, I.; Wilson, M.; King, C.C.; Maurer, B.; Yeo, G.W.; Hayek, A.; Pasquinelli, A.E.
A Distinct MicroRNA Signature for Definitive Endoderm Derived From Human Embryonic Stem Cells.
Stem Cells Dev. 2009, 19, 797-807. [CrossRef] [PubMed]

Fereshteh, Z.; Schmidt, S.A.; Al-Dossary, A.A.; Accerbi, M.; Arighi, C.; Cowart, J.; Song, J.L.; Green, PJ.;
Choi, K.; Yoo, S.; et al. Murine Oviductosomes (OVS) microRNA profiling during the estrous cycle:
Delivery of OVS-borne microRNAs to sperm where miR-34c-5p localizes at the centrosome. Sci. Rep. 2018, 8,
16094. [CrossRef]

Liu, W.-M.; Pang, R.T.K,; Chiu, PC.N.; Wong, B.P.C.; Lao, K,; Lee, K.-F,; Yeung, W.S.B. Sperm-borne
microRNA-34c is required for the first cleavage division in mouse. Proc. Natl. Acad. Sci. USA 2012, 109, 490.
[CrossRef] [PubMed]

Wang, M.; Gao, Y.; Qu, P; Qing, S.; Qiao, F; Zhang, Y.; Mager, ].; Wang, Y. Sperm-borne miR-449b influences
cleavage, epigenetic reprogramming and apoptosis of SCNT embryos in bovine. Sci. Rep. 2017, 7, 13403.
[CrossRef]

Qu, P; Luo, S;; Du, Y,; Zhang, Y.; Song, X,; Yuan, X.; Lin, Z.; Li, Y,; Liu, E. Extracellular vesicles and melatonin
benefit embryonic develop by regulating reactive oxygen species and 5-methylcytosine. J. Pineal Res. 2020,
€12635. [CrossRef]

Bauersachs, S.; Rehfeld, S.; Ulbrich, S.E.; Mallok, S.; Prelle, K.; Wenigerkind, H.; Einspanier, R.; Blum, H.;
Wolf, E. Monitoring gene expression changes in bovine oviduct epithelial cells during the oestrous cycle.
J. Mol. Endocrinol. 2004, 32, 449-466. [CrossRef]

Acuna, O.S.; Avilés, M.; L()pez—[jbeda, R.; Guillén-Martinez, A.; Soriano-Ubeda, C.; Torrecillas, A.;
Coy, P; Izquierdo-Rico, M.]. Differential gene expression in porcine oviduct during the oestrous cycle.
Reprod. Fertil. Dev. 2017, 29, 2387-2399. [CrossRef]

Cerny, K.L.; Garrett, E.; Walton, A.J.; Anderson, L.H.; Bridges, PJ. A transcriptomal analysis of bovine
oviductal epithelial cells collected during the follicular phase versus the luteal phase of the estrous cycle.
Reprod. Biol. Endocrinol. 2015, 13, 84. [CrossRef]

Soleilhavoup, C.; Riou, C.; Tsikis, G.; Labas, V.; Harichaux, G.; Kohnke, P.; Reynaud, K.; de Graaf, S.P;
Gerard, N.; Druart, X. Proteomes of the Female Genital Tract During the Oestrous Cycle. Mol. Cell. Proteom.
2016, 15, 93. [CrossRef]

Almifana, C.; Heath, PR.; Wilkinson, S.; Sanchez-Osorio, J.; Cuello, C.; Parrilla, I; Gil, M.A.; Vazquez, J.L.;
Vazquez, ] M.; Roca, ].; et al. Early Developing Pig Embryos Mediate Their Own Environment in the Maternal
Tract. PLoS ONE 2012, 7, €33625. [CrossRef] [PubMed]

Maillo, V.; Gaora, P; Forde, N.; Besenfelder, U.; Havlicek, V.; Burns, G.; Spencer, T.; Gutiérrez-Adan, A.;
Lonergan, P; Rizos, D. Oviduct-Embryo Interactions in Cattle: Two-Way Traffic or a One-Way Street?
Biol. Reprod. 2015, 92. [CrossRef] [PubMed]

Lee, K.-E; Yao, Y.-Q.; Kwok, K.-L.; Xu, J.-S.; Yeung, W.S.B. Early Developing Embryos Affect the Gene
Expression Patterns in the Mouse Oviduct. Biochem. Biophys. Res. Commun. 2002, 292, 564-570. [CrossRef]
[PubMed]

Saadeldin, I.; Kim, S.; Choi, Y.; Lee, B. Improvement of Cloned Embryos Development by Co-Culturing
with Parthenotes: A Possible Role of Exosomes/Microvesicles for Embryos Paracrine Communication.
Cell. Reprogram. 2014, 16, 223-234. [CrossRef] [PubMed]

Qu, P; Qing, S.; Liu, R.; Qin, H.; Wang, W.; Qiao, F.; Ge, H,; Liu, J.; Zhang, Y.; Cui, W.; et al. Effects of
embryo-derived exosomes on the development of bovine cloned embryos. PLoS ONE 2017, 12, e0174535.
[CrossRef]

Kim, J.; Lee, J.; Lee, T.B.; Jun, ].H. Embryotrophic effects of extracellular vesicles derived from outgrowth
embryos in pre- and peri-implantation embryonic development in mice. Mol. Reprod. Dev. 2019, 86, 187-196.
[CrossRef]


http://dx.doi.org/10.1002/mrd.1080390209
http://dx.doi.org/10.1093/jmcb/mjv014
http://dx.doi.org/10.1016/j.cub.2007.03.062
http://www.ncbi.nlm.nih.gov/pubmed/17442571
http://dx.doi.org/10.1089/scd.2009.0224
http://www.ncbi.nlm.nih.gov/pubmed/19807270
http://dx.doi.org/10.1038/s41598-018-34409-4
http://dx.doi.org/10.1073/pnas.1110368109
http://www.ncbi.nlm.nih.gov/pubmed/22203953
http://dx.doi.org/10.1038/s41598-017-13899-8
http://dx.doi.org/10.1111/jpi.12635
http://dx.doi.org/10.1677/jme.0.0320449
http://dx.doi.org/10.1071/RD16457
http://dx.doi.org/10.1186/s12958-015-0077-1
http://dx.doi.org/10.1074/mcp.M115.052332
http://dx.doi.org/10.1371/journal.pone.0033625
http://www.ncbi.nlm.nih.gov/pubmed/22470458
http://dx.doi.org/10.1095/biolreprod.115.127969
http://www.ncbi.nlm.nih.gov/pubmed/25926440
http://dx.doi.org/10.1006/bbrc.2002.6676
http://www.ncbi.nlm.nih.gov/pubmed/11906198
http://dx.doi.org/10.1089/cell.2014.0003
http://www.ncbi.nlm.nih.gov/pubmed/24773308
http://dx.doi.org/10.1371/journal.pone.0174535
http://dx.doi.org/10.1002/mrd.23093

Int. ]. Mol. Sci. 2020, 21, 2189 14 of 16

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Pavani, C.K,; Hendrix, A.; Van Den Broeck, W.; Couck, L.; Szymanska, K.; Lin, X.; De Koster, J.; Van Soom, A.;
Leemans, B. Isolation and Characterization of Functionally Active Extracellular Vesicles from Culture
Medium Conditioned by Bovine Embryos In Vitro. Int. ]. Mol. Sci. 2018, 20, 38. [CrossRef]

Niemann, H.; Wrenzycki, C. Alterations of expression of developmentally important genes in preimplantation
bovine embryos by in vitro culture conditions: Implications for subsequent development. Theriogenology
2000, 53, 21-34. [CrossRef]

Deshmukh, R.S.; Ostrup, O.; Ostrup, E.; Vejlsted, M.; Niemann, H.; Lucas-Hahn, A.; Petersen, B.; Li, J.;
Callesen, H.; Hyttel, P. DNA methylation in porcine preimplantation embryos developed in vivo and
produced by in vitro fertilization, parthenogenetic activation and somatic cell nuclear transfer. Epigenetics
2011, 6, 177-187. [CrossRef]

Wrenzycki, C.; Herrmann, D.; Lucas-Hahn, A.; Gebert, C.; Korsawe, K.; Lemme, E.; Carnwath, JW.;
Niemann, H. Epigenetic reprogramming throughout preimplantation development and consequences for
assisted reproductive technologies. Birth Defects Res. Part C Embryo Today Rev. 2005, 75, 1-9. [CrossRef]
Ellington, ].E.; Carney, E.W,; Farrell, P.B.; Simkin, M.E.; Foote, R.H. Bovine 1-2-Cell Embryo Development
Using a Simple Medium in Three Oviduct Epithelial Cell Coculture Systems1. Biol. Reprod. 1990, 43, 97-104.
[CrossRef] [PubMed]

Wang, W.L,; Jiang, H.S.; Lu, K.H.; Gordon, I. Effect of condition medium and glucose concentration on the
in vitro development of early bovine embryos. Theriogenology 1990, 33, 343. [CrossRef]

Beaujean, N. Epigenetics, embryo quality and developmental potential. Reprod. Fertil. Dev. 2014, 27, 53-62.
[CrossRef] [PubMed]

Bertoldo, M.].; Locatelli, Y.; O'Neill, C.; Mermillod, P. Impacts of and interactions between environmental
stress and epigenetic programming during early embryo development. Reprod. Fertil. Dev. 2014, 27,
1125-1136. [CrossRef]

Salilew-Wondim, D.; Saeed-Zidane, M.; Hoelker, M.; Gebremedhn, S.; Poirier, M.; Pandey, H.O.; Tholen, E.;
Neubhoff, C.; Held, E.; Besenfelder, U.; et al. Genome-wide DNA methylation patterns of bovine blastocysts
derived from in vivo embryos subjected to in vitro culture before, during or after embryonic genome
activation. BMC Genom. 2018, 19, 424. [CrossRef]

Guérin, P.; El Mouatassim, S.; Ménézo, Y. Oxidative stress and protection against reactive oxygen species in
the pre-implantation embryo and its surroundings. Hum. Reprod. Update 2001, 7, 175-189. [CrossRef]
Dominska, M.; Dykxhoorn, D.M. Breaking down the barriers: siRNA delivery and endosome escape. J. Cell
Sci. 2010, 123, 1183. [CrossRef]

Zhu, L.; Mahato, R.I. Lipid and polymeric carrier-mediated nucleic acid delivery. Expert Opin. Drug Deliv.
2010, 7, 1209-1226. [CrossRef]

Dizaj, S.M.; Jafari, S.; Khosroushahi, A.Y. A sight on the current nanoparticle-based gene delivery vectors.
Nanoscale Res. Lett. 2014, 9, 252. [CrossRef]

Tirtha, K.D.; Sandeep, K.R.; Gabbine, W.; KyungBon, L.; Joseph, K.E; George, W.S. Requirement of the
transcription factor USF1 in bovine oocyte and early embryonic development. Reproduction 2015, 149,
203-212. [CrossRef]

Takahashi, K.; Sakurai, N.; Emura, N.; Hashizume, T.; Sawai, K. Effects of downregulating GLIS1 transcript
on preimplantation development and gene expression of bovine embryos. J. Reprod. Dev. 2015, 61, 369-374.
[CrossRef] [PubMed]

Yamanaka, K.; Sakatani, M.; Kubota, K.; Balboula, A.Z.; Sawai, K.; Takahashi, M. Effects of Downregulating
DNA Methyltransferase 1 Transcript by RNA Interference on DNA Methylation Status of the Satellite I
Region and In Vitro Development of Bovine Somatic Cell Nuclear Transfer Embryos. J. Reprod. Dev. 2011, 57,
393-402. [CrossRef] [PubMed]

Modliniski, J.A. The role of the zona pellucida in the development of mouse eggs in vivo. J. Embryol.
Exp. Morphol. 1970, 23, 539. [PubMed]

Bronson, R.A.; McLaren, A. Transfer to mouse oviduct of eggs with and without the zona pellucida. J. Reprod.
Fertil. 1970, 22, 129-137. [CrossRef]

Meaking, W.S.; Edgerton, ].; Wharton, C.W.; Meldrum, R.A. Electroporation-induced damage in mammalian
cell DNA. Biochim. Biophys. Acta BBA Gene Struct. Expr. 1995, 1264, 357-362. [CrossRef]

Carballada, R.; Relloso, M.; Esponda, P. Generation of transgenic mice by transfection of pronuclear embryos
using lipid-DNA complexes. Zygote 2002, 10, 209-216. [CrossRef]


http://dx.doi.org/10.3390/ijms20010038
http://dx.doi.org/10.1016/S0093-691X(99)00237-X
http://dx.doi.org/10.4161/epi.6.2.13519
http://dx.doi.org/10.1002/bdrc.20035
http://dx.doi.org/10.1095/biolreprod43.1.97
http://www.ncbi.nlm.nih.gov/pubmed/2393695
http://dx.doi.org/10.1016/0093-691X(90)90767-N
http://dx.doi.org/10.1071/RD14309
http://www.ncbi.nlm.nih.gov/pubmed/25472044
http://dx.doi.org/10.1071/RD14049
http://dx.doi.org/10.1186/s12864-018-4826-3
http://dx.doi.org/10.1093/humupd/7.2.175
http://dx.doi.org/10.1242/jcs.066399
http://dx.doi.org/10.1517/17425247.2010.513969
http://dx.doi.org/10.1186/1556-276X-9-252
http://dx.doi.org/10.1530/REP-14-0445
http://dx.doi.org/10.1262/jrd.2015-029
http://www.ncbi.nlm.nih.gov/pubmed/26074126
http://dx.doi.org/10.1262/jrd.10-181A
http://www.ncbi.nlm.nih.gov/pubmed/21343670
http://www.ncbi.nlm.nih.gov/pubmed/5473304
http://dx.doi.org/10.1530/jrf.0.0220129
http://dx.doi.org/10.1016/0167-4781(95)00177-8
http://dx.doi.org/10.1017/S0967199402002277

Int. ]. Mol. Sci. 2020, 21, 2189 150f 16

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Carballada, R.; Degefa, T.; Esponda, P. Transfection of mouse eggs and embryos using DNA combined to
cationic liposomes. Mol. Reprod. Dev. 2000, 56, 360-365. [CrossRef]

Lehner, R.; Wang, X.; Marsch, S.; Hunziker, P. Intelligent nanomaterials for medicine: Carrier platforms and
targeting strategies in the context of clinical application. Nanomed. Nanotechnol. Biol. Med. 2013, 9, 742-757.
[CrossRef]

Tsai, N.; Lee, B.; Kim, A.; Yang, R.; Pan, R.; Lee, D.-K.; Chow, E.; Ho, D. Nanomedicine for Global Health.
J. Lab. Autom. 2014, 19, 511-516. [CrossRef]

Cela, P; Vesela, B.; Matalov4, E.; Vecefa, Z.; Buchtova, M. Embryonic Toxicity of Nanoparticles. Cells Tissues
Organs 2014, 199, 1-23. [CrossRef]

Jin, Y. The Obstacles to Current Extracellular Vesicle-Mediated Drug Delivery Research. J. Pharm. Pharm.
2017, 4, 156-158. [CrossRef] [PubMed]

Momen-Heravi, E; Bala, S.; Bukong, T.; Szabo, G. Exosome-mediated delivery of functionally active
miRNA-155 inhibitor to macrophages. Nanomed. Nanotechnol. Biol. Med. 2014, 10, 1517-1527. [CrossRef]
[PubMed]

Cheng, L.; Sharples, R.A.; Scicluna, B.J.; Hill, A.F. Exosomes provide a protective and enriched source of
miRNA for biomarker profiling compared to intracellular and cell-free blood. J. Extracell. Vesicles 2014, 3,
23743. [CrossRef]

Ge, Q.; Zhou, Y,; Lu, J.; Bai, Y.; Xie, X.; Lu, Z. miRNA in Plasma Exosome is Stable under Different Storage
Conditions. Molecules 2014, 19, 1568-1575. [CrossRef] [PubMed]

Squadrito, M.L.; Baer, C.; Burdet, E; Maderna, C.; Gilfillan, G.D.; Lyle, R.; Ibberson, M.; De Palma, M.
Endogenous RNAs Modulate MicroRNA Sorting to Exosomes and Transfer to Acceptor Cells. Cell Rep.
2014, 8, 1432-1446. [CrossRef] [PubMed]

Guduric-Fuchs, J.; O’Connor, A.; Camp, B.; O'Neill, C.L.; Medina, R.J.; Simpson, D.A. Selective extracellular
vesicle-mediated export of an overlapping set of microRNAs from multiple cell types. BMC Genom. 2012, 13,
357. [CrossRef]

Alvarez-Erviti, L.; Seow, Y; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J.A. Delivery of siRNA to the mouse brain
by systemic injection of targeted exosomes. Nat. Biotechnol. 2011, 29, 341-345. [CrossRef]

Banizs, A.; Huang, T.; Dryden, K; Berr, S.; Stone, J.; Nakamoto, R.; Shi, W.; He, J. In vitro evaluation of
endothelial exosomes as carriers for small interfering ribonucleic acid delivery. Int. . Nanomed. 2014, 9,
4223-4230. [CrossRef]

Takahashi, G.; Gurumurthy, C.B.; Wada, K.; Miura, H.; Sato, M.; Ohtsuka, M. GONAD: Genome-editing via
Oviductal Nucleic Acids Delivery system: A novel microinjection independent genome engineering method
in mice. Sci. Rep. 2015, 5, 11406. [CrossRef]

Gurumurthy, C.B.; Takahashi, G.; Wada, K.; Miura, H.; Sato, M.; Ohtsuka, M. GONAD: A Novel CRISPR/Cas9
Genome Editing Method that Does Not Require Ex Vivo Handling of Embryos. Curr. Protoc. Hum. Genet.
2016, 88, 15.18.11-15.18.12. [CrossRef]

Inman, J.L.; Bissell, M.]. Apical polarity in three-dimensional culture systems: Where to now? J. Biol. 2010,
9, 2. [CrossRef] [PubMed]

Miessen, K.; Sharbati, S.; Einspanier, R.; Schoen, J. Modelling the porcine oviduct epithelium: A polarized
in vitro system suitable for long-term cultivation. Theriogenology 2011, 76, 900-910. [CrossRef] [PubMed]
Chen, S.; Einspanier, R.; Schoen, J. Long-term culture of primary porcine oviduct epithelial cells: Validation
of a comprehensive in vitro model for reproductive science. Theriogenology 2013, 80, 862-869. [CrossRef]
[PubMed]

Chen, S.; Palma-Vera, S.E.; Langhammer, M.; Galuska, S.P,; Braun, B.C.; Krause, E.; Lucas-Hahn, A.; Schoen, J.
An air-liquid interphase approach for modeling the early embryo-maternal contact zone. Sci. Rep. 2017, 7,
42298. [CrossRef] [PubMed]

Yang, Z.; Shi, J.; Xie, J.; Wang, Y.; Sun, J.; Liu, T.; Zhao, Y.; Zhao, X.; Wang, X.; Ma, Y.; et al. Large-scale
generation of functional mRNA-encapsulating exosomes via cellular nanoporation. Nat. Biomed. Eng.
2020, 4, 69-83. [CrossRef]

Benito-Martin, A.; Giannatale, A.; Ceder, S.; Peinado, H. The New Deal: A Potential Role for Secreted Vesicles
in Innate Immunity and Tumor Progression. Front. Immunol. 2015, 6, 66. [CrossRef]


http://dx.doi.org/10.1002/1098-2795(200007)56:3&lt;360::AID-MRD5&gt;3.0.CO;2-8
http://dx.doi.org/10.1016/j.nano.2013.01.012
http://dx.doi.org/10.1177/2211068214538263
http://dx.doi.org/10.1159/000362163
http://dx.doi.org/10.15436/2377-1313.17.1331
http://www.ncbi.nlm.nih.gov/pubmed/29355245
http://dx.doi.org/10.1016/j.nano.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24685946
http://dx.doi.org/10.3402/jev.v3.23743
http://dx.doi.org/10.3390/molecules19021568
http://www.ncbi.nlm.nih.gov/pubmed/24473213
http://dx.doi.org/10.1016/j.celrep.2014.07.035
http://www.ncbi.nlm.nih.gov/pubmed/25159140
http://dx.doi.org/10.1186/1471-2164-13-357
http://dx.doi.org/10.1038/nbt.1807
http://dx.doi.org/10.2147/IJN.S64267
http://dx.doi.org/10.1038/srep11406
http://dx.doi.org/10.1002/0471142905.hg1508s88
http://dx.doi.org/10.1186/jbiol213
http://www.ncbi.nlm.nih.gov/pubmed/20092610
http://dx.doi.org/10.1016/j.theriogenology.2011.04.021
http://www.ncbi.nlm.nih.gov/pubmed/21719086
http://dx.doi.org/10.1016/j.theriogenology.2013.07.011
http://www.ncbi.nlm.nih.gov/pubmed/23973051
http://dx.doi.org/10.1038/srep42298
http://www.ncbi.nlm.nih.gov/pubmed/28181558
http://dx.doi.org/10.1038/s41551-019-0485-1
http://dx.doi.org/10.3389/fimmu.2015.00066

Int. J. Mol. Sci. 2020, 21, 2189 16 of 16

117. Chen, T.S.; Arslan, E; Yin, Y,; Tan, S.S.; Lai, R.C.; Choo, A.B.H.; Padmanabhan, J.; Lee, C.N.; de Kleijn, D.P.V.;
Lim, S.K. Enabling a robust scalable manufacturing process for therapeutic exosomes through oncogenic
immortalization of human ESC-derived MSCs. |. Transl. Med. 2011, 9, 47. [CrossRef]

118. Witwer, KW.; Buzas, E.I; Bemis, L.T.; Bora, A.; Lasser, C.; Lotvall, J.; Nolte-t Hoen, E.N.; Piper, M.G.;
Sivaraman, S.; Skog, J.; et al. Standardization of sample collection, isolation and analysis methods in
extracellular vesicle research. J. Extracell. Vesicles 2013, 2, 20360. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1186/1479-5876-9-47
http://dx.doi.org/10.3402/jev.v2i0.20360
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	General Aspects of EVs 
	Oviductosomes Participate in Communication between Oviduct and Embryos 
	Oviductosomes: Possibilities for Optimizing In Vitro Culture Systems 
	Oviductosomes: Potential Tools for Delivering Exogenous Nucleic Acids into Preimplantation Embryos 
	Challenges in Oviductosomes-Based Embryo Production 
	Conclusions 
	References

