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Abstract

Multiple pregnancies resulting from the transfemwudre than one embryo pose a significant
threat to offspring born through Assisted Repromect reatments (ART). Transferring one
embryo at a time would eliminate this risk. Howeweurrent approaches of identifying the
highest quality embryo to transfer are either uabd¢ €.g. morphology assessment) or
highly invasive and potentially detrimental to eyd® €.9. PGD). Approaches for non-
invasive embryo selection would be a major advamcgrthat would increase efficiency and
reduce both the costs and the risks associatedARRIh Exosomes are a particular subtype
of extracellular vesicles (EVs) that are secreteainf a wide range of cells, including
placental and endometrium cells. Exosomes are stlyle vesicles that contain a broad
spectrum of molecules, including proteins, mMRNAd aniRNAs. Very little is known about
this form of cell-to-cell communication in the cert of ovarian follicular biology and
implantation, but emerging data suggest that exesosecreted by the blastocyst could
influence gene expression and receptivity of endoatecells thereby controlling its own
implantation. Here we review emerging findings megsy exosomal signalling in
reproductive biology and the prospects for mapbiagtocyst-derived exosomal profiles as a

means for supporting single embryo transfer pdicie
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I ntroduction

Implantation involves intricate communication beéweembryos and the maternal
endometrium. Increasing interest is centred oraegtlular vesicles (EVs) and their
contained cargo, particularly microRNAs (miRs)jraportant mediators of this dialogue [1,

2]. Recently, a role for EVs in cell-to-cell comnmcation has been established [3]

EVs are classified according to their size andiorigto exosomes and microvesicles (MVs).
Microvesicles are released from budding of plascragmbrane (PM) while exosomes
originate in the endosomal compartment (early ateléndosomes) (Figure 1). Exosomes
circulate inside the cells as intraluminal vesigle¥), which are incorporated in the early to
late endosome and multivesicular bodies (MVB) dmahttravel to the PM and are released
by fusion of the MVB and PM to the extracellulavganment as exosomes [4]. Exosomes
and MVs contain a wide array of molecules, inclgdmmoteins, nucleic acids, and lipids.
Protein constituents of EVs have been widely sulidige to their roles in signalling cascades.
As such, the delivery of proteins via exosomes sf@pe the bioactivity of target cells and
tissues. For example, EVs contain matrix metalltggnases, commonly secreted in the EVs
of tumours in particular leading to potentially ogenic effects. It has also been found that
exosomes may contain a subset of proteins thapserdlent on the cell type of origin. On the
other hand, exosomes also contain proteins suoteatbrane-derived proteins and
endosomal proteins that are ubiquitously found oshexosomes. Contrastingly, proteins
derived from other organelles such as the Golgaegips and the endoplasmic reticulum are
not included in most exosomes [4]. Some proteighliiiabundance in EVs, particularly
exosomes, include ALIX, TSG101, CD63, and CD81. MiH@olecules are also found
abundantly in MVs. Nucleic acids are also a notabl@ponent within EVs. Valadi al.
uncovered the presence of MRNA and miRNA in exosoiimelis further broadening the

understanding of exosomal content [5]. MRNA has hEen reportedly found in MVs. Thus,
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this content suggests EVs, particularly MVs andsexaes, may be a pathway for the transfer
of genetic information and the alteration of gerpression in recipient cells. Notably,

MRNA inside EVs is resistant to digestion by RNAsatment [6]. Lipid composition of

EVs has not been as extensively studied. Howetveasi been found that EVs tend to be
enriched in sphingomyelin, saturated fatty acids| eéholesterol. Exosomes are particularly
thought to be enriched with ganglioside GM3 andwede derivatives. Variations in lipid
content may be indicative of different origins fréine plasma membrane, including lipid
rafts. It is also noteworthy that the compositided's changes based on the extracellular
environment, as illustrated by various studies.dx@mple, RNA and protein content of EVs

may be altered due to vascular injury or acidicimmments as occurs in cancer.

The mechanisms involved in the incorporation ofcfiemolecules such as proteins and
RNAs in EVs remain to be established, however glesists a paucity of data showing that
changes in the microenvironment milieu regulatessecretion and composition of this
vesicles in a wide range of cells including plaeéntlls [7-10]. Moreover, placental
exosomal signalling has been characterised acestatgn [11-13], and placental exosomes

are involved in the maternal immunological respashseng pregnancy [8, 14].

Here we review recent findings pertaining to EVsreted by embryos and endometrial
epithelium with a particular focus on instancesvliich mechanistic pathways have been
elucidated. Because miRs are a prominent cargd/sfriediating many of their effects [4],
reference will also be made to new findings invodymiRs. For more extensive accounts of

miRs during implantation the reader is referredetment reviews on this topic [15, 16].

Overview of implantation and extracellular vesicles
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Successful pregnancy depends on proper implantaiaiving three recognised stages,
apposition, attachment (or adherence) and invas§lompletion of these stages in turn
depends on a receptive endometrium, a viable endiriite appropriate developmental stage
and a well-orchestrated dialogue between the taaddquate implantation can result in
spontaneous miscarriage whilst defects in troptsblatevasion required for proper placental
formation predispose to complications of later paatcy such as pre-eclampsia and
intrauterine growth restriction. Surprisingly létls known about the molecular details

underpinning a productive embryo-endometrium rappor

In recent years, there has been increasing itterése role of EVs, particularly
microvesicles (MVs) and exosomes, in mediatingatimdryo-endometrial cross-talk [1]. EVs
contain diverse cargo including cell surface receptlipids, messenger RNAs (MRNAS),
miRs, proteins and even DNA, and are identifiedH®yr size and the presence of cell surface
markers such as the tetraspanins, CD9, CD81 an@(A)6EVs are increasingly recognised
as an important mode of cell-to-cell communicatsrthey can transfer their contents to

other cells thereby altering the recipient’s bebavi17].

Embryo-derived pathways involving EVsand their cargo

Surprisingly little is known about EVs secreteddmgimplantated mammalian embryos.
Indeed, in a review in 2014, it was noted that gmoaterived EVs had not yet been reported
[2]. Since then, two papers have investigated eoibecreted EVs whilst the majority have
studied embryo-secreted miRs, a well-known EV cang&s are small (18-23 nucleotide)
non-coding RNA sequences that are largely regaadgubst-transcriptional silencers of gene
expression through engaging the 3’ untranslateimegf target mRNAS via complementary

base-pairing leading to their degradation or regoes[18].



108

109 Embryo-derived EVsexert extra- and intra-embryonic effects

110  Two papers have shown that EVs produced by emlmyoain cargo that can influence the
111 behaviour of neighbouring cells [19, 20]. In one&#he cargo is mMRNA with the potential to
112 impact the viability of other embryos [20] whilst the other case EVs are proposed to shuttle
113 protein from embryonic stem cells (ES cells) of itmeer cell mass (ICM) to trophectoderm

114  cells [19].

115  Exosomes and MVs have been isolated from condiionedia following culture of

116  parthenogenetic porcine embryos. These EVs weradftaicontain mRNAS for the

117  pluripotency genes, Oct4, Sox2, Klf4, c-Myc and digf20]. The authors found that the
118  vitro blastocyst development rates of cloned embryasd(pred by somatic nuclear transfer
119 into enucleated oocytes) were more than doubletbbgulturing them with parthenogenetic
120 embryos. Notably, co-cultured cloned embryos exéibincreased expression of Oct4, Klf4
121 and Nanog. Since these were the cargo of EVs ebfabm conditioned media, this raised
122 the possibility that the transfer of pluripotenegtors via EVs could have a role to play in
123 improved development. As proof-of-concept that grabrcould assimilate EVs from the
124  surrounding environment, purified exosomes/MVs\dstifrom parthenogenetic embryo
125  conditioned media were labelled with the greenriisoent dye, PKH67 (which stably

126  incorporates into lipid regions of cell membran&y)lturing cloned embryos with PKH67-
127 labelled EVs for 22 hours led to the appearanagedn fluorescence signals in cloned

128  blastomeres consistent with uptake of EVs fromntieglia. Interestingly, although it appeared
129 that transfer of EVs during co-culture improvednad porcine embryo development, bolus
130 addition of parthenogenetic embryo conditioned medas not beneficial [20]. The authors

131  speculated that this could be because of the r@embhtinuous mMRNA transfer due to the
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active destruction and reduced translational patkot foreign mRNA. Taken together, these
data show that mammalian embryos secrete EVsheio $urrounding environment and
support the notion that such EVs can be taken upeyhbouring cells to influence their

development.

A very recent paper found that MVs were shed by sedtS cells, which are derived from
the ICM of the blastocyst [19]. These MVs were shdwexpress the extracellular matrix
proteins, fibronectin and laminub. Moreover, MV fibronectin and laminin interactedh
integrin receptors on trophoblast cells in turrdieg to the activation of focal adhesion
kinase (FAK) and c-Jun N-terminal kinase (JNK), efhare often implicated in promoting
cell migration. Indeed, using anvitro migration assay, the authors could show that eithe
ES cell spent media or EVs purified from spent ragbmoted trophoblast migration that
was abolished when FAK and JNK activation werebitbd. To determine whether ES cell-
derived MVs could promote trophoblast migration andgasion of intact murine blastocysts,
an elegant approach was used involving ES cellsesgmg a plasma membrane-targeted
green fluorescent protein (PM-GFP), which produibearescent MVs. Fluorescence that
was restricted to the trophectoderm following migyection of blastocysts with purified
fluorescent MVs from PM-GFP-expressing ES cellspsuted that trophectoderm could
indeed internalise MVs produced by cells in the LG\¥rikingly, following transfer to the
uteri of surrogate females, blastocysts injectettt WMiVs from ES cells exhibited
significantly increased implantation rates entir@lkeeping within vitro data showing that
ES cell MVs augmented trophoblast migration [193likk the majority of studies that have
focused on communication between maternal tissdeearbryonic trophoblast during
implantation, here the authors reveal a novel payhe¥ signalling between the two major

compartments of the preimplantation embryo thataltely promotes implantation.
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Evidence for miRNA secretion from human embryos

It has been established that exosomes providetagbinge and enriched source of miRs [6].
The foregoing studies demonstrated that EVs anetsztby mouse and porcine embryos.
Human embryos are routinely cultured as parhaoitro fertilisation (IVF) treatment and
therefore present an opportunity to investigat@ secretory products, especially since
analysis of spent media does not incur any rigkéoembryo or compromise the patient’s
treatment success. Significantly however, EVs heoteyet been shown to be secreted by
human embryos. In addition, initial attempts tdase miRs from spent human blastocyst
media were unsuccessful. However, in recent yeasiRs have been identified in spent media

from human blastocysts derived from IVF treatmeit25].

Kropp et al. probed for the presence of 5 miRsidadtified miRs in spent media following
culture of human and bovine embryos [23]. Arourelsame time, Rosenbluth and co-
workers profiled 754 miRs and detected 10, of whuoly two (miR-372 and miR-191) were
specific to human embryo conditioned media [25]tHBoiRs were increased in spent media
derived from embryos that were fertilised usinganytoplasmic sperm injection (ICSI)
compared to those fertilised by standard insenmonaffhree miRs (miR-372, miR-191 and
mMiR-645) were differentially expressed in condigdrmedia from non-ICSI cycles
depending on whether or not the blastocyst leddocaessful pregnancy whilst miR-191

alone was enriched in spent media from aneuploiorgns versus euploid ones [25].

Capalbo et al. found that 59 out of 377 miRs cdiddletected in 3 out of 5 replicates of
spent media from human blastocysts [21]. Furtheem®r of these 59 miRs (96.6%) could
also be detected in biopsied trophectorderm caeligassting their release from blastocysts
into media. They next sought to determine wheth& pmofiles in spent media might

correlate with implantation potential. To rule @anfounding effects of embryonic
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aneuploidy, analyses were restricted to embrydsabee proven to be euploid by
comprehensive chromosome screening of trophectorbd@psies. Spent media from 53
euploid blastocysts were prospectively analysedf2ghich resulted in an on-going
pregnancy. Two miRs (miR-20a and miR-30c) were tbimbe increased in media from
implanting blastocysts and 5miRs (miR-220, miR-18ph miR512-3p, miR-34c and miR-
375) were preferentially detected with implanteasbdcysts. Interestingly, based on in silico
prediction and experimentally validated miR targeigR-20a and miR-30c miRNAs would

be predicted to influence endometrial cell growtld aroliferation [21].

The same group subsequently compared the profil@gmiR sequences in spent media
from “twin” human blastocysts created by artificathbryo splitting at the cleavage stage
with that of control blastocysts that produced tigapregnancies [24]. They found 59 miRs
secreted by control blastocysts and 48 miRs by @mibryos of which, only 22 were shared.
Interestingly, in twin embryo spent media, theyrfdwsignificantly lower levels of miR-30c,

which they previously identified as a putative barker of implantation potential.

Embryo-mediated regulation of the uterine epithelium

Studies showing that embryos secrete EVs and/osmiRich target genes predicted to
mediate cellular activities such as adhesion argtation, suggest that embryos could
potentially modify implantation events. The nexegtion pertains to whether secreted
mMiRs/EVs can be internalised by uterine cells aardalter endometrial function and

implantation.

Cuman et al. showed that human blastocysts sani®e into media and went one step
further by interrogating the mechanisms by whiaghgkcreted miRs might influence

implantation [22]. Using a 784 miR array panelytf@und that the miR profile of spent
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media from human blastocysts failing to implantetiéd markedly from implanting media
and identified miR-661 as the most highly differally expressed miRn vitro studies
showed that miR-661 was readily internalised bynary human endometrial epithelial cells
(HEEC) cultured in non-implanting spent media suppg that human endometrial cells
could take up blastocyst-secreted miR-661. Follgwiltracentrifugation of spent media,
miR-661 did not co-segregate with the pellet contey MVs but was enriched in the
supernatant where it co-immunoprecipitated withRINA binding complex (RBC) protein,
Argonaute 1, indicating that miR transport invohNRBC-binding rather than encapsulation
within MVs. In silico analyses revealed that miRtGérgets included genes involved in
adhesion/invasion. Significantly, the protein levetf two of these geneBYRL1 andMTA2,
which were shown to be expressed in human endahgtandular and luminal epithelial
sections, were down-regulated in HEEC exposed R-6@i1-containing conditioned media.
Collectively, these data indicated that miR-661lddie secreted from blastocysts and taken
up by endometrial cells to reduce the expressideegpfpro-implantation factors. To further
test this, the authors employediaritro adhesion assay and showed that adhesion of
spheroids to HEEC was severely hampered followiiig-661 treatment and importantly,
that protecting?VRL1 from being targeted by miR-661 could rescue adimel2]. Although
MV-dependent pathways are the focus of this rexaad miR-661 in this paper partnered
with RBC rather than MVs, it nevertheless providempelling proof-of-concept that
embryos actively modulate endometrial receptiviymiR-mediated pathways and offer a
paradigm by which EV cargo might also influence lampation through their miR cargo. It is
possible that miR cargo might act at the epigerletiel to bring about changes in
endometrial gene expression. In line with thissrant over-expression of miR-30d in HEEC
led to changes in the levels of regulatory factovelved in DNA methylation such as DNA

methyltransferase 1 (DNMT1)[26].
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Whilst miRs and/or EVs might be taken upvitro by cultured cell-lines as shown in the
above study, does this also apply inithgivo context of a 3-dimensional uterine cavity?
Recent data from the ovine model provide evidendhis regard [27]. In sheep, attachment
to the uterine epithelium begins by Day 16 posthnggat the filamentous stage, an elongated
stage that arises 8 days after blastocyst hatcBiiagditioned media obtained followimg

vitro culture of elongated Day 14 conceptuses for 24é found to contain EVs with an
average diameter of 150 nm and a size range censisith both exosomes and MVs. Mass
spectrometry analysis of EV content identified P8dteins while RNA sequencing detected
512 mRNAs. To investigate which cells were targdtg@mbryo-secreted EVs, amvivo
model was used in which EVs isolated from spentianegre first labelledn vitro with the
PKHG67 green fluorescent dye and then infused imtauterine horn using a catheter and
osmotic pump from Days 8-14 postestrus prior taogsy [27]. Distinct green fluorescence
signals were observed in cross-sections of lunepahelium and superficial glandular
epithelium of the uterine horn but not in the uterstroma or myometrium or more distant
sites such as ovary, parametrial lymph nodes a.[Tihus, these findings provide evidence

that uterine epithelia can take up EVs secreteelyryosn vivo.

Extracellular vesicles secreted by the endometrium

The success of human pregnancy is dependent aftdraction between blastocyst and
endometrium. The human endometrium is a complsxéisn which the implantation takes
place [28]. The endometrium exhibits several molpiical changes that allow the
interaction with the blastocyst. Interestinglyh#s been proposed that exosomes secreted
from the endometrium influence the blastocyst tacht and invade the endometrial

epithelium [29, 30]. Synchronous crosstalk betwgéenendometrium and blastocyst in the

11
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placental developmental and pre-implantation plesssential for initiating pregnancy. It
has previously been suggested that the endomietmahal epithelium may become more or
less receptive to extracellular signals throughenoallar exchange by exosomes and other
EVs. Ng et al., suggested that exosomes couldléased from the endometrial epithelium,
thereby transferring molecular cargo to the blagtbor the endometrium. Exosomes as well
as MVs were found to be present in preparationgerine fluid/mucus and endometrial
epithelial cells. miRNA were found to be sortedirkxosomes/MVs, with 13 of the 227
isolated miRNAs being exclusively found to the EMas-miR-200c, has-miR-17 and has-
miR-106a were found at the highest levels withm BYs. Bioinformatic analysis revealed
that these particular miRNAs may have roles indgalal processes associated with
implantation [30]. The endometrium is marked bylicg changes, including the transitions
between the proliferative (nonreceptive) and secydireceptive) phases throughout
menstruation. During the non-receptive phase, tlrassitions are modulated by estrogen.
On the other hand, progesterone is the key modyléotor during the receptive phase.
Recently, Greeningt al., have establish that the exosomal cargo is regpilay both
hormones, as well as the phase of the menstrubd dycing which the exosome is packaged
and secreted [29]. Interestingly, uptake of exosoaral release of exosomal content has
been associated with changes in the propertiaeptoblasts. For example, exosomal uptake

has been linked to increased trophoblast adheapactty at the time of implantation.

Proteomic analysis in exosomes isolated from entlaheells suggest that glycoproteins
(fibulin-1, in particular) and integrins in exososn@re associated with cell adhesion factors,
cell migration, and remodeling of the ECM. Furtherm Fibulin-1, was expressed ~9-fold
higher in estrogen/progesterone exosomes, compaestrogen exosomes [29]. This
suggests selective packaging of integrins into eretdum-derived exosomes. Taken

together, these results suggest that endometriasoexes may play an important role in cell-
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to-cell communication crosstalk between the enddmmatand blastocyst during
implantation. Therefore, exosomes of endometrigimmay be a platform for potentiating

implantation of the embryo and enhancing fertifityd gestational outcomes.

Potential clinical applications

Recent IVF data for Australia show that of 71,54iated IVF cycles in 2013, only 23.8%
resulted in a clinical pregnancy and even fewer2%®8 in a live delivery. To increase success
rates, the temptation is to transfer more thanemnbkryo but at the risk of increasing perinatal
morbidity well-known to be associated with multipleegnancies. A major reason for poor
success rates is failed implantation. Surprisitglywever, very little is known regarding the
molecular embryo-endometrium “cross-talk” requifedsuccessful implantation. Exosomes
mediate communication between different cell-tyypgastheir content of signalling molecules
including miRNAs and mRNAs. An intriguing possibjlis that the miRNA profile of
exosomes from high-quality blastocysts is pivotaltheir higher implantation potential and
that defining such a profile could improve embrgtestion capability and greatly refine
Assisted Reproductive Treatment (Figure 2). Theacay to identify a predictive biomarker
from spent media — and therefore at no risk tceethbryo — would be a powerful non-
invasive innovation. This can be contrasted wittrent selection approaches involving
tedious scoring systems for embryologic morpholagyich have notoriously poor predictive
value, and invasive embryo biopsy for chromosomalyses, which are traumatic to
embryos. It should be noted however, that EVs leen reported to be present in IVF
culture media alone [2]. Furthermore, some findimgscate that media components such as
protein supplements could be miRNA carriers [23, PSe of spent media would therefore

need to take into account possible contaminants flee media itself, which could vary from
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one lab to the next if different media formulatiare used, making it important to
incorporate steps for ensuring that only embryaveerproducts are being analysed. Given
that exosomes secreted by the endometrium mightggeimplantation, another potential
clinical application could be the delivery of sgaccargo via exosomes into the uterine

cavity for the purposes of enhancing embryonic anftion and placentation.
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Figure 1. Biogenesis and content of exosomes and microvesicles. Exosomes are nanosized
vesicles (30-150 nm) of endocytic origin that aeéeased from cells into the extracellular
space by exocytosis following the fusion of mulsiaellar bodies with the cell membrane.
MVs are larger (100 nm — 1.5 um) and are producgdlitect budding of the plasma
membrane. Exosomes and microvesciles contain psytigpids and nucleic acids, mediating

intercellular communication to modify the differdnblogical function of target cells.

Figure 2. Single embryo selection via exosomes profile. Current approaches for identifying

the highest quality embryo to transfer are eithaeliable (e.g. morphology assessment) or
highly invasive and damaging to embryos (PGD). Apphes for non-invasive embryo

selection would be a major advance that would emeeefficiency and reduce both cost and
risks associated with ART. We suggest that embeivdd exosomes profile may be used to
single embryo selection to in vitro fertilisationplantation potential as a means for deriving
a novel non-invasive biomarker which will greatlgvance embryo selection and single

embryo transfer capability.
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