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Abstract

The mammalian reproduction is a process of controlled cellular growth and development
regulated by constant communication between the gametes, the subsequent embryo, and the
maternal system. Extracellular vesicles (EV) are involved in these communications to a significant
degree from the gamete production and maturation to fertilization, embryo development and
implantation. They regulate the cellular physiology and the immune reaction to bring about a
favourable environment for a successful pregnancy. Deciphering the mechanisms employed in
EV mediated embryo maternal communication could improve our knowledge in mammalian
reproduction and increase the efficiency of animal breeding.
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Introduction

In mammalian reproduction, every significant milestone such as gamete production,
maturation of gametes, fertilization, embryo development, implantation and the development
of the foetus happen under tightly controlled parameters. Communication between the maternal
tissue and the gametes and embryo is thought to be one of the main mechanisms utilized in
regulation of the peri-implantation microenvironment in favour of establishing a successful
pregnancy.

An important aspect of embryo maternal communication is immune modification. Since the
embryo is a semi-allograft, containing unique antigens transcribed from the paternal genome,
the maternal immune system should be rejecting the implantation. However, in a unique
instance of acquired immune tolerance, the maternal immune system not only ignores the
embryo, but alsofacilitates the implantation and in some species, the subsequent invasion. These
actions are thought to be initiated by embryo-maternal communication(Fair, 2016).

Conventionally, embryo maternal crosstalk is thought to be achieved using endocrine,
paracrine or juxtracrine mechanisms utilizing various hormones and chemical signals produced
the embryo and the maternal tissue. While there are decades of rigorous research corroborating
various signalling pathways used in embryo-maternal communication, the consensus of the
scientific community is that the overall mechanism of the system is not yet fully elucidated.
Intercellular signalling mediated by extracellular vesicles (EV) is increasingly identified as a novel
facet of the embryo-maternal dialog. The ability of EVs to transfer labile molecules such as miRNA
in a safely contained system s hypothesized to be a key component in EV mediated intercellular

communication.

Extracellular vesicles

Extracellular vesicles are nano-sized semi-spherical membrane-bound structures (Kurian & Modi,
2019) produced by almost all types of cells by different means of biogenesis. They are broadly
classified as exosomes (40-100nm), microvesicles (100-1000nm) and apoptotic bodies (1-2 um)
(Raposo & Stoorvogel, 2013). EVs are enclosed by a lipid bilayer and contain lipids, proteins, RNAs
(IncRNA, mRNA, small non-coding RNA, rRNA, and miRNA), and DNAs (dsDNA, ssDNA, and



mtDNA) (Chivet et al., 2014). The composition and concentration of EVs largely depends on the
physiological and environmental conditions. EVs can regulate different physiological and
pathological conditions through epigenetic and phenotypic modifications in recipient cells (de la
Canal & Pinedo, 2018). And participate in different biological activities. They can be utilized as
candidate biomarkers of health and disease and as potential targets for therapeutics (Gould &
Raposo, 2013).

EVs regulate different reproductive events such as sperm maturation (Caballero et al., 2010),
sperm viability, capacitation, and acrosome reaction (Hasan etal., 2021b), oocyte maturation (J.
Silveira et al., 2014), recognition of conceptus in implantation (Ruiz-Gonzalez et al., 2015),
maintenance of pregnancy, and parturition (Salomon et al., 2018). Moreover, a growing body of
evidence indicate that EVs are alsoinvolved in pathological conditions such as early pregnancy
loss, polycystic ovaries, endometriosis, gestational diabetes mellitus, hypertension, and
preeclampsia (Rooda et al., 2020). This review highlights the potential roles of EVs in selected

aspects of mammalian reproduction.

The role of EVs in male gamete maturation

Spermatozoa produced by the mammalian testicles are not completely matured and lack
motility and fertilizing ability. Spermatozoa gain functionality while transiting through male and
female reproductive system (Robaire et al., 2002). Studies showed that EVs produced from the
male reproductive tract, including epididymosomes and prostasomes, play vital roles in the
maturation process of spermatozoa (Saez et al., 2003; Wu et al., 2017). Spermatozoa undergo
several physical and biochemical changes during their journey towards oocyte starting from the
anterior vagina after coitus (Reshi et al., 2020). These modifications possibly occur due to the
crosstalk between the spermatozoa and the female reproductive tract leading to functional
maturation.

EVs isolated from uterine and oviductal fluids of mice contain sperm adhesion molecule 1
(SPAM1) and plasma membrane calcium pump (PMCA4), which are vital for sperm
maturation(Griffiths et al., 2008). Furthermore, in vitro studies have confirmed the transfer of

fertility regulating proteins from EVs to the sperm. Oestrogen hormone is believed to regulate



the expression of these macromolecules (Al-Dossary et al., 2015). Therefore, Uterine EVs are
possibly responsible for spermatozoa capacitation, membrane stabilization, and final maturation
via miRNA transfer. The presence of SPAM1 protein in EVs suggests the possible role of inhibiting
a premature acrosomal reaction during the uterine transit of the spermatozoa (Griffiths et al.,
2008; Martin-DelLeon, 2016). On the other hand, oviductal EVs carry aV integrin, CD9, heat shock
proteins A8, lactadherin, oviductal specific glycoprotein (OVGP), lipids, SPAM1, RNAs, and
miRNAs (Al-Dossary & Martin-Deleon, 2016) which are involved in several spermatozoa
functions such as sperm viability and motility (OVGP) and acrosome reactions (SPAM1), reducing
polyspermy, inducing the protein phosphorylation, modulating fertilization and embryo
development (Alminana-Brines, 2015; Avilés et al., 2015; Martin-DeLeon, 2016; Saccary et al.,
2013; Zhao et al., 2016).

The role of EVs in female gamete maturation

The development and maturation of the ovarian follicles and oocytes are highly associated and
important for subsequent proper embryo development upon the fertilization. These complex
processes are regulated by intercellular communication within the follicular microenvironment
and structural transformation of different cell types constituting the follicle (Eppig, 2001). In
addition, the crosstalk between oocytes and theca and granulosa cells are mainly done through
gap junction proteins(Eppig et al., 2002).

The presence of EVsin follicular fluid has been well established (Hasanet al., 2020, 2021a; Reshi
et al., 2021). EVs play vital roles in intercellular communication related to follicular development
and oocyte quality. Concentration of EVs negatively correlates with the size of follicles (Hasan et
al., 2021a). Bovine follicular fluid derived EVs affects the transcriptomes of oocytes, adjacent
granulosa cells and oviductal epithelial cells, playing essential roles in oocyte maturation and
embryo development (Dalanezi et al., 2017; Hasan et al., 2020). Similarly, supplementation with
FF EVs during in vitro maturation (IVM) enhances the cumulus cell expansion (Hung et al., 2015),
the proliferation of granulosa cells (Hung et al., 2017) and enhance blastocyst development rates

(J. Silveira et al., 2017).



EVs indirectly affect the competence of oocytes by improving the function of cumulus cells
(Rodrigues et al., 2019). During the early stages of oocyte maturation, transzonal projections
extend from the cytoplasm of cumulus cells and mediate RNA transfer between cumulus cells
and the oocyte (Macaulay et al., 2014; J. Silveira et al., 2017). In addition to RNA, exosomal
cytokines can regulate various physiological aspects, including proliferation and differentiation
of cells, survival or atresia of follicles, and maturation of oocytes (Field et al., 2014; Zolti et al.,
1991). Follicular fluid exosomes possess cytoprotective effects against stress and under the
stresses the cells experience an increased secretion of EVs that enhances the defence system
preventing the cell death (Carver & Yang, 2016; Rodrigues et al.,, 2019). During oxidative stress,
the granulosa cells-derived EVs contain higher proportion of antioxidants and other substances
associated with cellular defence compared with normal conditions (Saeed-Zidane et al., 2017).
Treatment of oocytes with follicular fluid-derived EVs reduce the apoptosis of cumulus cells and

damage to oocytes caused by heat shock (Rodrigues et al., 2019; Saeed-Zidane et al., 2017).

Role of maternal EVs during fertilization

Fertilization is a series of coordinated events taking place in the oviduct. This includes sperm
capacitation, sperm-zona pellucida binding, acrosome reaction, zona penetration by sperms,
sperm-oocyte binding and fusion, cortical reaction, oocyte activation and meiosis resumption
(Georgadaki et al., 2016). Several studies have shown the contribution of EVs in facilitating these
processes.

The protein PMCA4a is known to maintain the Ca?* homeostasis in the sperms(Al-Dossary et al.,
2013), which is crucial for its progressive and hyperactivated motility and fertility. The murine
sperms receive their PMCA4a via EVs from the oviductal and uterine luminal fluids(Al-Dossary et
al., 2013). In pigs too the co-incubation of sperms and EVs deriving from seminal plasma
increased the acrosome reaction(Siciliano et al., 2008). Barraud-Lange et al. (2007), showed that
oocytes transfer proteins, via EVs, to the sperm that has already entered the perivitelline space
indicating that EVs are crucial for sperm membrane re-organization and fertilization(Barraud-
Lange et al., 2007). The interactions between the Izumol protein of the sperm membrane and

the Juno protein of oolemma plays a vital role during fertilization (Bianchi et al., 2014a). Following



the fertilization, the prevention of polyspermy is a crucial requirement. It is shown that Juno is
removed from the oolemma and sent out via EVs where binding of these EVs to sperms can block
acrosome reacted sperms hence preventing polyspermy (Bianchi etal., 2014b).

Following the fertilization, the early embryo gradually develops when passing through the
oviduct into the uterine lumen for further implantation. Oviductal fluid is the first micro-
environment to which early mammalian embryos are exposed(Saint-Dizier et al., 2020). Embryo-
maternal communication atthe oviduct is vital for the subsequent embryonic development, and
any errors inthis dialogue is found to be detrimental for the prospective implantation. During its
free-floating transport in the uterus, the embryo communicates with the mother using various
mediators, including EVs (Nakamura et al., 2020). Uncovering embryo-maternal interactions
during the pre-implantation period may help to answer questions related to reproductive issues,

such as recurrent implantation failure and ectopic pregnancy.

Embryo maternal communication in the oviduct

Delineating the embryo-oviduct cross talks is difficult, thus, many in vitro models have been
employed to understand the embryo-maternal communication at the oviduct (Kélle et al., 2020).
The addition of oviductal EVs to the embryo culture media improved the bovine embryos
produced in-vitro increases blastocyst rate(Almifiana et al., 2017), trophectodermal and total cell
number, and better cryo-survival post-vitrification(Lopera-Vasquez et al., 2016). Moreover, EVs
isolated from different regions of oviduct show differential impacts on embryonic development.
EVsisolated from isthmic oviductal fluid increased survival rate, development, and better-quality
blastocysts, however, EVs from ampullary oviductal fluid had no impact (Lopera-Vasquez et al.,
2017). Though the mechanisms are unknown, it is possible that the transfer of embryo-tropic
factors from the maternal tract to the embryos via the EVs (Kurian & Modi, 2019) since
internalization of EVs by embryos have been demonstrated (Almifiana et al., 2017; Pavani et al,,
2019). In a similar study, addition of oviductal fluid derived EVs to the embryo transfer media in
mice significantly increased live birth rates (Qu et al.,, 2019). These indicate the possible
translational value of maternal tract EVsinimproving the embryo transfer efficiency during ARTs.

From a mechanistic point of view, supplemented EVs may impart effects via changing the



embryonic gene expression and previous studies demonstrated that the oviductal EVs can
modulate the expression of certain key genes related to the early embryonic development.
Furthermore, the supplementation of frozen-thawed oviductal EVs to the bovine embryo culture
resulted 221 differentially expressed genes (DEGs) compared to the control while 28 DEGs in the
case of fresh oviductal EV supplementation vs control(Bauersachs et al., 2020). Based on an
integrative bioinformatic analysis of oviductal EV mRNA and miRNA identified altered mRNA
transcriptome in response to oviductal EVs, indicating that oviductal EV cargo may mediate their
effects on embryos via multiple mechanisms. Possibly, 1) increased delivery of transcripts to the
embryos, 2) protein translation from the delivered mRNA that alter the gene expression by
embryos, 3) miRNA-based gene silencing. Overall, these studies show the positive paracrine
effects that the oviductal EVs can exert on preimplantation embryos.

The impacts of embryo on the oviduct have been studied extensively (Garcia et al., 2017; Maillo
etal., 2015; Schmaltz-Panneau et al., 2014),however, the effects of embryonic EVs on the oviduct
is less studied(Dissanayake et al., 2021). Maillo et al. (2015) showed that the coculture of bovine
embryos with bovine oviductal epithelial cells (BOECs) down-regulated specific genes of the Bone
Morphogenetic Protein (BMP) signalling pathway. Interestingly, the role of embryonic EVs on the
gene expression of oviduct was recently investigated and the supplementation of good quality
day 5 embryo derived EVs could alter the gene expression (25 DEGs) in BOECs. However, the
degenerating embryo derived EVs did not have such effects (Dissanayake et al., 2021). Among
the 7 upregulated genes in BOECs with quality embryo-derived EVs;interferon-stimulated genes
(ISGs) such as I1SG-15, MX1, OAS1Y, and LOC100139670 are of particular significance. The
interferon-tau (IFN-1) is a type 1interferon and is the major the pregnancy recognition molecule
of the ruminants and it is possible that bovine embryos can transfer IFN-t to the maternal tract
via EVs (Nakamura et al., 2016). Moreover, two independent studies reported that these ISGs
were upregulated in the oviductal epithelial cells in-vitro and in vivo (Schmaltz-Panneau et al.,
2014; Smits et al., 2016), in the presence of embryos. Thus, it is likely that preimplantation
embryos use EVs as a mediator to notify the mother about their presence or quality while

maternal signals also communicated to embryo via EVs (Figurel). Hence, further studies on EV



mediated embryonic effects on the oviduct and oviductal EV effects on embryos would help us

to understand the overall mechanisms behind embryo-maternal communication inthe oviducts.
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Figure 1: Extracellular Vesicles mediated communication inside the oviduct. EVs involve in a
constant regime of communication between the gametes, embryo, and the maternal system. The
maturation of spermatozoa is facilitated by follicular fluid EVs during their transition through the
oviduct. In fertilization, EVs may be used in communication between the ovum, spermatozoa,
and the surrounding maternal tissue. The fertilized embryo communicates with the surrounding
oviductal cells using EVs while oviductal cell derived EVs and follicular fluid EVs are used to signal
the embryo.

Involvement of EVs in embryo-endometrial interface during implantation

Embryo implantation is recognized as the most critical step in early stages of pregnancy.
Majority of assisted reproduction technologies (ART) failures occur because of implantation
failure. Implantation mechanisms are highly species-specific with different types of placentation
(Green et al., 2021; Johnson et al., 2021), o. However, there are common events that occur in
every mechanism of successful implantation. The bidirectional communication between the
embryo and the endometrium is one such commonality(Es-Haghi et al., 2019; @strup et al., 2011;
Paulson & Comizzoli, 2021) where many including us have reported the presence and possible

actions of EVs in the embryo-maternal interface.



Recognition of the embryo by the maternal immune system is crucial for a successful
implantation. The primary maternal recognition signal in ruminants, IFN-T is secreted by the
elongating conceptus and acts primarily on the endometrium shutting down the PFG2 mediated
luteolytic pathway. It is reported that sheep endometrial epithelial EVs are enriched with
endogenous retroviral mRNA that can act through TLRs in trophectoderm to induce the secretion
of IFNT(Burns et al.,2016). Ovine trophoblast EVs are alsoenriched in IFNt and can induce altered
expression of ISGs in in vitro endometrial models, suggesting a significant involvement of EVs in
the recognition of conceptus by the ewe. Similarly, in cows embryonic EVs from uterine flashings
were enriched with IFNt and they up-regulated the expression of apoptosis-related genes and
adhesion molecules in endometrial epithelial cells suggesting EV mediated communication might
be utilized in animals with similarplacentation(Kusama et al., 2018; Nakamura et al., 2016, 2019).
In animals with epitheliochorial placentation such as pigs, the crosstalk is deemed of the highest
significance because of the lack of embryo invasion. In sows EVs are reported to be important in
recruiting the natural killer (NK) cells and T-cells to the uterine microenvironment and
maintaining the proinflammatory status (Bidarimath et al., 2017).

The most investigated cargo type carried by EVs are the miRNAs. The miRNA cargoin serum EV
populations of pregnant and non-pregnant domestic animals significantly changed where non-
pregnant mares showed significant enrichment of miRNA targeting focal adhesion molecules
(FAM) (Klohonatz et al., 2019) . These integrin-containing molecules are regulators of the
extracellular matrix (ECM) and play a vital role in embryo adhesion indicating the potential to be
used as a biomarker of receptivity (Klohonatz et al., 2019). In pigs, embryo derived EVs carrying
miR-125b was reported toinduce gene alterations in implantation-linked LIF and its receptor LIFR
in the endometrial epithelium (Krawczynski et al., 2015). Conditioned media used in in vitro
embryo development is enriched with EVs carrying miRNA cargo of developmental stage
dependent. In bovine embryos, the embryo derived EVs are enriched with miRNA such as miR-
24-3p, miR-191, and miR-2887 that influence the endometrial transcriptome and the innate
immune function (Kusamaetal., 2021; Rio & Madan, 2021). The possible communication pathways

via EVs in the endometrium is depicted infigure 2.
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Figure 2: Endometrial (maternal) and embryo derived EVs mediated communication during
peri-implantation period. In addition to the well-studied phenomenon of endocrine, paracrine,
autocrine and juxtracrine signalling pathways during the peri-implantation period, EVs are
extensively used for embryo maternal communication especially in the hatched elongating
embryos.

Potential use of EV mediated embryo-maternal communication in “bench to farm”

In ART, which is growing ever popular inlivestock management, the main challenge is deciding
1.) which embryo to transfer and 2.) when to transfer. Existing methods of embryo grading
heavily depend on morphology, which is subjective, and embryo biopsy, which is highly invasive.
Embryonic EVs has been proposed as a non-invasive embryo marker. Studies report that
competent embryos produce different populations of EVs compared to degenerating embryos
and their effects on maternal system is quantifiably different(Dissanayake et al., 2020, 2021,
Godakumara et al., 2021). Similarly, analysing the EVs produced by maternal tissue could also be
a non-invasive method to determine the state of receptivity(Aleksejeva et al., 2022; Luddi et al.,
2019). There have been efforts to use EVs as therapeutic agents in mammalian reproductive
pathologies such as polycystic ovary syndrome, endometriosis, and preeclampsia(Esfandyari et
al., 2021). EVs can also be used as an agent of spermatozoa maturation(Hasan et al., 2021a).

Clearly, the true potential of EVs in diagnostics and therapeutics are just being revealed. EV



research has been a very popular field of study in the recent decades. However, most of the
mechanisms of action that govern the intercellular communication mediated by EVs are not yet
fully understood. Whether EVs are specific to a certain type of target cell ora tissue and whether
the cargo of the EVs is truly functional at the receiver cells are only a couple of fundamental
qguestions about EVs without a clear answer at the present. Nevertheless, the field of EVs are
moving steadilytowards therapeutics and diagnostics. EVs are a potential goldmine for biological
engineering and the best discoveries are expected soon, hopefully increasing our collective
understanding of the mysteries shrouding mammalian reproduction.

References

Al-Dossary, A. A., Bathala, P., Caplan, J. L., & Martin-Deleon, P. A. (2015). Oviductosome-sperm
membrane interactionin cargo delivery: Detection of fusion and underlying molecular players
using three-dimensional super-resolution structured illumination microscopy (SR-SIM). Journal of
Biological Chemistry, 290(29), 17710-17723. https://doi.org/10.1074/jbc.M114.633156

Al-Dossary, A. A., & Martin-Deleon, P. A. (2016). Role of exosomes inthe reproductive tract
Oviductosomes mediateinteractions of oviductal secretion with gametes/early embryo. Frontiers
in Bioscience (Landmark Edition), 21, 1278-1285. https://doi.org/10.2741/4456

Al-Dossary, A. A., Strehler, E. E., & Martin-DelLeon, P. A. (2013). Expression and secretion of plasma
membrane Ca2+-ATPase 4a (PMCA4a) during murine estrus: Association with oviductal exosomes
and uptake insperm. PLoS ONE, 8(11). https://doi.org/10.1371/journal.pone.0080181

Aleksejeva, E., Zarovni, N., Dissanayake, K., Godakumara, K., Vigano, P., Fazeli, A., Jaakma, U., &
Salumets, A. (2022). Extracellularvesicleresearch in reproductive science— Paving the way for
clinical achievements. Biology of Reproduction. https://doi.org/10.1093/BIOLRE/IOAB245

Almifiana, C., Corbin, E., Tsikis, G., Alcantara-Neto, A.S., Labas, V., Reynaud, K., Galio, L., Uzbekov, R.,
Garanina, A. S., Druart, X., & Mermillod, P. (2017). Oviduct extracellular vesicles protein content
and theirrole during oviduct—-embryo cross-talk. Reproduction, 154(3), 253-268.
https://doi.org/10.1530/REP-17-0054

Alminana-Brines, C. (2015). Snoopingon a private conversation between the oviductand
gametes/embryos. Animal Reproduction, 12(3), 366-374.

Avilés, M., Coy, P., & Rizos, D. (2015). The oviduct: A key organ forthe success of early reproductive
events. Animal Frontiers, 5(1), 25-31. https://doi.org/10.2527/af.2015-0005

Barraud-Lange, V., Naud-Barriant, N., Bomsel, M., Wolf, J., & Ziyyat, A. (2007). Transfer of oocyte
membrane fragments to fertilizing spermatozoa. The FASEBJournal, 21(13), 3446-3449.
https://doi.org/10.1096/fj.06-8035hyp



Bauersachs, S., Mermillod, P., & Almifiana, C. (2020). The oviductal extracellular vesicles’ RNA cargo
regulates the bovine embryonictranscriptome. InternationalJournal of Molecular Sciences, 21(4).
https://doi.org/10.3390/ijms21041303

Bianchi, E., Doe, B., Goulding, D., & Wright, G. J. (2014a). Juno isthe egg lzumo receptorandis essential
for mammalian fertilization. Nature, 508(7497), 483-487. https://doi.org/10.1038/nature13203

Bianchi, E., Doe, B., Goulding, D., & Wright, G. J. (2014b). Junois the egglzumo receptorand is essential
for mammalian fertilization. Nature, 508(7497), 483-487. https://doi.org/10.1038/nature13203

Bidarimath, M., Khalaj, K., Kridli, R. T., Kan, F. W. K., Koti, M., & Tayade, C. (2017). Extracellularvesicle
mediated intercellular communication at the porcine maternal-fetal interface: Anew paradigm for
conceptus-endometrial cross-talk. Scientific Reports, 7(January), 1-14.
https://doi.org/10.1038/srep40476

Burns, G. W., Brooks, K. E., & Spencer, T. E. (2016). Extracellularvesicles originate from the conceptus
and uterusduringearly pregnancyin sheep. Biology of Reproduction, 94(3), 1-11.
https://doi.org/10.1095/BIOLREPROD.115.134973/2434394

Caballero, J., Frenette, G., & Sullivan, R. (2010). Post testicular sperm maturational changesin the bull:
importantrole of the epididymosomes and prostasomes. Veterinary Medicine International, 2011,
757194. https://doi.org/10.4061/2011/757194

Carver, K. A., & Yang, D. (2016). N-Acetylcysteine Amide Protects Against Oxidative Stress-Induced
Microparticle Release From Human Retinal Pigment Epithelial Cells. Investigative Ophthalmology &
VisualScience, 57(2), 360—371. https://doi.org/10.1167/iovs.15-17117

Chivet, M., Javalet, C., Laulagnier, K., Blot, B., Hemming, F. J., & Sadoul, R. (2014). Exosomes secreted by
cortical neurons upon glutamatergic synapse activation specifically interact with neurons. Journal
of Extracellular Vesicles, 3(1). https://doi.org/10.3402/jev.v3.24722

Silveira, J., Carnevale, E. M., Winger, Q. A., & Bouma, G. J. (2014). Regulation of ACVR1and ID2 by cell-
secreted exosomes during follicle maturation in the mare. Reproductive Biology and Endocrinology:
RB&E, 12, 44. https://doi.org/10.1186/1477-7827-12-44

Dalanezi, F. M., Destro, F. C., Ferrazza, R. A., Garcia, H. D. M., Franchi, F. F., Fontes, P. K., Castilho, A. C.
S., Sartori, R., & Ferreira, J. C. P. (2017). 183 GENE EXPRESSION OF IN VITRO-MATURATED OOCYTES
CAN BE MODULATED BY FOLLICLE EXOSOMES FROM COWS KEPT UNDER THERMONEUTRAL OR
HEAT STRESS CONDITIONS. Reproduction, Fertility and Development, 29(1), 200.

delaCanal, L., & Pinedo, M. (2018). Extracellularvesicles: a missingcomponentin plant cell wall
remodeling. Journal of Experimental Botany, 69(20), 4655-4658.
https://doi.org/10.1093/jxb/ery255

Dissanayake, K., Nomm, M., Lattekivi, F., Ord, J., Ressaissi, Y., Godakumara, K., Reshi, Q. U. A., Viil, J.,
Jaager, K., Velthut-Meikas, A., Salumets, A., Jaakma, U., & Fazeli, A. (2021). Oviduct as a sensor of
embryo quality: deciphering the extracellular vesicle (EV)-mediated embryo-maternal dialogue.
Journalof Molecular Medicine, 99(5), 685—697. https://doi.org/10.1007/s00109-021-02042-w



Dissanayake, K., N6mm, M., Lattekivi, F., Ressaissi, Y., Godakumara, K., Lavrits, A., Midekessa, G., Viil, J.,
Bk, R., Jorgensen, M. M., Bhattacharjee, S., Andronowska, A., Salumets, A., Jaakma, U., & Fazeli,
A. (2020). Individually cultured bovine embryos produce extracellularvesicles that have the
potential to be used as non-invasive embryo quality markers. Theriogenology, 149, 104-116.
https://doi.org/10.1016/j.theriogenology.2020.03.008

Eppig,J. J. (2001). Oocyte control of ovarian follicular development and function in mammals.
Reproduction (Cambridge, England), 122(6), 829-838. https://doi.org/10.1530/rep.0.1220829

Eppig,J. )., Wigglesworth,K., & Pendola, F. L. (2002). The mammalian oocyte orchestrates the rate of
ovarian follicular development. Proceedings of the National Academy of Sciences of the United
States of America, 99(5), 2890-2894. https://doi.org/10.1073/pnas.052658699

Esfandyari, S., Elkafas, H., Chugh, R. M., Park, H. S., Navarro, A., & Al-Hendy, A. (2021). Exosomes as
Biomarkers for Female Reproductive Diseases Diagnosis and Therapy. InternationalJournal of
Molecular Sciences, 22(4), 1-26. https://doi.org/10.3390/1JMS22042165

Es-Haghi, M., Godakumara, K., Haling, A., Lattekivi, F., Lavrits, A., Viil, J., Andronowska, A., Nafee, T.,
James, V., Jaakma, U., Salumets, A., & Fazeli, A. (2019). Specifictrophoblast transcripts transferred
by extracellularvesicles affect gene expressionin endometrial epithelial cells and may have a role
inembryo-maternal crosstalk. Cell Communication and Signaling : CCS, 17(1), 146.
https://doi.org/10.1186/512964-019-0448-x

Fair, T. (2016). Embryo maternalimmune interactions in cattle. Anim. Reprod., v, 13(3), 346—354.
https://doi.org/10.21451/1984-3143-AR877

Field,S. L., Dasgupta, T., Cummings, M., & Orsi, N. M. (2014). Cytokinesin ovarian folliculogenesis,
oocyte maturation and luteinisation. Molecular Reproduction and Development, 81(4), 284—314.
https://doi.org/10.1002/mrd.22285

Garcia, E. v.,Hamdi, M., Barrera, A. D., Sdnchez-Calabuig, M. J., Gutiérrez-Adan, A., & Rizos, D. (2017).
Bovine embryo-oviductinteractioninvitro reveals an early cross talk mediated by BMP signaling.
Reproduction. https://doi.org/10.1530/REP-16-0654

Georgadaki, K., Khoury, N., Spandidos, D. A., & Zoumpourlis, V. (2016). The molecular basis of
fertilization (Review). InternationalJournal of Molecular Medicine, 38(4), 979-986.
https://doi.org/10.3892/ijmm.2016.2723

Godakumara, K., Ord, J., Lattekivi, F., Dissanayake, K., Viil, J., Boggavarapu, N. R, Faridani, O.R., Jaager,
K., Velthut-Meikas, A., Jaakma, U., Salumets, A., & Fazeli, A. (2021). Trophoblast derived
extracellularvesicles specifically alterthe transcriptome of endometrial cells and may constitute a
critical component of embryo-maternal communication. Reproductive Biology and Endocrinology :
RB&E, 19(1), 115. https://doi.org/10.1186/s12958-021-00801-5

Gould, S. J., & Raposo, G. (2013). As we wait: coping with an imperfect nomenclature for extracellular
vesicles.Journalof Extracellular Vesicles, 2. https://doi.org/10.3402/jev.v2i0.20389



Green, J. A, Geisert,R.D., Johnson, G. A., & Spencer, T.E. (2021). Implantation and Placentationin
Ruminants. Advances in Anatomy, Embryology, and Cell Biology, 234, 129-154.
https://doi.org/10.1007/978-3-030-77360-1_7

Griffiths, G.S., Galileo, D.S., Reese, K., & Martin-Deleon, P. A. (2008). Investigating the role of murine
epididymosomes and uterosomes in GPI-linked protein transferto sperm using SPAM1as a model.
Molecular Reproduction and Development, 75(11), 1627-1636. https://doi.org/10.1002/mrd.20907

Hasan, M. M., Reshi, Q. U. A., Lattekivi, F., Viil, )., Godakumara, K., Dissanayake, K., Andronowska, A.,
Jaakma, U., & Fazeli, A.(2021a). Bovine Follicular Fluid Derived Extracellular Vesicles Modulate the
Viability, Capacitation and Acrosome Reaction of Bull Spermatozoa. Biology, 10(11), 1154.
https://doi.org/10.3390/biology10111154

Hasan, M. M., Reshi, Q. U. A., Lattekivi, F., Viil, )., Godakumara, K., Dissanayake, K., Andronowska, A.,
Jaakma, U., & Fazeli, A.(2021b). Bovine Follicular Fluid Derived Extracellular Vesicles Modulate the

Viability, Capacitation and Acrosome Reaction of Bull Spermatozoa. Biology 2021, Vol. 10, Page
1154, 10(11), 1154. https://doi.org/10.3390/BIOLOGY10111154

Hasan, M. M., Viil, J., Lattekivi, F., Ord, J., Reshi, Q. U. A., Jaager, K., Velthut-Meikas, A., Andronowska, A,
Jaakma, U., Salumets, A., & Fazeli, A. (2020). Bovine Follicular Fluid and Extracellular Vesicles
Derived from Follicular Fluid Alter the Bovine Oviductal Epithelial Cells Transcriptome.
InternationalJournal of Molecular Sciences, 21(15), 5365. https://doi.org/10.3390/ijms21155365

Hung, W., Hong, X., Christenson, L. K., & McGinnis, L. K. (2015). Extracellularvesicles from bovine
follicular fluid support cumulus expansion. Biology of Reproduction, 93(5).
https://doi.org/10.1095/biolreprod.115.132977

Hung, W., Navakanitworakul, R., Khan, T., Zhang, P., Davis, J. S., McGinnis, L. K., & Christenson, L. K.
(2017). Stage-specificfollicular extracellular vesicle uptakeand regulation of bovine granulosa cell
proliferation. Biology of Reproduction, 97(4), 644—655. https://doi.org/10.1093/biolre/iox106

Johnson, G. A, Bazer, F.W., & Seo, H. (2021). The Early Stages of Implantation and Placentationin the

Pig. Advances in Anatomy, Embryology, and Cell Biology, 234, 61-89. https://doi.org/10.1007/978-
3-030-77360-1_5

Klohonatz, K. M., Nulton, L. C., Hess, A. M., Bouma, G. J., & Bruemmer, J. E. (2019). The role of embryo
contact and focal adhesions during maternal recognition of pregnancy. PLOS ONE, 14(3),
€0213322. https://doi.org/10.1371/JOURNAL.PONE.0213322

Kolle, S., Hughes, B., & Steele, H. (2020). Early embryo-maternal communicationinthe oviduct: A
review. Molecular Reproduction and Development, 87(6), 650-662.
https://doi.org/10.1002/mrd.23352

Krawczynski, K., Najmula, J., Bauersachs, S., & Kaczmarek, M. M. (2015). MicroRNAome of porcine
conceptuses and trophoblasts: Expression profile of microRNAs and their potential to regulate
genes crucial forestablishment of pregnancy. Biology of Reproduction, 92(1), 1-13.
https://doi.org/10.1095/BIOLREPROD.114.123588/2434012



Kurian, N. K., & Modi, D. (2019). Extracellularvesicle mediated embryo-endometrial cross talk during
implantationandin pregnancy.Journalof Assisted Reproduction and Genetics, 36(2), 189-198.
https://doi.org/10.1007/s10815-018-1343-x

Kusama, K., Nakamura, K., Bai, R., Nagaoka, K., Sakurai, T., & Imakawa, K. (2018). Intrauterine exosomes
are required forbovine conceptus implantation. Biochemical and Biophysical Research
Communications, 495(1), 1370-1375. https://doi.org/10.1016/j.bbrc.2017.11.176

Kusama, K., Rashid, M. B., Kowsar, R., Marey, M. A., Talukder, A. K., Nagaoka, K., Shimada, M., Khatib, H.,
Imakawa, K., & Miyamoto, A. (2021). Day 7 Embryos Change the Proteomics and Exosomal Micro-
RNAs Content of Bovine Uterine Fluid: Involvement of Innate Immune Functions. Frontiers in
Genetics, 12, 1075. https://doi.org/10.3389/FGENE.2021.676791/BIBTEX

Lopera-Vasquez, R., Hamdi, M., Fernandez-Fuertes, B., Maillo, V., Beltran-Brena, P., Calle, A., Redruello,
A., Lopez-Martin, S., Gutierrez-Adan, A., Yanez-Mo, M., Ramirez, M. A., & Rizos, D. (2016).
ExtracellularVesicles from BOECin In Vitro Embryo Developmentand Quality. PLoS ONE, 11(2).
https://doi.org/10.1371/journal.pone.0148083

Lopera-Vasquez, R., Hamdi, M., Maillo, V., Gutierrez-Adan, A., Bermejo-Alvarez, P., Angel Ramirez, M.,
Yanez-Mo, M., & Rizos, D. (2017). Effect of bovine oviductal extracellular vesicles on embryo
developmentand quality invitro. Reproduction, 153(4), 461-470. https://doi.org/10.1530/REP-16-
0384

Luddi, A., Zarovni, N., Maltinti, E., Governini, L., Leo, V. de, Cappelli, V., Quintero, L., Paccagnini, E., Loria,
F., & Piomboni, P.(2019). Clues to Non-Invasive Implantation Window Monitoring: Isolation and
Characterisation of Endometrial Exosomes. Cells, 8(8). https://doi.org/10.3390/CELLS8080811

Macaulay, A.D., Gilbert, I., Caballero, J., Barreto, R., Fournier, E., Tossou, P., Sirard, M.-A., Clarke, H.J.,
Khandjian, E. W., Richard, F. J., Hyttel, P., & Robert, C. (2014). The gameticsynapse: RNA transfer
to the bovine oocyte. Biology of Reproduction, 91(4), 90.
https://doi.org/10.1095/biolreprod.114.119867

Maillo, V., Gaora, P., Forde, N., Besenfelder, U., Havlicek, V., Burns, G. W., Spencer, T. E., Gutierrez-Adan,
A., Lonergan, P., & Rizos, D. (2015). Oviduct-embryo interactionsin cattle: Two-way trafficora
one-way street? Biology of Reproduction, 92(6). https://doi.org/10.1095/biolreprod.115.127969

Martin-DelLeon, P. A.(2016). Uterosomes: Exosomal cargo during the estrus cycle and interaction with
sperm. Frontiers in Bioscience (Scholar Edition), 8, 115-122. https://doi.org/10.2741/s451

Nakamura, K., Kusama, K., Bai, R., Sakurai, T., Isuzugawa, K., Godkin, J. D., Suda, Y., & Imakawa, K.
(2016). Induction of IFNT-stimulated genes by conceptus-derived exosomes during the attachment
period. PLoS ONE, 11(6). https://doi.org/10.1371/journal.pone.0158278

Nakamura, K., Kusama, K., Ideta, A., Kimura, K., Hori, M., & Imakawa, K. (2019). Effects of miR-98 in
intrauterine extracellular vesicles on maternal immuneregulation during the peri-implantation
period in cattle. Scientific Reports, 9(1). https://doi.org/10.1038/s41598-019-56879-w

Nakamura, K., Kusama, K., Suda, Y., Fujiwara, H., Hori, M., & Imakawa, K. (2020). Emergingrole of
extracellularvesicles in embryo—maternal communication throughoutimplantation processes. In



InternationalJournal of Molecular Sciences (Vol. 21, Issue 15, pp. 1-15).
https://doi.org/10.3390/ijms21155523

@strup, E., Hyttel, P., & @strup, O. (2011). Embryo-maternal communication: signalling before and
during placentationin cattle and pig. Reproduction, Fertility, and Development, 23(8), 964—-975.
https://doi.org/10.1071/RD11140

Paulson, E. E., & Comizzoli, P.(2021). Endometrial receptivity and embryo implantationin carnivores—
commonalities and differences with other mammalian species. Biology of Reproduction, 104(4),
771-783. https://doi.org/10.1093/BIOLRE/IOAB001

Pavani, K. C., Hendrix, A., vanden Broeck, W., Couck, L., Szymanska, K., Lin, X., de Koster, J., van Soom,
A., & Leemans, B. (2019). Isolation and characterization of functionallyactive extracellularvesicles
from culture medium conditioned by bovine embryosinvitro. InternationalJournal of Molecular
Sciences, 20(1), 38. https://doi.org/10.3390/ijms20010038

Qu, P.,Zhao, Y., Wang, R., Zhang, Y., Li, L., Fan, J., & Liu, E. (2019). Extracellularvesicles derived from
donoroviduct fluidimproved birth rates afterembryo transferin mice. Reproduction, Fertility and
Development, 31(2), 324-332. https://doi.org/10.1071/RD18203

Raposo, G., & Stoorvogel, W. (2013). Extracellular vesicles: Exosomes, microvesicles, and friends. The
Journal of Cell Biology, 200(4), 373 LP —383. https://doi.org/10.1083/jcb.201211138

Reshi, Q. U. A., Hasan, M. M., Dissanayake, K., & Fazeli, A. (2021). Isolation of ExtracellularVesicles (EVs)
Using Benchtop Size Exclusion Chromatography (SEC) Columns. Next Generation Culture Platforms
forReliable In Vitro Models: Methods and Protocols, 201-206.

Reshi, Q. U. A., Viil, J., Ord, J., Lattekivi, F., Godakumara, K., Hasan, M. M., Nomm, M., Jaager, K., Velthut-
Meikas, A., Jaakma, U., Salumets, A., & Fazeli, A. (2020). Spermatozoainduce transcriptomic

alterationsin bovine oviductal epithelialcells priortoinitial contact. Journal of Cell Communication
and Signaling, 14(4), 439-451. https://doi.org/10.1007/s12079-020-00575-2

Rio, P. del, & Madan, P. (2021). Does miRNA Expression in the Spent Media Change During Early Embryo
Development? Frontiers in Veterinary Science, 8, 319.
https://doi.org/10.3389/FVETS.2021.658968/BIBTEX

Robaire, B., Hinton, B., & Orgebin-Crist, M.-C. (2002). The Epididymis: From Molecules to Clinical
Practice: From Molecules to Clinical Practice: a Comprehensive Survey of the Efferent Ducts, the
Epididymis and the Vas Deferens.

Rodrigues, T. A., Tuna, K. M., Alli, A. A., Tribulo, P., Hansen, P.J., Koh, J., & Paula-Lopes, F. F. (2019).
Follicular fluid exosomes act on the bovine oocyte toimprove oocyte competenceto support
development and survival to heat shock. Reproduction, Fertility, and Development, 31(5), 888-897.
https://doi.org/10.1071/RD18450

Rooda, I., Hasan, M. M., Roos, K., Viil,J., Andronowska, A., Smolander, O. P., Jaakma, U., Salumets, A.,
Fazeli, A., & Velthut-Meikas, A. (2020). Cellular, Extracellular and Extracellular Vesicular miRNA
Profiles of Pre-Ovulatory Follicles Indicate Signaling Disturbances in Polycystic Ovaries.
InternationalJournal of Molecular Sciences, 21(24), 1-23. https://doi.org/10.3390/1JMS21249550



Ruiz-Gonzalez, I., Xu, J., Wang, X., Burghardt, R. C., Dunlap, K. A., & Bazer, F. W. (2015). Exosomes,
endogenous retroviruses and toll-like receptors: pregnancy recognition in ewes. Reproduction
(Cambridge, England), 149(3), 281-291. https://doi.org/10.1530/REP-14-0538

Saccary, L., She, Y.-M., Oko, R., & Kan, F. W. K. (2013). Hamsteroviductin regulates tyrosine
phosphorylation of sperm proteins duringin vitro capacitation. Biology of Reproduction, 89(2), 38.
https://doi.org/10.1095/biolreprod.113.109314

Saeed-Zidane, M., Linden, L., Salilew-Wondim, D., Held, E., Neuhoff, C., Tholen, E., Hoelker, M.,
Schellander, K., & Tesfaye, D. (2017). Cellularand exosome mediated molecular defense
mechanisminbovine granulosa cells exposed to oxidative stress. PloS One, 12(11), e01875609.
https://doi.org/10.1371/journal.pone.0187569

Saez, F., Frenette, G., & Sullivan, R. (2003). Epididymosomes and prostasomes: theirrolesin
posttesticular maturation of the sperm cells. Journal of Andrology, 24(2), 149-154.
https://doi.org/10.1002/j.1939-4640.2003.tb02653.x

Saint-Dizier, M., Schoen, J., Chen, S., Banliat, C., & Mermillod, P. (2020). Composing the early embryonic
microenvironment: Physiology and regulation of oviductal secretions. International Journal of
Molecular Sciences, 21(1). https://doi.org/10.3390/ijms21010223

Salomon, C., Nuzhat, Z., Dixon, C. L., & Menon, R. (2018). Placental Exosomes During Gestation: Liquid
Biopsies Carrying Signals forthe Regulation of Human Parturition. Current Pharmaceutical Design,
24(9), 974-982. https://doi.org/10.2174/1381612824666180125164429

Schmaltz-Panneau, B., Cordova, A., Dhorne-Pollet, S., Hennequet-Antier, C., Uzbekova, S., Martinot, E.,
Doret, S., Martin, P., Mermillod, P., & Locatelli, Y. (2014). Early bovine embryos regulate oviduct
epithelial cellgene expression duringin vitro co-culture. Animal Reproduction Science, 149(3-4),
103-116. https://doi.org/10.1016/j.anireprosci.2014.06.022

Siciliano, L., Marciano, V., & Carpino, A. (2008). Prostasome-like vesicles stimulate acrosome reaction of
pig spermatozoa. Reproductive Biology and Endocrinology, 6. https://doi.org/10.1186/1477-7827-
6-5

Silveira, J., Andrade, G. M., Collado, del M., Sampaio, R. v, Sangalli, J. R., Silva, L. A., Pinaffi, F. V. L.,
Jardim, |. B., Cesar, M. C., Nogueira, M. F. G., Cesar, A.S. M., Coutinho, L. L., Pereira, R. W., Perecin,
F., & Meirelles, F.v.(2017). Supplementation with small-extracellular vesicles from ovarian
follicularfluid duringin vitro production modulates bovine embryo development. PLOS ONE, 12(6),
e0179451. https://doi.org/10.1371/journal.pone.0179451

Smits, K., de Coninck, D.l. M., van Nieuwerburgh, F., Govaere, J., van Poucke, M., Peelman, L., Deforce,
D., & van Soom, A. (2016). The equine embryoinfluencesimmune-related gene expressioninthe
oviduct. Biology of Reproduction, 94(2). https://doi.org/10.1095/biolreprod.115.136432

Wu, K.Z., Li, K., Galileo, D.S., & Martin-DelLeon, P. A. (2017). Junctional adhesion molecule A: expression
inthe murine epididymal tract and accessory organs and acquisition by maturing sperm. Molecular
Human Reproduction, 23(2), 132-140. https://doi.org/10.1093/molehr/gaw082



Zhao, Y., Yang, X., Jia, Z., Reid, R. L., Leclerc, P., & Kan, F. W. K. (2016). Recombinant human oviductin
regulates protein tyrosine phosphorylation and acrosome reaction. Reproduction (Cambridge,
England), 152(5), 561-573. https://doi.org/10.1530/REP-16-0177

Zolti, M., Ben-Rafael, Z., Meirom, R., Shemesh, M., Bider, D., Mashiach, S., & Apte, R. N. (1991). Cytokine
involvementin oocytes and early embryos. Fertility and Sterility, 56(2), 265-272.
https://doi.org/10.1016/s0015-0282(16)54483-5





