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Abstract
Extracellular vesicles are lipoproteinaceous membrane-enclosed nanometer-sized structures produced by cells and are thought to
mediate cellular communications. Loaded with a specific set of miRNA and protein depending on their tissue of origin, these
extracellular vesicles modulate diverse set of biological processes in their target tissues. In recent years, data has gathered on the
roles of extracellular vesicles in embryo implantation and pregnancy. Embryo, oviduct, endometrial epithelium and stroma/
decidua derived vesicles interact with trophoblast cells and promote their growth and differentiation to aid in embryo implanta-
tion. The placental vesicles are detected in maternal circulation that aids in feto-maternal immune tolerance, their levels vary in
women with pregnancy-related complications like preeclampsia. Beyond the host, the microbes in the genital tract are also
reported to produce extracellular vesicles which are thought to be responsible for inflammation and preterm births. This review
focuses on the extracellular vesicular trafficking involved in success of pregnancy.
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Introduction

Epidemiological evidences suggest that only 30% of all con-
ceptions get clinically recognized, majority of these are lost
spontaneously. Furthermore, in assisted reproduction, despite
the fact that morphologically high-quality and genetically nor-
mal embryos are being transferred, the pregnancy rates are
very low. Clinical observations have suggested that failure
of an embryo implantation is the major cause of low take-
home baby rates in couples undergoing assisted reproduction.

During embryo implantation, in the uterine cavity there
occurs a synchronized change in the endometrium before
and after arrival of blastocyst. Traditionally, it has been as-
sumed that the receptive endometrium is a passive tissue that
should readily implant an embryo. However, several experi-
mental evidences confirmed that during implantation there
occurs an extensive cross talk between the fetal and maternal
compartments [1, 2]. Based on these studies, we now suggests

that embryo implantation is a three-step process involving 1)
gain of a receptive stage endometrium; 2) superimposition of a
blastocyst-derived signature onto the receptive endometrium
leading to implantation; and finally 3) breaching by the em-
bryo and trophoblast invasion, culminating in decidualization
and placentation [3].

Our understanding of the stage 1 of embryo implantation
involving receptive endometrium has been extensive and sev-
eral molecular players have been identified in this process [4,
5]. The stage 2 involves a mutual communication between the
blastocyst and the endometrium which is a true sophistication
in the sense it involves an elaborate sequence of genetic and
cellular interactions that must be executed within a narrow
temporal frame for successful implantation. For this commu-
nication, the endometriummust receive and respond to signals
from the blastocyst and in converse the blastocyst must also
receive and react to the signals form the endometrium. Several
embryo-derived secretory factors have been identified that
alter endometrial morphology and gene expression profiles
to endow embryo apposition and invasion [1, 2]. This includes
chorionic gonadotropin (CG), granulocyte colony-stimulating
factor (GCSF) and Interleukin 1 beta (IL1-β) that alter expres-
sion of receptivity-related genes, induce decidualization, im-
proves angiogenesis, and control immunomodulation. Of
these, both CG and GCSF, if instilled prior to embryo transfer
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have been shown to improve pregnancy rates in women un-
dergoing assisted reproduction albeit there are some contro-
versies [6]. From the endometrial side, studies in genetically
altered mice have led to identification of several factors that
are essential for receptivity, embryo apposition and its further
invasion [7]. Further several in vitro experiments have shown
that endometrium or decidua derived secretions to improve
trophoblast adhesion and invasion [8, 9]. These observations
underscore the role of soluble factors in governing embryo-
endometrial communication to established embryo implanta-
tion and placentation. Subsequent to implantation, the placen-
ta takes a dominant role in maintaining pregnancy and defec-
tive placentation can cause pregnancy complications like in-
trauterine growth restriction, preeclampsia, and even preterm
births. Interestingly, there is a distinct maternal control of pla-
centation and any changes in the endometrium/decidua are
associated with defective placental functions leading to preg-
nancy complications [10, 11].

The communication between different cell types is gener-
ally considered to be the function of secretory soluble factors
like the hormones and morphogens. However, in recent years
[26], the role for extracellular vesicles (EVs) in cell-to-cell
communication has been established. Produced by a variety
of cells including the embryo, endometrium, and placenta, the
present review is focused on our current understanding of the
EVs in embryo-endometrial communications leading to im-
plantation and successful pregnancy. Figure 1 gives the time-
line since the first discovery of EVs and its roles in embryo
implantation. As evident, our knowledge in this area is recent
and limited. In this review, we have summarized the current
knowledge about the bimolecular aspects of the EVs produced
by the embryo, maternal tissues and placenta and their phys-
iological roles. Rather than being comprehensive, we have
highlighted the biological functions of EVs in embryo-
endometrial cross talk during implantation. We have also

chosen to review how EVs produced by microbes also affect
host physiology and affect pregnancy.

Definition and content of extracellular
vesicles

EVs are defined as nano-sized, membrane-enclosed vesicles
released by the cells that transport DNA, RNA, and proteins—
between cells. The different types of EVinclude microvesicles
(MVs), exosomes, oncosomes, and apoptotic bodies. These
are classified based on their biogenesis or release pathways
[12]. Microvesicles (MVs) are 100 nm–1 μm size vesicles
while exosomes are much smaller than MVs (40–120 nm).
Oncosomes as the name suggest are released by cancer cells
(1–10 μm) and vesicular apoptotic bodies (50 nm–2 μm) are
produced by dying cells. In the context of biogenesis, MVs are
released from budding of plasma membrane while exosomes
originate in the endosomal compartment that get incorporated
in the early to late endosome and multivesicular bodies that
are released by fusion with the plasma membrane as
exosomes. Presently, our ability to enrich these different types
of EVs is improving; however, it is often hard to separate and
individually study them and hence most studies are done with
an enriched preparation of MVs and exosomes. While some
studies have clearly mentioned the types of EVs studied while
others have not. Thus for the sake of simplicity, herein, wewill
collectively refer all vesicles released by cells as EVs unless
otherwise stated by the cited studies.

EVs contain an array of molecules, including lipids, pro-
teins and nucleic acids. EV membranes consist of a lipid bi-
layer alike the plasma membrane. Major constituents in
exosomal membrane include sphingomyelin, gangliosides,
and disaturated lipids, and their phosphatidylcholine and di-
acylglycerol proportion was found to be less relative to the
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membranes of their cells of origin [13]. Some studies have
shown that cholesterol is present abundantly in exosomes
compared with that in cellular membranes [14] indicative of
different origins from the plasma membrane, including lipid
rafts or differential sorting of lipids during EV/exosome
secretions.

Protein constituents of EVs have been widely studied due
to their importance in cell signaling. The idea is that the pro-
teins are delivered from one cell/tissue type to another via MVs
and they control the bioactivity of target cells and tissues.
Indeed, bothMVs and exosomes may contain many ubiquitous
proteins, but also unique proteins dependent on the cell type of
origin. Exosomes are enriched in major histocompatibility
complex class II (MHC class II) and tetraspanins CD37,
CD53, CD63, CD81, and CD82, the endosomal sorting com-
plex proteins, Alix, TSG101, and chaperones. Exosomes are
also enriched in glycoproteins and transmembrane proteins as
compared to its cells of origin. These include integrins, glyco-
protein Ib (GPIb), and P-selectin [12].

Nucleic acids are also a notable component within EVs.
Beyond the DNA and mRNA, miRNA are considered to be
specifically enriched in the exosomes, suggesting that EVs
can serve as a pathway for the transfer of genetic information
from one cell to another. Further, as miRNAs are enriched in
MVs, along with protein signaling, MVs control gene expres-
sion in recipient cells and altering its physiology.

Embryo-derived extracellular vesicles
and their molecular characteristics

EVs and secreted miRNAs (presumably by the EVs) have
been isolated from human and bovine embryo-conditioned
media [15, 16]. Both day 3 (D3) and day 5 (D5) in vitro
embryo culture medium contain EVs of 50–200 nm (average
100 nm). These EVs are CD9 and CD63 immunoreactives and
also for exosome marker protein ALIX. Both D3 and D5
culture media of human embryonic EVs are positive for
HLA-G. These EVs are enriched for mRNAs of the
pluripotency genes, Oct4, Sox2, Klf4, c-Myc, and Nanog.
The embryo-derived EV cargo also consists of a variety of
miRNA species that have diverse targets on both epithelial
and stromal cells. The target genes of these miRNAs are pre-
dicted to mediate cellular activities such as adhesion and mi-
gration, suggesting that embryos could potentially modify the
endometrial genome.

Embryo-derived extracellular vesicles aid in embryo
growth and trophoblast attachment and alter
endometrial epithelial physiology

In the porcine, the embryo-derived EVs have been shown to
influence their growth, viability, and pregnancy rates [17].

External supplement of embryonic EVs into freshly renewed
medium significantly increased blastocyst formation rates and
quality in terms of higher ratio of inner cell mass (ICM) and
trophectodermal (TE) cells. Furthermore, the embryos supple-
mented with EVs had higher implantation rates as well as full-
term calving rates [17]. These results indicate that embryos
secrete exosomes into chemically defined culture medium
which in an autocrine/paracrine manner positively influence
the blastocyst formation, quality, and development to term
(Fig. 2).

While the porcine study indicates the embryonic EVs
influence of the blastocyst physiology, another study in
the mouse has shown that the EVs from the inner cell
mass (ICM) affect the trophectoderm (TE) [18]. It was
shown that embryonic stem (ES) cells derived from the
ICM generate and shed MVs. These ES cell-derived MVs
are taken up by the trophectoderm and promote tropho-
blast migration. This increased migration was due to the
interactions of MV cargo proteins laminin and fibronectin
with integrins along the surfaces of the trophoblasts, trig-
gering the activation of two signaling cascades leading to
increased invasion [18]. Furthermore, the blastocysts
injected with MVs from ES cells when transferred to the
uteri of surrogate female implant at higher rates that mock
injected blastocysts [18] suggesting that inner cell mass of
the embryo controls trophoblast physiology to improve its
implantation and stimulating trophoblast migration (Fig.
2). This study has discovered a novel mechanism of com-
munication between the two major compartments of the
embryo that promotes implantation. While the study is
enticing, a major caveat is the source of MVs. The MVs
used in the study are derived from cultured mouse ES
cells and their production of the blastocyst ICM has not
been demonstrated.

Another mechanism by which the embryonic EVs would
aid implantation is by communicating with the maternal en-
dometrium. Indeed, dye-labeled embryo-derived EVs have
been observed in in vitro cultured human primary endometrial
epithelial and stromal cells [16]. Corroborating the in vitro
experiments, in the sheep [19], in vivo intrauterine instillation
of labeled conceptus-derived EVs led to its uptake in the lu-
minal epithelium but not the stroma or myometrium. These
observations suggest that uptake of EVs occur locally in the
endometrial epithelium, whether these EVs altered the cell
physiology or gene expression profiles in the endometrial ep-
ithelium has not been investigated.

Beyond the EVs, miRNAs have also been identified in
culture media of human blastocysts and are detected in
biopsied trophectoderm cells suggesting they are released
from blastocysts [20–24]. While a formal proof that these
miRNAs are EV-derived is yet awaited, since exosomes are
enriched with miRNAs, it can be presumed that these blasto-
cysts derived miRs could be secreted via MVs. Interestingly,
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the levels of the embryo-derived miRs are associated with
their implantation potential. Higher levels of certain miRs
are observed in media from implanted blastocysts as com-
pared to those that did not implant. Interestingly, the targets
of a few of these implantation associated miRs are predicted to
be involved in endometrial cell growth and proliferation [20].
Based on these studies, it appears that embryos secrete EVs
and/or miRNAs, which target gene-predicted that alter cellular
activities such as adhesion and migration, which are required
for implantation. However, the pro-implantation effects of
embryo derived EVs or miRs have not been experimentally
determined.

While the pro-implantation effects of embryo MVs/
miRNAs is yet to be established, anti-implantation activity
of embryo derived miRNA has been demonstrated [21].
miR-661 is an embryo (but not EV-associated) miRNA found
in high abundance in culture media of embryos that did not
implant, in assisted reproduction cycles [21], suggesting it to
be an anti-implantation factor. Indeed, miR-661 is readily in-
ternalized by cultured primary endometrial epithelial cells
where it downregulates expression of genes involved in
adhesion/invasion (PVRL1 and MTA2) and does not support
trophoblast adhesion. Intriguingly, rescuing PVRL1 from be-
ing targeted by miR-661 could salvage adhesion [21] suggest-
ing that secretion of miR-661 by embryos is detrimental to
implantation. This study is a proof of principle that beyond
hCG and other proteins, the miRNA cargo derived from em-
bryos could control implantation. Since EVs are enriched in
miRs, it is tempting to suggest that cargo might also influence
implantation through their miR cargo. More experimental
studies are, however, required to show if the embryo-derived
EVs aid in embryo implantation.

Extracellular vesicles secreted by the oviduct

Oviduct is the primary site for fertilization and early embryo
development. Secretions of the oviduct influence sperm mo-
tility, acrosome reaction and fertilization [25], it also aids in
early embryonic development. EVs have been isolated from
mouse and bovine oviduct fluid and also in in vitro-cultured
bovine oviductal epithelial cells [26–28]. The oviductal EVs
contain both exosomes (30–100 nm diameter) and large MVs
(> 100 nm). The oviductal EVs express the markers similar to
EVs in general, but those isolated from oviductal fluid also
contain the oviduct specific protein specifically OVGP1 [27].

Molecular characteristics of oviductal extracellular
vesicles

The protein profile of the in vivo- and in vitro-derived bovine
oviduct EVs has beenwell characterized [27]. Proteomic char-
acterization of the EVs identified a total of 315 proteins, from
which 97 of them are detected exclusively in the in vivo EVs,
47 were found only in in vitro and 175 were in common to
both in vivo- and in vitro-derived EVs. What is the source of
the 47 unique proteins in the in vitro-derived EVs is unclear; it
is possible that these proteins are derived from media or the
serum or as an adaption of the cells to culture conditions.
Beyond these specific proteins, the in vitro-derived oviductal
EVs have differential expression of several other proteins in
comparison to those derived in vivo, the molecular functions/
biological processes of the proteins enriched in the in vitro-
derived EVs is different from those isolated from the oviductal
fluid (in vivo). These observations that highlight extreme
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caution should be exercised while interpreting the data exclu-
sively from in vitro-derived EVs.

Oviductal extracellular vesicles aid in embryo quality
and growth

In vitro, the mouse oviductal EVs have been shown to be
taken up by sperm [26], the functional significance of such
an uptake is hitherto unknown. Functionally, the protein cargo
of the bovine oviduct EVs contains proteins that are involved
in diverse functions ranging from regulation of cell metabo-
lism, immunomodulation, and cell death [27]. Interestingly,
the in vivo-derived EVs contain embryotrophic factors sug-
gesting its role in early embryo development. Indeed oviduct
EVs are capable of passing through the zona pellucida and
internalize by most of the embryonic cells. Co-incubation of
the oviductal EVs with fertilized eggs while do affect cleavage
rates, it significantly improves the numbers of embryos
reaching blastocyst stage, these blastocysts have higher num-
bers of cells but it does not alter hatching rates [27]. Together,
the data suggest that oviduct EVs improves blastocyst yield
and quality and extends embryo survival overtime in vitro.

Extracellular vesicles secreted
by the endometrium

From the above discussions, we see that there exists an EV-
mediated embryo to endometrium communication to control
implantation. However, the success of pregnancy also requires
a communication from the endometrium to the embryo.
Several studies have shown that secretory factors from the
endometrial cells affect trophoblast functions of the embryo
[8, 29, 30]. While the role of soluble secretory molecules is
beyond doubt, the EVs-secreted from the endometrium also
influence blastocyst implantation [31, 32]. EVs in the size
range consistent of both exosomes and MVs are detected in
uterine fluid/mucus obtained from fertile women in secretory
phase [32]. Using immunostaining for cell surface markers
(tetraspanins, CD9 and CD63) EVs are detected on the apical
surfaces of endometrial epithelial cells in tissue sections taken
across the menstrual cycle [32]. Furthermore, the EV secreted
across the menstrual cycle might be different as another EV
marker CD63 showed cyclical regulation [32]. These
immunopositive bodies are possibly exosomes as they
can also be isolated from uterine aspirates, mucus and cul-
tured epithelial cells and their size ranges from 50 to
150 nm. The secretion of EVs has also been demonstrated
in the peri-implantation stage bovine endometrium, their
levels increase marginally from pre-implantation to post-
implantation period [33].

Molecular characteristics of endometrial extracellular
vesicles

The EV derived from endometrial epithelial cell line ECC1
contains specific miRNA cargo that has been well character-
ized [32]. Of the miRNAs profiled in that study, ECC1 cells
were shown to contained transcripts of 219 miRNA genes
while the EVs contained 227 transcripts of miRNA genes.
Of these, 214 miRNA transcripts are common to both EVs
and ECC1, while five were unique to only cells. These results
indicate that most host miRNAs are sorted in EVs. However,
it is intriguing that the EVs contain 13 unique miRNA tran-
scripts that were not detected in the cells. In addition to the
miRNAs, the ECC1 derived EVs also contained an interesting
class of the non-coding RNAswhich include the small nuclear
RNA U6 involved in the spliceosome, and RNU44 and
RNU48 which are that are involved in chemical modifications
of other RNAs. What might be the biological significance of
sorting of such non-coding RNA in EVs is difficult to envis-
age; the EV specific miRNAs are predicted to target genes
involved in embryo implantation. These include the adherens
junction proteins like cadherins which required for maintain-
ing epithelial and trophoblast layer integrity [34], the ECM-
receptor interaction molecules like the integrins which are
essential for apposition of the embryo on to endometrial epi-
thelium [34]. In addition, the EV-associated miRNA also tar-
get the VEGF, Jak-STAT, and the Toll-like receptor signaling
pathways that are modulators of implantation [34]. While
these observations are new and enticing, we await experimen-
tal and mechanistic data on the role of endometrial EVs on
process of embryo implantation.

The protein cargo of the ECC1-derived EVs has also been
characterized [31]. Like in the in vivo condition, the EVs
secreted by the ECC1 are also found to be hormonally regu-
lated; the protein cargo sorted in these EVs also differed in
response to steroid hormone [31]. This information although
is novel, the hormonal regulation of endosomal recycling in
the endometrium has been previously demonstrated and the
altered expression of endometrial recycling protein is associ-
ated with infertility [35, 36]. Nevertheless, a total of 1043
protein cargo are reported in ECC1 EVs of which 254 protein
cargos are uniquely packaged within EVs from estrogen treat-
ed cells and 126 within those EVs derived from cells chal-
lenged with both estrogen and progesterone. In general, most
EV-associated proteins are involved in exosome biogenesis,
endosomal-sorting complex required for transport (ESCRT)
machinery and tetraspanin. These proteins are characteristic
features of exosomes from most biological fluids
and tissues. However, 190 proteins identified are unique to
endometrial epithelial exosomes. This include enzyme like
ligases, oxidoreductases, transferases, lyases, isomerases,
phosphatases, kinases, metalloproteinases, and hydrolases.
The endometrial epithelial cell protein cargo is highly
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complex but yet the proteins enriched in EVs have specific
role in embryo implantation.

Endometrial extracellular vesicles have a role
in receptivity and implantation

The endometrial EVs during the course of embryo implanta-
tion vary in their protein cargo. Several proteins are differen-
tially abundant in the EVs isolated from preimplantation stage
bovine endometrial epithelium as compared to post-
implantation stages [33]. These preimplantation-stage endo-
metrial EVs have higher abundance of proteins involved in
cell apoptosis while the EVs derived from post-implantation
stage endometrium have higher abundance of proteins in-
volved in cell adhesion [33]. While these changes might re-
flect the physiological alterations occurring in the epithelium,
treatment of epithelial cells with EVs from pre-implantation
stage endometrium activate genes in the apoptotic pathways,
the post-implantation stage EVs activate genes in cell adhe-
sion [33] suggesting a paracrine effect of endometrial EVs in
regulation of receptivity and implantation (Fig. 2).

Since EV contains cargo that has roles in embryo implanta-
tion, the effects of ECC1-derived EVs on trophoblast invasion
have been studied [31]. The in vitro adhesive capacity of tro-
phoblast cell line HTR8 cells was examined in presence of EVs
derived from hormone-treated ECC1 cells. The results revealed
that EVs derived from both estrogen alone or that with proges-
terone treated epithelial cells led to a very rapid increase in the
adhesive capacity of the trophoblast cells [31]. This is
paralleled by a significant increase in levels of focal adhesion
kinase (FAK), phosphorylation of FAK (Tyr397) and levels of
thematrix protein fibronectin in trophoblast cells [31]. Together
the data suggest that endometrial EVs have a potential to con-
trol trophoblast physiology to aid in implantation (Fig. 2).

Extracellular vesicles from endometrial
stromal cells

The decidua is an epithelioid transformation of the stromal
cells of the endometrium at the time of embryo implantation.
This decidua plays a key role in controlling trophoblast inva-
sion and placentation [8, 9]. While the production of MVs by
the decidua has not been reported, MVs have been detected in
the culture supernatant of bovine endometrial stromal cells
[37] and primary cultures of endometrial stromal cells from
women with and without endometriosis [38, 39].

The protein cargo of the bovine endometrial stromal cells
has been defined, the proteome content has been shown to
alter in response to hypoxia [37] suggesting the modulation
of EV biosynthesis or differential protein sorting in response
to external stimuli. The miRNA cargo of the human endome-
trial stromal cells from healthy and womenwith endometriosis

has been characterized [38, 39] and its profile is distinct from
the endometrial epithelial cells [39]. Furthermore, there is
about 75% concordance in miRNA levels in cells versus their
EV counterparts, the cellular exosome expression ratios varied
substantially with some miRNAs were very abundant in
exosomes, but rare in cells; the converse has also been ob-
served [39]. These observations was found to be comparable
with the selective sorting of miRNAs observed in many can-
cer cell lines earlier [40].

Functionally, the stromal cell-derivedMVs can be internal-
ized by stromal cells themselves and also into endothelial cells
in vitro suggesting an autocrine/paracrine mode of action [37].
As compared to controls; the stromal cells from endometriosis
women contain altered abundance of miRNA species that
control angiogenesis [37]. Indeed, treatment of endothelial
cells (HUVEC) with EVs from stromal cells of women with
endometriosis had greater tube formation compared with
those treated with EVs extracted from normal women [38].
It is possible that the stromal EVs might regulate angiogenesis
(Fig. 2) that is required at the time of implantation [2].

While the biological significance of the above findings are
yet not very clear, but both these studies imply that release of
EVs and/or its cargo from the endometrial stromal cells gets
altered when subjected to adverse stimuli.

Extracellular vesicles of the placenta and their
roles in pregnancy

Th e r e l e a s e o f memb r a n o u s ma t e r i a l b y t h e
syncytiotrophoblasts of the placenta into the maternal circula-
tion during pregnancy is long known [41] and not surprisingly
the EVs of placental origin has been the most well character-
ized and is a subject of excellent reviews [42–46], and hence
will not be detailed here.

In general, syncytiotrophoblasts the primary source of
placenta-derived EV and is a major signaling mechanism be-
tween fetus andmother. EVs and exosomes have been isolated
from trophoblastic cell lines, placental cultures and also
in vivo from maternal circulation. The concentrations of both
exosomes and EVs in increase maternal plasma as gestation
progresses, their release and bioactivity are preferentially in-
creased by low oxygen tensions and D-glucose concentrations
[43]. The pregnancy-associated exosomes contain a number
of membrane-bound protein markers, such as NKGD2 li-
gands, FasL, TRAIL, and syncytin suggesting their role in
feto-maternal tolerance. The other specific pregnancy-
associated exosomal proteins include the placental alkaline
phosphatase and TGF-β. The placental exosomes also contain
mRNA and miRNA cargo that has diverse biological func-
tions [42, 47].

Changes in circulating levels and cargo content placental
EVs has been reported in pregnancy disorders. A significantly
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high numbers of placental EVs are detected in maternal serum
in preeclampsia, these EVs have pro-inflammatory, anti-
angiogenic and procoagulant activity, which is expected to
lead to systemic inflammation, endothelial dysfunction and
activation of the clotting system [44, 48]. The role of
exosomes as biomarker of preeclampsia and other gestational
disorders including diabetes has been proposed [45, 49].

Endothelial and adipose-derived extracellular
vesicles in pregnancy

While the placental-derived EVs have been extensively inves-
tigated in terms of preeclampsia, a role of endothelial and
adipose-derived EVs in pregnancy has been proposed.
Exosomes are released by endothelial cells and its cargo is
altered with hyperglycemia and oxidative stress. Such EVs/
cargo change leads to dysfunction of the fetoplacental endo-
thelium [50]. It is suggested that hyperglycemia and oxidative
stress during pregnancy would affect exosomal cargo in the
fetoplacental vasculature leading to endothelial dysfunction
resulting in adverse pregnancy outcome such as hypertension,
edema, thrombosis, and infarction [51].

Maternal obesity is a risk factor for several pregnancy com-
plications including gestational diabetes mellitus. Adipose tis-
sue is also known to produce EVs and hypertrophy of adipose
tissue or metabolic stress alters MV biogenesis and its cargo,
mainly the miRNA [52, 53]. Interestingly, exosomes derived
from the adipose tissue macrophages of obese mice cause
glucose intolerance and insulin resistance in lean mice [52]
suggesting that adipose tissue-derived exosomes might also
contribute to the systemic inflammation and insulin resistance
seen in obese gestational diabetic pregnancies. Such EVs may
also alter placental physiology and deregulating the placental
nutrient signaling pathways leading to pregnancy complica-
tions associated with obesity [49].

Microbial extracellular vesicles in pregnancy

The initiation and successful maintenance of pregnancy re-
quires a complex interplay between several maternal compart-
ments. However in recent years, the involvement of the
microbiome in regulation of host physiology and diseases is
gaining interest. The female reproductive tract, specifically the
cervix and vagina is rich in bacteria; microbial communities
have also been isolated from the fallopian tubes, placenta and
endometrium [54] .This microbiome influence various aspects
maternal health including gynecological cancers [55] and also
the mother-child microbial transfer which is a determinant of
infant health [56] Furthermore, alterations in the maternal
microbiome are associated with preterm births [57], a major
cause of fetal and neonatal mortality.

Like the eukaryotic cells, bacterial cells facilitate cell-cell
communication via secreted vesicles. These bacterial vesicles
(termed as microvesicles) transfer of biologically active mol-
ecules that induce phenotypic changes in the recipient cells to
coordinate diverse cellular processes and control of their pop-
ulation density [58]. Furthermore, the vesicles also are in-
volved in pathogen-host communication and manipulate host
responses for their own benefits and organisms in the repro-
ductive tract are no exception [59].

In the context of pregnancy, vaginal colonization with
Group B Streptococcus (GBS), opportunistic gram positive
pathogenic bacteria, is associated with premature rupture of
amniotic membrane and preterm birth [60]. We have previ-
ously demonstrated that GBS produces membrane vesicles
(MVs) that are loaded with virulence factors including the
proteases and pore forming toxin [61]. These GBS MVs can
undergo anterograde transport from the vagina in to the uterus
and intra-amniotic administration of GBS MVs led to amni-
otic membranes degradation and mechanical weakening re-
sembling preterm premature rupture membrane (PPROM).
Interestingly, instillation of MVs in the amniotic sac also re-
sulted and caused intrauterine fetal death and preterm delivery.
These observations indicate that, like the EVs from the repro-
ductive tract, the MVs from the vaginal microbes can also
affect the feto-placental tissues and resulting in pregnancy
complications. Whether the commensal flora of the female
tract also produces EVs and if it has any effect on embryo
implantation or pregnancy is yet not explored.

Summary and future directions

Table 1 summarizes the different sources of EVs reported
from feto-maternal tissues. The secretion of EVs by the endo-
metrial epithelial cells and the unique protein and miRNA
cargoes suggest that these should have biological functions.
Further, the specific sorting of proteins and miRNAs whose
targets have role in embryo implantation and the observation
that trophoblast cells treated with EVs have higher adhesive
potential are evidences to suggest that EV-mediated cross talk
exist and might aid in embryo implantation, placentation,
maintenance of pregnancy and also its complications. While
the evidences are obviously tantalizing, there several
caveats. Most of the data on EV cargo is derived from
immortalized or long-term passaged cell lines and very few
from the primary tissue. Thus,their in vivo relevance
is unclear. The experimental data on pro-implantation
effects of endometrial epithelial cell-derived EVs is
largely based on in vitro trophoblast adhesion/invasion assays
and its in vivo evidence is not established. It has been
shown that EVs of different sizes contain different cargos
and these vesicles can elicit distinct biological effects
on host cells [62]. This fact has been completely disregarded
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in studies pertaining to pregnancy. There is reasonable evi-
dence that the media components such as protein supplements
could be miRNA carriers [22, 24]. Therefore the data from
spent media should therefore need to take into account possi-
ble contaminants from the media itself. Presently, there is only
limited data on EVs and its cargo in embryo culture fluid.
Considering the fact that the media might alter stability and
sequestering of secreted RNA, such data could vary depend-
ing onmedia formulations. Presently data suggesting that EVs
contain protein and RNA cargo that have roles in embryo
implantation; the lipid cargo of the endometrial EVs is un-
known and needs to be established. Further, the role of steroid
hormones on EV sorting, EV cargo loading, and its biological
effects need to be studied.

While these are technical issues pertaining to EV biology in
general, the idea that EVs have a definitive role in implanta-
tion is at best speculative. There is only frugal in vitro data
where EVs have been shown to aid in trophoblast adhesion
and the in vivo evidence to this notion is yet not available.
Further, there is no data demonstrating that EV-mediated car-
go actually alters implantation related genes in the host cells
and mechanistic evidence of the same need to be generated.
Targeting EV biogenesis in the endometrium and embryos

would be an essential experimental proof to define its role in
implantation. However, considering that the mechanism of
EV biogenesis involves proteins having key roles in
endosomal physiology, it might be an impossible to task to
achieve such targeted animals and such data if any would be
hard to interpret in terms of its specificity.

In context of pregnancy, the placental EVs have been best
characterized and its alterations in maternal serum with preg-
nancy complications have been demonstrated. However, its
use as biomarkers needs clinical validation. Further, a
completely unexplored area is the host pathogen interactions
with the use of EVs. Data is emerging where the pathogen
EVs can affect the host, the vice versa has not been
investigated.

Given that EVs are secreted and its levels (or that of its
cargo) are predictive of their implantation potential of embryo,
progression of gestation and pregnancy complications this
could be transformed into a powerful noninvasive testing
method for various conditions. For example, EV measure-
ments in the medium of in vitro cultured embryos can aid in
a more consistent objective selection method in contrast to
current approaches which are highly subjective and have lim-
ited clinical value. Given that EVs are secreted differentially

Table 1 Molecular and functional characteristics of extracellular vesicles derived from feto-maternal tissues to aid in pregnancy

Source of EVs Key characteristics Functions References

Size Markers Contents

Embryo/embryonic
stem cells

50–200 nm CD9, CD63,
ALIX, HLA-G

mRNAs of the
pluripotency genes
such as Oct4, Sox2,
Klf4, c-Myc,
Nanog and mi RNAs

Mediates embryo growth
Promotes embryo implantation

[17–21]

Oviduct epithelium 30–100 nm,
> 100 nm

OVGP1 Total of 315 proteins with
varying distribution
among the in vivo and
in vitro derived EVs

Promotes early embryonic development [27]

Endometrial
epithelial cells

40–150 nm Tetraspanins, CD9,
CD63

254 proteins and 227
miRNAs

Control trophoblast physiology which can
promote embryo implantation

[32–34]

Endometrial
stromal cells

30–120 nm Tetraspanin-6,
disintegrin,
metalloproteinase
domain-containing
protein 10

250 proteins and several
miRNAs including
miR-21, miR-126

Control angiogenesis
Promote Cell proliferation
Crucial role in embryonic and fetal survival

[37–39]

Placenta 50–150 nm NKGD2 ligands,
FasL, TRAIL,
syncytin,
placental alkaline
phosphatase
TGF-β

mRNA, miRNA
and proteins

Feto-maternal tolerance
Pro-inflammatory, anti-angiogenic and

procoagulant activity

[41–49]

Endothelial and
adipose tissue

150–200 nm TNF-α, CD63,
HSP-TNF-α
HPS70 CD63

231 proteins and
miRNAs and proteins

Contribute to the systemic inflammation and
insulin resistance seen in obese gestational
diabetic pregnancies

[50–52]

Microbial (group B
Streptococcus)

< 50 nm,
150–300
nm

Unknown cAMP factor, Hyaluronate
lyase, PcsB protein,
DNA, RNA

Degradation of amniotic membranes
Mechanical weakening resembling preterm

premature rupture membrane (PPROM)
Fetal death and preterm delivery

[61]
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by the receptive and non-receptive endometrium and levels of
endosomal proteins are altered in endometria of women with
infertility, measurement of EVs in the uterine/cervical/vaginal
mucosa might be of utility in developing non-invasive/liquid-
biopsy test for diagnosis of uterine health and receptivity.
Finally, the pregnancy-associated maternal serum EVs has
high potential to develop noninvasive testing of placental
health and gestational complications.
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