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Extracellular vesicles (EVs) are membrane-coating nanoparticles derived from cells. The
effect of cell-to-cell communication mediated by EVs has been investigated in different
fields of physio-logical as well as pathological process in recent years. Reproduction,
regarded as a definitive characteristic of organisms, has been a focus in both animal and
medical sciences. It is well agreed that implantation is a critical event during early
pregnancy in viviparous animals, and a proper implantation is essential for the
establishment and maintenance of normal pregnancy. However, successful
implantation requires the synchronized development of both the uterus and the
embryo, therefore, in which well communication and opportune regulation are
necessary. This review focuses on the progression of studies that reveal the role of EVs
in early pregnancy, especially during implantation. Based on current evidence, EVs are
produced and exist in the environment for implantation. It has been proved that EVs of
different origins such as endometrium and embryo, have positive influences on embryo
implantation. With their cargos of proteins and nucleic acids (especially microRNAs), EVs
exert their effects including information transportation, immune stimulation and regulation
of gene expression.
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INTRODUCTION

Implantation and Its Requirement
Implantation is the key step of pregnancy establishment in mammalian reproduction, in which
embryos are demanded to adhere to receptive endometrium and invade the latter. Successful
implantation depends on the appropriate and coordinate state of both the maternal side and
the embryo.

The embryo must develop into blastocyst stage with cells differentiated into the inner cell mass
(ICM) and trophectoderm (TE). On the other side, the uterine epithelium must undergo
characteristic changes into receptive state in response to estrogen(E) and progesterone(P), in
which epithelial cells lose their polarity gradually and form microprotrusions on the apical surface
(1, 2). Also, endometrium stromal cells (ESCs) proliferate and differentiate into decidual cells. When
the uterus is well prepared, a short period, known as window of implantation, occurs for embryos to
implant. Implantation out of window of implantation would lead to spontaneous miscarriages (3).
Through the processes of apposition, attachment (adhesion) and penetration, the blastocyst implant
to the receptive endometrium. During this period, communication between the two sides is essential
for their synchronized development.
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Implantation also requires a slightly inflammatory status in
the uterus to facilitate tissue remodeling in spite of the necessity
of tolerance for the embryo (4). In addition, it is conjectured that
macrophages and dendritic cells help degrade the cover of
endometrium for embryo implantation by producing cytokines
and chemokines (4). However, the mechanisms of these
processes are not yet clear.

Due to the complexity and difficulty of the process of
implantation, the majority of conceptions fail and vanish
actually. In fact, implantation failure causes most (75%) of the
pregnancy losses in humans (5). This problem also distinctly
restricts the pregnancy rates in assisted reproduction. Besides,
benefit of animal breeding is affected by such a limit. In order to
promote the reproduction of both humans and livestock, it is
critical to understand the regulation mechanisms of
embryo implantation.

Extracellular Vesicles
Extracellular vesicles (EVs), as cell-derived membranous nano-
sized vesicles, contain at least 3 main subgroups: apoptotic
bodies, microvesicles and exosomes. Apoptotic bodies are
released during apoptosis when plasma membrane blebbing,
and are usually out of consideration of functions of EVs.
Besides, microvesicles are produced by cell shedding directly,
while exosomes originate from multi-vesicular body in cells,
which form via two times of membrane bubbling (Figure 1).
Although some authors suppose that EVs are produced by cells
to discharge unnecessary molecules, the role of EVs as
information transmitters is also demonstrated (6).

Different kind of EVs may act in different way. However, for
the difficulty of fully separating microvesicles and exosomes, it is
hard to distinguish functions of different kinds of EVs.
Therefore, some of the studies refer EVs or small EVs
(sEVs) instead.

EVs have been found to be released by most types of cells, and
their capability of information transmission between cells
provides a new mechanism of intercellular communication in
addition to contact-dependent signaling and autocrine,
paracrine, or endocrine signaling. Signals of EVs can be
mediated by all different kinds of biomolecules including
protein, lipids, nucleic acids and sugars, which can be delivered
simultaneously and work together (7). Compared to directly
secreted soluble molecules, signaling molecules within the
membrane-derived EVs is protected from degradation of
enzymes and their existence remains stable. Altogether, EVs
play an important role in cell-to-cell cross-talk of many different
physiological and pathological process (7).

The involvement EVs have been widely reported in vascular
biology, immune responses, neurology, and reproduction
(especially in embryo implantation) (7). Effects of EVs are
reported more in oncology. Cancer-derived EVs are shown to
promote the progress of cancer development and metastasis (8,
9). For the similarity between cancer development and embryo
implantation that both go through epithelial-mesenchymal
transition and change in cell capability of adhesion, migration
and invasion, important role of EVs in embryo implantation can
be reasonably assumed. In this review, we introduce findings
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about EVs during peri-implantation stage and try to summarize
the role of EVs in the regulation of embryo implantation.
COMPONENTS AND ORIGINS OF EVs
DURING PERI-IMPLANTATION

EVs have been detected and isolated from tissues and fluid
environments associated with embryo implantation during
early pregnancy among species. Furthermore, physical and
biochemical analysis of these EVs contribute to understanding
of their classification, components and origins.

EVs Exist in Uterine Flushing Fluids
The detection of EVs in uterine flushing fluids (UFs) have been
reported in large farm animals such as sheep and cattle. A total of
195 proteins are identified in EVs from UFs of ewes, with 40 and
76 unique to the cyclic and pregnant ewes, respectively (10).
Besides proteins such as cathepsin L1 and prostaglandin synthase
two, UF EVs contain a large number of small RNAs including 81
conserved mature miRNAs, with 53 common in cyclic and
pregnant ewes and 1 unique miRNA (bta-miR-423) in sample
from pregnant ewes on day 14 (10). Among those, enJSRVs ENV
and GAG RNAs, whose encoding proteins are shown to regulate
the development of trophectoderm, are found to be delivered to
other cells in vitro (10).

Exosomes are isolated from ovine UF in another study, with
different protein cargos from day 15 and 17 cyclic (C15, C17) or
pregnant (P15, P17) ewes (11). In this study, interferon tau
(IFNT), macrophage-capping protein (CAPG) and aldo-keto
reductase family 1, member B1 protein (AKR1B1) are found in
exosomes isolated from P15 and P17 ewe UFs (11). IFNT
contained in exosomes is believed to be involved in embryo
implantation, while CAPG and AKR1B1 are also presumed to be
relative to embryo attachment to the uterine epithelium.

In the subsequent study, total 596 proteins are detected in
exosomes isolated from UFs of bovine on P17, P20 and P22. 172
differentially expressed proteins with more than 1.5-fold changes
are found among these exosomes from different phases of
pregnancy (12).

However, considering the complexity of the uterine cavity,
EVs in UFs may have different origins such as seminal fluid,
secretion of uterus and embryo, and even production
of microorganisms.

EVs Are Secreted by Uterus
Exosomes are isolated from immortalized ovine uterine glandular
epithelial cells (13), indicating the capability of uterine epithelial
cells to produce EVs. The surface markers of exosomes, CD9 and
CD63, are detected on the apical surfaces of human endometrial
epithelial cells (EECs), and CD63 shows cyclical regulation (14),
indicating that exosomes are secreted by endometrial epithelium
in vivo and are regulated during menstrual cycle. Exosome/
microvesicle pellets are isolated and confirmed from culture
medium of endometrial epithelial cell line (ECC1) and from
uterine fluid. Profiling of miRNAs in exosomes/microvesicles
January 2022 | Volume 13 | Article 809596
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derived from ECC1 shows that 214 miRNAs are present in both
exosomes/microvesicles, while 13 miRNAs present specifically in
exosomes/microvesicles and 5 are specific to cells (14), suggesting
a sorting mechanism of miRNAs in secretion of exosomes/
microvesicles from endometrial epithelium.

In another study, EVs are isolated from cultured women
endometrial mesenchymal stromal cells (endMSCs), with their
positive effects on blastomere division and embryo hatching of
pre-implantation mice embryos and their potential for
promoting angiogenesis demonstrated (15). The author also
claims that in their preliminary proteomic analyses of the EVs
derived from human endMSCs (EV-endMSCs), proteins related
to embryo development and implantation are found, including
transferrin, vinculin, and fibronectin for embryo development
and matrix metalloproteinase-2, -3 and -9, and E-cadherin for
embryo implantation (15).

Contents of endometrial epithelial-derived exosomes alter in
the menstrual cycle or estrous cycle. A study demonstrates that
different treatment of E and E+P could influence the proteome of
exosomes derived from ECC1. Exosomes from the EP-treated
ECC1, which represent the receptive phase of endometrial
epithelium, contain 126 proteins that absent in E-exosomes (16).
Furthermore, the protein cargo in EP-exosomes is believed to be
related to implantation processes including adhesion, migration,
invasion and extracellular matrix remodeling (16). The protein
extracellular matrix metalloproteinase inducer (EMMPRIN)
contained in microvesicles is secreted by human uterine
Frontiers in Endocrinology | www.frontiersin.org 3
epithelial cells (HESs), and is found to be regulated by ovarian
hormones (17). Besides, 7 out of 768 miRNAs in EVs from uterine
lumen of cyclic ewes are also regulated by progesterone (P4) (18).
In the succeeding study, the production of EMMPRIN-containing
microvesicles from uterine epithelium is found to be stimulated by
GPR30 (19).

These studies show that uterus, especially endometrium, is
capable for EVs secretion. The EVs production of endometrium
alters along with the cyclic changes of uterus induced by E and P.
Furthermore, the quantity and contents of EVs may reflect the
characteristics of the physiological state of the uterus to a
certain extent.

Embryo Is Another Origin of EVs
EVs in uterine lumen during early pregnancy can also be of
embryonic derivation. Evidence of exosomes-derived proteins
presenting in both UF of pregnant heifers and culture medium of
conceptuses, but aremissing in the uterine tissue (20), indicates that
the conceptus is capable of releasing selectively packaged EVs. EVs
are demonstrated to be released by both uterus and day 14
conceptuses during early pregnancy in sheep, and these EVs are
able to be transported to and internalized by the other side in the
communication between conceptus and uterus (21). 512 mRNAs
and 231 proteins are detected in the day 14 conceptus-derived
EVs (21).

The study of exosomes in UF of ewes reveals that CAPG and
AKR1B1 exist only in exosomes from UFs of pregnant ewes in
FIGURE 1 | The production of different kinds of extracellular vesicles (EVs): (I) apoptotic bodies (ABs) are formed in cell apoptosis; (II) microvesicles (MVs) are shed
directly by cells; (III) exosomes (Exos) are released as multi-vesicular body (MVB) fuse with plasma membranes.
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peri-implantation period (P15 and P17), although exosomes are
present in both cyclic and pregnant UFs (C15, C17, P15, and
P17). Moreover, up-regulation of CAPG and AKR1B1 mRNAs
as well as the expression of these two proteins are found to be
specific to day 15 and 17 conceptuses compared to C15, C17, P15
and P17 endometrial tissues (11), indicating that exosomes are
secreted to UFs by embryos during embryo attachment period.

After that, EVs are confirmed in human embryo spent
medium, along with their contents of HLA-G protein and
mRNAs for embryonic pluripotency-related genes including
NANOG and POU5F1 (22). In consideration of the fact that
NANOG is only expressed in the ICM but not in the TE at that
time, it can be inferred that EVs are derived not only from the TE
but also from the ICM (22). In another study, EVs and 621
miRNAs are found in in vitro fertilization (IVF) human embryo
spent culture media, with different quantity between positive and
negative outcome (6). Besides, microvesicles and exosomes are
detected in culture media of bovine embryos on day 9 post IVF as
well as parthenogenetic activation (PA), and non-competent IVF
embryos show a higher variability in their EVs population (23).
EVs are also found in mice outgrowth embryo-conditioned
media by electron microscopy and Western blot in a study of
peri-implantation embryos (24). These works again confirm that
embryos can be source of EVs secretion.

DNA representing the full murine genome is also detected in
EVs isolated from spent media of blastocyst (25). Interestingly,
there is no difference in DNA cargos between apoptotic bodies
and other EVs (25), which indicates the possibility of DNA
cargos loaded and transported by microvesicles and exosomes
during implantation.

EVs also exist in blastocoel fluid (BF), in addition to the
external environment of embryos. EVs, mostly identified as
exosomes, are discovered in human BF of pre-implantation
embryos, along with 89 miRNAs (26), and most of which have
been described as exosomal miRNAs. Pathway analysis and Gene
Ontology analysis of these miRNAs reveals that cell stemness, cell
reprogramming, cell communication, and cell adhesion are related
processes (26). In an earlier study, microvesicles are isolated from
conditioned medium (CM) of embryonic stem cells derived from
the ICM (27), indicating that ICM could be origin of EVs in BF.
These findings provide another possibility of EVs functioning in
the development of pre-implantation embryos.

These researches reveal that embryos produce EVs during
early pregnancy. Embryo-derived EVs can be originated from
both ICM and TE. However, not all these EVs act on the mother
side. EVs that exist in BF may contribute to cell-to-cell
communication within the blastocyst.
Other Origins of EVs in Female
Reproductive Tract
Seminal plasma also contributes to EVs in uterus during early
pregnancy. EVs in seminal plasma originate from the epididymal
duct and the male accessory glands (7), and may remain in the
uterus and act in the process of embryo implantation. It is
demonstrated that EVs can be produced by helminths,
parasitic protozoa and bacteria (7), and EVs from these lower
Frontiers in Endocrinology | www.frontiersin.org 4
organisms may exist in uterus. However, there is a lack of
research about effects or functions of EVs from parasitic
organisms in implantation.
EFFECTS OF EVS DURING
PERI-IMPLANTATION

It has been demonstrated that embryo-derived EVs can be taken
up by both of epithelial and stromal cells in endometrium (22),
and vice versa (15, 16). Besides, effects of EVs are also found in
embryo-embryo (24, 28), ICM-TE (27), and other kinds of
intercellular interactions. Also, effects of EVs alter along with
the change of the origin. For example, exosomes from bovine UF
on P17, which represents pre-implantation phase, are found to
up-regulate the expression of apoptosis related genes in EECs.
On the other hand, post-implantation exosomes of P20 and P22
up-regulate the expression of adhesion molecule VCAM1 (12).
With their abundant and alterable components of proteins,
nucleic acids and lipids, EVs can bring various changes to the
target cells (Figure 2). In general, main effects of EVs during
embryo implantation can be summarized as below.

Promote Pre-Implantation Embryo
Outgrowth and Development
It is suggested that embryos communicate with each other though
EVs. Porcine PA embryos can improve cleavage and blastocyst
formation rates of cloned (nuclear transfer, NT) embryos, and it is
believed to be carried out byEVs containing specificmRNAs,which
are internalized byNTembryos and increase the protein expression
in the latter (29). Likewise, bovine NT embryos cultured in
nonrenewal system show higher blastocyst quality compared with
routine renewal treatment (28). Supplementation of exosomes
isolated from culture medium to renewal system can significantly
rescue blastocyst formation, quality and following growth (28).
These studies of PA and NT embryos suggest that exosomes
secreted by early embryo promote pre-implantation outgrowth
and development of embryos and thereby advance their
implantation capability.

Evidences of embryos from natural fertilization also prove
that EVs derived from outgrowth embryos show embryotrophic
effects to pre-implantation embryos in an incubation treatment.
Supplementation of EVs to the culture medium of pre-
implantation mice embryos significantly increases the average
number of blastomeres in single blastocyst and at the same time,
reduces apoptosis index in peri‐implantation embryos. Also, out-
growth and trophoblastic spreading are increased and ICM grade
is improved in peri-implantation embryos treated with EVs (24).
These results demonstrate that EVs can improve development of
pre-implantation embryos and help embryos prepare for
implantation. More importantly, EVs-treated embryos show a
significantly higher implantation rates in in vivo embryo transfer,
which proves that EVs derived from outgrowth embryo-
conditioned media indeed increase the implantation ability of
mice embryos (24). Similarly, amniotic microvesicles show
positive effect on bovine embryos hatching and subsequent
pregnancy (30).
January 2022 | Volume 13 | Article 809596

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Chen et al. Extracellular Vesicles in Embryo Implantation
Embryos also benefit fromEVsproduced by themother side. EVs
derived from human endMSCs are found to significantly enhance
total cell number of mice embryos when added to culture medium
(15). Embryo hatching is also enhanced by EV-endMSCs compared
to the non-EV-endMSCs added control (15), indicating that EV-
endMSCs have positive influences on pre-implantation embryos
towards implantation. In a recent study, similar results are also
observed in the treatment of crude exosomes from hormone-
treated EECs, in which human trophectodermal spheroids are used
as blastocyst mimics (31). Embryo hatching depends on both
mechanical and chemical processes. Embryo outgrowth and
development contributes to the mechanical part through thinning
zona pellucida, which is proved to be promoted by EVs. However, it
remains unknown if EVs participate in the chemical part.

Improve Cell Migration, Adhesion
and Invasion
In a study of exosomes isolated from plasma of pregnant women
shows that placental exosomes can promote endothelial cell
migration (32), suggesting that cell migration and invasion
may also be enhanced by EVs during implantation.

Endometrial exosomes perform different influence in HTR8
trophoblast cells according to hormonal treatment to their
original ECC1. In comparison to exosomes derived from E-
treated ECC1, EP-exosomes rapidly and significantly increase the
adhesive capacity of HTR8 cells after internalization, which is in
accordance with the result of their proteomic analysis (16).
Frontiers in Endocrinology | www.frontiersin.org 5
The subsequent study finds that spheroids of trophectodermal
cells are influenced by ECC1-derived EVs in response to EP
treatment and represent significantly promoted outgrowth on
fibronectin and more importantly, increased adhesion and
invasion. The enhanced adhesion can be partly reduced by EV
uptake inhibitors, testifying the effect of endometrial EVs (33). It
can be inferred from this research that adhesion and invasion of
blastocysts, representedby spheroidsof trophectodermal cells in the
study, canbepositively regulatedbyendometrial EVs, and therefore
implantation is promoted. Another study also demonstrates that
sEVs derived fromhuman decidual stromal cells (HDSCs) enhance
cell invasiveness of trophoblast after the uptake by the latter (34).

Microvesicles generated by embryonic stem cells derived from
ICM can be transferred to the trophectoderm and enhance the
outgrowth and migration of trophoblast (27). More importantly,
injection of embryonic stem cell microvesicles to blastocysts
significantly enhance their ability of implantation (27),
indicating that microvesicles mediate the intercellular
communication in blastocysts and promote the process
of implantation.

Other Effects Contributing to Implantation
Molecules including vascular endothelial growth factor (VEGF)
and platelet-derived growth factor-AA secreted from EV-
endMSCs-treated embryos shows potential stimulation effect of
EV-endMSCs on feedback signal of embryos, which help to
prepare uterus for implantation and following processes (15).
FIGURE 2 | Extracellular vesicles (EVs) are released by different kinds of cells during implantation: (A) EVs from endometrial epithelial cells (EECs) act on the embryo
and uterine fibroblasts; (B) EVs from endometrium stromal cells (ESCs) also act on the embryo; (C) EVs from the inner cell mass (ICM) act on the trophectoderm (TE)
and some of them are transferred out of the blastocyst; (D) EVs from the embryo, including both TE and ICM, act on EECs, other embryos and immunological cells;
(E) Seminal EVs act on ESCs.
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This research indicates that EVs may perform their influence
during peri-implantation through the regulation of cell secretion.

IFNT, as an important pregnancy recognition factor of
ruminants, is detected in exosomes from UF of pregnant ewes but
not cyclic ones (35), indicating that IFNT is secreted by conceptus
trophectoderm.Conceptus trophectoderm cells (oTr1) treatedwith
exosomes isolated fromUFof ewesonday 13of the estrous cycle are
found to gainhigher rates of proliferation and increasedproduction
of IFNT (35). This study presents an instance of EVs acting as
mediator in communication between conceptus and uterus in
pregnancy recognition.

Seminal exosomes can be internalized by human ESCs and
induce the production of cytokines relevant to implantation, IL6
and IL8, of the latter (36). In another study, microvesicles from
seminal plasma are proposed to promote decidualization of human
primary endometrial stromal fibroblasts (ESFs) (37), which is
essential to the process of human embryo implantation. Also,
IL11 production of ESFs is induced by seminal microvesicles (37).
These two studies suggest a role of seminal EVs in the regulation of
implantation by seminal plasma in both immunology and
cell differentiation.

Effect of trophoblast-derived EVs is also found on monocytes.
Exosomes derived from Sw.71 trophoblast cells are rapidly taken
up by monocytes, and the migration of the latter is promoted in a
chemotactic way. Besides, the expression and secretion of
cytokines related to early pregnancy in monocytes and
macrophages are induced by exosomes (38). These effects can
contribute to embryo implantation by supporting pro-
inflammatory reaction, angiogenesis and stroma remodeling.

Interestingly, EVs derived from defective origins seem to act in
an opposing way, or at least in an ineffective way. Exosomes from
UFs of cows with endometritis represent a negative effect on
development of IVF embryos compared to the healthy ones (39).
Treatment with EVs from endometrial cells of women with
recurrent implantation failure also reduces the hatching rates and
total cell number of blastocysts (40). Furthermore, the capability of
invasion of hatched blastocysts is decreased with treatment of such
EVscompared tonormalones (40).These results suggest that effects
of EVs may be associated with health condition of the subject.
POSSIBLE MECHANISMS OF EVs
FUNCTIONING IN EMBRYO
IMPLANTATION

The detail of how EVs exert their functions is not yet clear,
especially considering the complicacy of the components of EVs
and the target cells. However, there have been many studies
making efforts into this field, therefore we could get an insight
into which.

For example, the mechanism of EVs altering cell capability of
adhesion and migration is studied. ECC1-derived exosomes are
found to significantly increase the expression level of adhesion
markers including focal adhesion kinase (FAK), phosphorylated
FAK (Tyr397), and fibronectin in trophoblast cells (16). Also, the
expression of FAK and FAK-Tyr397 is induced to a significant
Frontiers in Endocrinology | www.frontiersin.org 6
higher level by EP-exosomes compared to E-exosomes (16). This
research suggests that endometrial exosomes enhance adhesive
capacity of trophoblast cells through activating FAK signaling
(16). Another study points out that HDSC-sEVs upregulate the
N-cadherin expression by inducing the phosphorylation of
SMAD2 and SMAD3, and therefore, improve trophoblast cells
migration and invasion (34).

However, effects of EVs on target cells are multiple and therefore
mechanisms would be complicated. Protein expression of human
trophectodermal spheroids is attested tobe reprogrammedbyECC1-
derived EVs. Biological processes of many up-regulated proteins are
associatedwith implantation, includingactincytoskeletonregulation,
cell adhesionandcelldivision,while extracellularmatrixorganization
and cell adhesion were down-regulated functions (33). Implantation
relative proteins whose expression are modulated by EVs are
identified in trophectodermal spheroids (33), including S100A10,
EPCAM, and PFN2. Several proteins secreted by trophectodermal
spheroids are up-regulated uniquely in response to EVs, including
chemokine (C-X-C motif) ligand 12 (CXC12), CXCL8, alkaline
phosphatase, cysteine-rich protein 61, tissue factor inhibitor, and
integrin alpha 6.Theseproteins are found related to cell and substrate
adhesion, cell migration, and binding capacity (33), suggesting a
feedback signaling of blastocyst in response to endometrial EVs in
pre-implantation maternal-embryo communication.

According to existing studies, these functions of EVs during
peri-implantation stage are mainly carried out by two kinds of
molecular components, proteins and nucleic acids.

Protein Cargos React With Target Cells
A large number of functions of EVs during peri-implantation stage
are carried out by protein cargos. EV-mediated signals can be
delivered and transduced by interactions between EV proteins and
target cells and the target cells make response through downstream
reactions. For example, asmentionedabove,manykinds ofproteins
related to embryo development and implantation are detected in
EV-endMSCs (15). It can be conjectured that proteins delivered by
EVs can react with their target cells to promote embryo blastomere
division and hatching and afterwards, embryo implantation. More
clear evidences are below (Table 1).

Endometrial remodeling is proved to be regulated by EV
proteins. EMMPRIN is known as a regulator of uterine fibroblast
production of matrix metalloproteinases (MMPs), which direct
endometrial remodeling during implantation. The EMMPRIN
protein is found to be secreted by HES cells through microvesicles
and stimulate the MMP expression in human uterine fibroblasts
(HUFs) (17).

Proteins in EVs participate in both direction of communication
for pregnancy recognition in ruminants. A study proposes that toll-
like receptors (TLRs) on conceptus trophectoderm cells, especially
TLR7 and TLR8, can recognize exosomal enJSRVs fromuterus and
initiate cell signaling resulting in synthesis and secretion of IFNT
(35). On the other side, IFNT, as well as CAPG and AKR1B1 are
contained in embryo-derived exosomes isolated from P15 and P17
ewe UFs (11). Interferon stimulated genes (ISGs) mRNA
expressions in EECs are up-regulated after treated with these
exosomes, which is believed to be carried out by IFNT identified
in them (11). IFNT has been proved to regulate many endometrial
January 2022 | Volume 13 | Article 809596
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gene expressions of proteins which are critical for conceptus
attachment to endometrial epithelium, including CXCL10 and
galactoside-binding, soluble, 15. Besides, CAPG can enhance
cellular motility and chemotaxis, and is involved in increased cell
invasion.Moreover, AKR1B1 is also known as amolecule related to
epithelial-mesenchymal transition and angiogenesis. Embryo-
derived exosomes may also promote implantation through these
two proteins, though more evidences are required.

In the following study, exosomes isolated from bovine UFs
are again found to alter the gene expression of EECs. The
transcriptions of ISG15, myxovirus resistance (MX)1, MX2,
STAT1 and STAT2 are up-regulated by exosomes from P17,
P20 and P22 UFs in an IFNT concentration dependent manner
(12). Thus, these up-regulations of gene expression is believed to
be result from IFNT in exosomes.

IFNT-independent effects of EVs in embryo implantation of
cattle are also found in a recent study (41). RNA-seq analysis of
bovine EECs reveals 82 transcripts induced by IFNT-independent
P17 EVs, many of which are associated with the TNF pathway and
inflammatory response (41). A higher expression level of CD40
ligand (CD40L) is found in P17 EVs compared to C17 ones. P17
EVs can induce the expression of TNF signaling pathway-related
genes in EECs via CD40L-CD40-NF-kB pathway, independent of
IFNT effects, to provide a pro-inflammatory environment for
implantation (41).

The positive effects of embryonic stem cell microvesicles on
the capability of migration of trophoblast are proved to be
mediated by laminin and fibronectin together. These two
proteins on the outer surfaces of microvesicles can bind to
integrin a5b1 and the laminin receptor on trophoblasts, which
activates FAK and c-Jun N-terminal kinase pathways and
thereby trophoblast migration is promoted (27).

EVs from seminal plasma exert their effects on embryo implantation
at least partly with protein cargos. Seminal microvesicles promote
decidualization of ESFs with proteinaceous components, and this effect
is found to be IL11 signaling-dependent (37).

EVs proteins also act on immunological cell during
implantation, for that slight inflammation is required in
endometrium to allow the process of implantation and
trophoblast invasion (4). The chemotactic migration of
monocytes and macrophages and their production of cytokines
including IL1b are advanced by trophoblast-derived exosomes
and lead to a pro-inflammatory environment in uterus (38). A
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following research demonstrates that exosomal fibronectin is
responsible for inducing the expression and release of IL1b by
human macrophages without exosome internalization (42). This
stimulating function of fibronectin is found to be mediated by
specific cell surface a5b1 integrin receptor.

The adhesion of EVs derived from mouse embryo to CD4+
and CD8+ murine peripheral T lymphocytes is found to be partly
mediated by phosphatidylserine- phosphatidylserine receptor
binding (43). Also, IL10 production of CD8+ T cells is
improved by EVs via their protein cargo of progesterone-
induced blocking factor (43), which is known as a protein
mediating the immunological actions of progesterone and
therefore participates in the embryo-maternal communication.

Nucleic Acid Cargos Influence Gene
Expression of Target Cells
Nucleic acid cargos, especially microRNAs have been the hotspot
and focus of researches about EVs. The important role of miRNAs
in embryo implantation has been summarized in earlier reviews,
including one of our group (44, 45).MiRNAs in EVs are believed to
be involved in regulation of uterine gene expression (44). For
example, bioinformatics analysis of miRNAs in exosomes/
microvesicles derived from ECC1 shows that a number of target
genes of these miRNAs are known as relative to implantation (14),
which include adherens junctions, ECM-receptor interactions, the
VEGF-signaling pathway, the Jak-STAT pathway and the Toll-like
receptor signaling pathway.There have been more evidences of
nucleic acid and especially miRNAs in EVs functioning during
peri-implantation.

RNAs are proved to be transferred from embryo to
endometrium through EVs. 3 unique and abundant RNA
fragments are found to significantly down-regulate the expression
of their original genes.One of these RNA fragments originates from
ZNF81 gene, and the others are from LINC00478 locus of
chromosome 21, which transcripts matches with LTR7B family
and is close to a region potential for endogenous retrovirus protein
(46).Notably,LTR7copies are involved in the regulatorynetworkof
pluripotency in human embryonic stem cells, while endogenous
retrovirus proteins are necessary for early embryo and placenta
development during implantation. Interestingly, EVs derived from
good-prognosis IVF embryos show the potential to alter ZNF81
gene expression in endometrial cells, while EVs from poor
prognosis embryos are not able to initiate such changes (46).
TABLE 1 | EV Proteins and their functions in embryo implantation.

Proteins Functions Origin Kind of EVs

enJSRVs (35) initiate synthesis and secretion of IFNT in conceptus trophectoderm cells uterus (sheep) exosomes
IFNT (35) regulate expressions of conceptus attachment-related genes embryo (sheep) exosomes
CAPG (35) enhance cellular motility and chemotaxis embryo (sheep) exosomes
AKRB1 (35) regulate epithelial-mesenchymal transition and angiogenesis embryo (sheep) exosomes
INFT (12) regulate expressions of conceptus attachment-related genes UFs (cattle) exosomes
CD40L (41) induce the expression of pro-inflammatory genes in EECs UFs (cattle) exosomes mainly
EMMPRIN (17) stimulate the MMP expression in HUFs HES cells (human) microvesicles
IL11 (37) promote decidualization of ESFs seminal plasma (human) microvesicles
Fibronectin (42) induce IL1b production of macrophages trophoblast (human) exosomes
Laminin and fibronectin (27) promote trophoblast migration embryonic stem cell (mouse) microvesicles
Phosphatidylserine (43) improve IL10 production of T cells embryo (mouse) (not memtioned)
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Therefore, we can reason that RNA cargos in embryo-derived EVs
may act as markers of embryo quality and be recognized by the
mother side.

There are more evidences about EV RNAs influencing gene
expression in cattle EEC. Transcriptome analysis reveals that
there are 179 differentially expressed genes between EECs co-
cultured with EVs isolated respectively on P17 and P20. Among
these differentially expressed genes, Gene Ontology and pathway
analyses reveal that RNAs related to immune response and
immune system are down-regulated in EVs from P20 (47).
Furthermore, bta-miR-98, which is more abundant in P20 EVs,
is found to down-regulate immune system-related genes in
EECs. These results indicate that miRNA in EVs are involved
in the regulation of maternal immune system during the peri-
implantation period to allow embryo implantation (47).

On the other side, miRNAs from EEC-derived EVs influence
embryos in mouse and human. Our group proves that miR-100-
5p enriched in receptive endometrium cell-derived EVs
promotes cell migration, invasion, and proliferation of
embryos and enhances their ability for implantation (48).

It is suggested that the differently expressed miRNAs in
exosomes is the key to different effects on development of IVF
embryos between healthy cows and those with endometritis (39).
A total of 118 miRNAs are found to be expressed differently in
exosomes of the two group, the author also suggests 20 of which
as markers of early endometritis (39).

Our group recently proposes another possible pattern of EVs
functioning during implantation with miRNAs cargos.
Compared to the pre-implantation period, content of miR-34c-
5p, miR-210, miR-369-5p, miR-30b, and miR-582-5p in
endometrium-derived sEVs is remarkably increased during
window of implantation (49). 2987 mRNAs as potential targets
of these miRNAs are mainly enriched in the phosphatidylinositol
3 kinase/protein kinase B signaling pathway, mitogen-activated
protein kinase signaling pathway, focal adhesion, cell–cell
adhesion, and extracellular exosome (49). In addition, there is
a remarkably higher expression level of miR-34c-5p, which is
then proved to trigger embryo loss, in HEC-1-A cells, which
represent non-receptive endometrium, compared to Ishikawa
cells. However, GAS1, which is found to be negatively regulated
by miR-34c-5p, is expressed at a higher level in Ishikawa cells, as
a model of receptive endometrial cells (49). Therefore, miR-34c-
5p in endometrium-derived sEVs may be castoff of endometrial
cells in the conversion into receptive state, and endometrial cells
may unload certain miRNAs by releasing EVs to prepare for
embryo implantation. However, more effects of miR-34c-5p in
sEVs are not yet well understood.
CONCLUSIONS AND OUTLOOKS

It has been demonstrated with all these evidences that EVs play an
important role in the communication and regulation in embryo
implantation. Both of microvesicles and exosomes are secreted
during peri-implantation period, and their origins are extensive,
including endMSCs,HDSCs, EECs, as well as embryonic cells of TE
Frontiers in Endocrinology | www.frontiersin.org 8
and ICM. EVs mediate the bidirectional communication between
maternal side and embryos to promote the coordinate changes.
Besides, EVs also act as immune regulators to ensure anappropriate
pro-inflammatory environment for implantation. Thereinto,
proteins and nucleic cargos of EVs, for example, IFNs and
miRNAs, are the keys that cause series of reactions in target cells
to benefit the process of implantation.

However, there still remain a number of questions. For instance,
how is the sorting of molecules regulated before EVs release? Can
the amount or contents of EVs act asmarker of stage and condition
of embryo or uterus? In all these fields, more details and in vivo
evidences of functions and involved pathways of EVs also await
further study. For example, in another study of our team,miR-133a
is found in exosomes from endometrial cancer cells (Ishikawa and
HEC-1-A) (50). More importantly, FOXL2, a down-regulated key
gene in endometrial cancer, is regulated by miR-34c-5p (50). Also,
these exosomes could be transferred to normal endometrial cells
(50), but more studies about their effects and mechanisms are
needed. Also, endometrial EVs, especially exosomes, are proposed
to represent gene expression variability at different time in
menstrual cycle (51). However, there is still limitation of sample
size and lack of sample from healthy women in this study (51).

Taking advantage of our understanding of EVs during
implantation, new technologies can be developed to promote
the reproduction of both human and livestock. For example,
human EV-endMSCs can partly rescue embryo yield and quality
in aged mice, and increased odds of implantation and subsequent
delivery can be reasonably expected (52). Besides, artificial EVs
can also be hoped to deliver specific molecules including
medicines in order to encourage or break the process of
implantation. Also, understanding and then regulating the
endogenous release of EVs may achieve the same purpose.

In conclusion, there are still much to be explore in this field,
and more efforts are demanded in succeeding works.

AUTHOR CONTRIBUTIONS

Collection of published articles: KC and YZ, Writing—original
draft preparation: KC and JL. Writing—review and editing: TQ,
XC, and ZW. Funding acquisition, ZW. All authors have read
and agreed to the published version of the manuscript.

FUNDING

This research was supported by grants from the National Natural
Science Foundation of China (32172724), Department of Science
and Technology of Huzhou City (2019ZD2026), the Sanya
Yazhou Bay Science and Technology City 484 (202002007),
and Zhejiang Team Science and Technology Commissioner
Project 485 (Tongxiang).
ACKNOWLEDGMENTS

We acknowledge the funds supported by organizations
mentioned hereinbefore.
January 2022 | Volume 13 | Article 809596

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Chen et al. Extracellular Vesicles in Embryo Implantation
REFERENCES

1. Nikas G, Psychoyos A. Uterine Pinopodes in Peri-Implantation Human
Endometrium. Clinical Relevance. Ann N Y Acad Sci (1997) 816:129–42.
doi: 10.1111/j.1749-6632.1997.tb52136.x

2. Daikoku T, Cha J, Sun X, Tranguch S, Xie H, Fujita T, et al. Conditional
Deletion of Msx Homeobox Genes in the Uterus Inhibits Blastocyst
Implantation by Altering Uterine Receptivity. Dev Cell (2011) 21:1014–25.
doi: 10.1016/j.devcel.2011.09.010

3. Wilcox AJ, Baird DD, Weinberg CR. Time of Implantation of the Conceptus
and Loss of Pregnancy. N Engl J Med (1999) 340:1796–9. doi: 10.1056/
NEJM199906103402304

4. Mor G, Cardenas I, Abrahams V, Guller S. Inflammation and Pregnancy: The
Role of the Immune System at the Implantation Site. Ann N Y Acad Sci (2011)
1221:80–7. doi: 10.1111/j.1749-6632.2010.05938.x

5. Wilcox AJ, Weinberg CR, O’Connor JF, Baird DD, Schlatterer JP, Canfield
RE, et al. Incidence of Early Loss of Pregnancy. N Engl J Med (1988) 319:189–
94. doi: 10.1056/NEJM198807283190401

6. Abu-Halima M, Hausler S, Backes C, Fehlmann T, Staib C, Nestel S, et al.
Micro-Ribonucleic Acids and Extracellular Vesicles Repertoire in the Spent
Culture Media Is Altered in Women Undergoing In Vitro Fertilization. Sci
Rep (2017) 7:13525. doi: 10.1038/s41598-017-13683-8

7. Yanez-Mo M, Siljander PR, Andreu Z, Zavec AB, Borras FE, Buzas EI, et al.
Biological Properties of Extracellular Vesicles and Their Physiological
Functions. J Extracell Vesicles (2015) 4:27066. doi: 10.3402/jev.v4.27066

8. Kharaziha P, Ceder S, Li Q, Panaretakis T. Tumor Cell-Derived Exosomes: A
Message in a Bottle. Biochim Biophys Acta (2012) 1826:103–11. doi: 10.1016/
j.bbcan.2012.03.006

9. Soung YH, Nguyen T, Cao H, Lee J, Chung J. Emerging Roles of Exosomes in
Cancer Invasion and Metastasis. BMB Rep (2016) 49:18–25. doi: 10.5483/
BMBRep.2016.49.1.239

10. Burns G, Brooks K, Wildung M, Navakanitworakul R, Christenson LK,
Spencer TE. Extracellular Vesicles in Luminal Fluid of the Ovine Uterus.
PloS One (2014) 9:e90913. doi: 10.1371/journal.pone.0090913

11. Nakamura K, Kusama K, Bai R, Sakurai T, Isuzugawa K, Godkin JD, et al.
Induction of IFNT-Stimulated Genes by Conceptus-Derived Exosomes
During the Attachment Period. PloS One (2016) 11:e0158278. doi: 10.1371/
journal.pone.0158278

12. Kusama K, Nakamura K, Bai R, Nagaoka K, Sakurai T, Imakawa K.
Intrauterine Exosomes Are Required for Bovine Conceptus Implantation.
Biochem Biophys Res Commun (2018) 495:1370–5. doi: 10.1016/
j.bbrc.2017.11.176

13. Racicot K, Schmitt A, Ott T. The Myxovirus-Resistance Protein, Mx1, is a
Component of Exosomes Secreted by Uterine Epithelial Cells. Am J Reprod
Immunol (2012) 67:498–505. doi: 10.1111/j.1600-0897.2012.01109.x

14. Ng YH, Rome S, Jalabert A, Forterre A, Singh H, Hincks CL, et al. Endometrial
Exosomes/Microvesicles in the Uterine Microenvironment: A New Paradigm
for Embryo-Endometrial Cross Talk at Implantation. PloS One (2013) 8:
e58502. doi: 10.1371/journal.pone.0058502

15. Blazquez R, Sanchez-Margallo FM, Alvarez V, Matilla E, Hernandez N,
Marinaro F, et al. Murine Embryos Exposed to Human Endometrial MSCs-
Derived Extracellular Vesicles Exhibit Higher VEGF/PDGF AA Release,
Increased Blastomere Count and Hatching Rates. PloS One (2018) 13:
e0196080. doi: 10.1371/journal.pone.0196080

16. Greening DW, Nguyen HP, Elgass K, Simpson RJ, Salamonsen LA. Human
Endometrial Exosomes Contain Hormone-Specific Cargo Modulating
Trophoblast Adhesive Capacity: Insights Into Endometrial-Embryo
Interactions. Biol Reprod (2016) 94:38. doi: 10.1095/biolreprod.115.134890

17. Braundmeier AG, Dayger CA, Mehrotra P, Belton RJ Jr, Nowak RA. Emmprin
Is Secreted by Human Uterine Epithelial Cells in Microvesicles and Stimulates
Metalloproteinase Production by Human Uterine Fibroblast Cells. Reprod Sci
(2012) 19:1292–301. doi: 10.1177/1933719112450332

18. Burns GW, Brooks KE, O’Neil EV, Hagen DE, Behura SK, Spencer TE.
Progesterone Effects on Extracellular Vesicles in the Sheep Uterus. Biol Reprod
(2018) 98:612–22. doi: 10.1093/biolre/ioy011

19. Burnett LA, Light MM, Mehrotra P, Nowak RA. Stimulation of Gpr30 Increases
Release of Emmprin-Containing Microvesicles in Human Uterine Epithelial
Cells. J Clin Endocrinol Metab (2012) 97:4613–22. doi: 10.1210/jc.2012-2098
Frontiers in Endocrinology | www.frontiersin.org 9
20. Forde N, Bazer FW, Spencer TE, Lonergan P. ‘Conceptualizing’ the
Endometrium: Identification of Conceptus-Derived Proteins During Early
Pregnancy in Cattle. Biol Reprod (2015) 92:156. doi: 10.1095/
biolreprod.115.129296

21. Burns GW, Brooks KE, Spencer TE. Extracellular Vesicles Originate From the
Conceptus and Uterus During Early Pregnancy in Sheep. Biol Reprod (2016)
94:56. doi: 10.1095/biolreprod.115.134973

22. Giacomini E, Vago R, Sanchez AM, Podini P, Zarovni N, Murdica V, et al.
Secretome of In Vitro Cultured Human Embryos Contains Extracellular
Vesicles That Are Uptaken by the Maternal Side. Sci Rep (2017) 7:5210.
doi: 10.1038/s41598-017-05549-w

23. Mellisho EA, Velasquez AE, Nunez MJ, Cabezas JG, Cueto JA, Fader C, et al.
Identification and Characteristics of Extracellular Vesicles From Bovine
Blastocysts Produced In Vitro. PloS One (2017) 12:e0178306. doi: 10.1371/
journal.pone.0178306

24. Kim J, Lee J, Lee TB, Jun JH. Embryotrophic Effects of Extracellular Vesicles
Derived From Outgrowth Embryos in Pre- and Peri-Implantation Embryonic
Development in Mice. Mol Reprod Dev (2019) 86:187–96. doi: 10.1002/
mrd.23093

25. Simon B, Bolumar D, Amadoz A, Jimenez-Almazan J, Valbuena D, Vilella F,
et al. Identification and Characterization of Extracellular Vesicles and Its DNA
Cargo Secreted During Murine Embryo Development. Genes (Basel) (2020)
11:203. doi: 10.3390/genes11020203

26. Battaglia R, Palini S, Vento ME, La Ferlita A, Lo Faro MJ, Caroppo E, et al.
Identification of Extracellular Vesicles and Characterization of Mirna
Expression Profiles in Human Blastocoel Fluid. Sci Rep (2019) 9:84.
doi: 10.1038/s41598-018-36452-7

27. Desrochers LM, Bordeleau F, Reinhart-King CA, Cerione RA, Antonyak MA.
Microvesicles Provide a Mechanism for Intercellular Communication by
Embryonic Stem Cells During Embryo Implantation. Nat Commun (2016)
7:11958. doi: 10.1038/ncomms11958

28. Qu P, Qing S, Liu R, Qin H, WangW, Qiao F, et al. Effects of Embryo-Derived
Exosomes on the Development of Bovine Cloned Embryos. PloS One (2017)
12:e0174535. doi: 10.1371/journal.pone.0174535

29. Saadeldin IM, Kim SJ, Choi YB, Lee BC. Improvement of Cloned Embryos
Development by Co-Culturing With Parthenotes: A Possible Role of
Exosomes/Microvesicles for Embryos Paracrine Communication. Cell
Reprogram (2014) 16:223–34. doi: 10.1089/cell.2014.0003

30. Lange-Consiglio A, Lazzari B, Pizzi F, Idda A, Cremonesi F, Capra E.
Amniotic Microvesicles Impact Hatching and Pregnancy Percentages of In
Vitro Bovine Embryos and Blastocyst Microrna Expression Versus In Vivo
Controls. Sci Rep (2020) 10:501. doi: 10.1038/s41598-019-57060-z

31. Gurung S, Greening DW, Catt S, Salamonsen L, Evans J. Exosomes and
Soluble Secretome From Hormone-Treated Endometrial Epithelial Cells
Direct Embryo Implantation. Mol Hum Reprod (2020) 26:510–20.
doi: 10.1093/molehr/gaaa034

32. Salomon C, Torres MJ, Kobayashi M, Scholz-Romero K, Sobrevia L,
Dobierzewska A, et al. A Gestational Profile of Placental Exosomes in
Maternal Plasma and Their Effects on Endothelial Cell Migration. PloS One
(2014) 9:e98667. doi: 10.1371/journal.pone.0098667

33. Evans J, Rai A, Nguyen HPT, Poh QH, Elglass K, Simpson RJ, et al. Human
Endometrial Extracellular Vesicles Functionally Prepare Human
Trophectoderm Model for Implantation: Understanding Bidirectional
Maternal-Embryo Communication. Proteomics (2019) 19:e1800423.
doi: 10.1002/pmic.201800423

34. Liu M, Chen X, Chang QX, Hua R, Wei YX, Huang LP, et al. Decidual Small
Extracellular Vesicles Induce Trophoblast Invasion by Upregulating N-
Cadherin. Reproduction (2019) 159:171–80. doi: 10.1530/REP-18-0616

35. Ruiz-Gonzalez I, Xu J, Wang X, Burghardt RC, Dunlap KA, Bazer FW.
Exosomes, Endogenous Retroviruses and Toll-Like Receptors: Pregnancy
Recognition in Ewes. Reproduction (2015) 149:281–91. doi: 10.1530/REP-
14-0538

36. Paktinat S, Hashemi SM, Ghaffari Novin M, Mohammadi-Yeganeh S,
Salehpour S, Karamian A, et al. Seminal Exosomes Induce Interleukin-6
and Interleukin-8 Secretion by Human Endometrial Stromal Cells. Eur J
Obstet Gynecol Reprod Biol (2019) 235:71–6. doi: 10.1016/j.ejogrb.2019.02.010

37. George AF, Jang KS, Nyegaard M, Neidleman J, Spitzer TL, Xie G, et al.
Seminal Plasma Promotes Decidualization of Endometrial Stromal Fibroblasts
January 2022 | Volume 13 | Article 809596

https://doi.org/10.1111/j.1749-6632.1997.tb52136.x
https://doi.org/10.1016/j.devcel.2011.09.010
https://doi.org/10.1056/NEJM199906103402304
https://doi.org/10.1056/NEJM199906103402304
https://doi.org/10.1111/j.1749-6632.2010.05938.x
https://doi.org/10.1056/NEJM198807283190401
https://doi.org/10.1038/s41598-017-13683-8
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1016/j.bbcan.2012.03.006
https://doi.org/10.1016/j.bbcan.2012.03.006
https://doi.org/10.5483/BMBRep.2016.49.1.239
https://doi.org/10.5483/BMBRep.2016.49.1.239
https://doi.org/10.1371/journal.pone.0090913
https://doi.org/10.1371/journal.pone.0158278
https://doi.org/10.1371/journal.pone.0158278
https://doi.org/10.1016/j.bbrc.2017.11.176
https://doi.org/10.1016/j.bbrc.2017.11.176
https://doi.org/10.1111/j.1600-0897.2012.01109.x
https://doi.org/10.1371/journal.pone.0058502
https://doi.org/10.1371/journal.pone.0196080
https://doi.org/10.1095/biolreprod.115.134890
https://doi.org/10.1177/1933719112450332
https://doi.org/10.1093/biolre/ioy011
https://doi.org/10.1210/jc.2012-2098
https://doi.org/10.1095/biolreprod.115.129296
https://doi.org/10.1095/biolreprod.115.129296
https://doi.org/10.1095/biolreprod.115.134973
https://doi.org/10.1038/s41598-017-05549-w
https://doi.org/10.1371/journal.pone.0178306
https://doi.org/10.1371/journal.pone.0178306
https://doi.org/10.1002/mrd.23093
https://doi.org/10.1002/mrd.23093
https://doi.org/10.3390/genes11020203
https://doi.org/10.1038/s41598-018-36452-7
https://doi.org/10.1038/ncomms11958
https://doi.org/10.1371/journal.pone.0174535
https://doi.org/10.1089/cell.2014.0003
https://doi.org/10.1038/s41598-019-57060-z
https://doi.org/10.1093/molehr/gaaa034
https://doi.org/10.1371/journal.pone.0098667
https://doi.org/10.1002/pmic.201800423
https://doi.org/10.1530/REP-18-0616
https://doi.org/10.1530/REP-14-0538
https://doi.org/10.1530/REP-14-0538
https://doi.org/10.1016/j.ejogrb.2019.02.010
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Chen et al. Extracellular Vesicles in Embryo Implantation
In Vitro From Women With and Without Inflammatory Disorders in a
Manner Dependent on Interleukin-11 Signaling. Hum Reprod (2020) 35:617–
40. doi: 10.1093/humrep/deaa015

38. Atay S, Gercel-Taylor C, Suttles J, Mor G, Taylor DD. Trophoblast-Derived
Exosomes Mediate Monocyte Recruitment and Differentiation. Am J Reprod
Immunol (2011) 65:65–77. doi: 10.1111/j.1600-0897.2010.00880.x

39. Wang X, Tian F, Chen C, Feng Y, Sheng X, Guo Y, et al. Exosome-Derived
Uterine Micrornas Isolated From Cows With Endometritis Impede Blastocyst
Development. Reprod Biol (2019) 19:204–9. doi: 10.1016/j.repbio.2019.06.003

40. Liu C, Yao W, Yao J, Li L, Yang L, Zhang H, et al. Endometrial Extracellular
Vesicles From Women With Recurrent Implantation Failure Attenuate the
Growth and Invasion of Embryos. Fertil Steril (2020) 114:416–25.
doi: 10.1016/j.fertnstert.2020.04.005

41. Nakamura K, Kusama K, Ideta A, Imakawa K, Hori M. Ifnt-Independent
Effects of Intrauterine Extracellular Vesicles (Evs) in Cattle. Reproduction
(2020) 159:503–11. doi: 10.1530/REP-19-0314

42. Atay S, Gercel-Taylor C, Taylor DD. Human Trophoblast-Derived Exosomal
Fibronectin Induces Pro-Inflammatory Il-1betaProduction byMacrophages.Am
J Reprod Immunol (2011) 66:259–69. doi: 10.1111/j.1600-0897.2011.00995.x

43. Pallinger E, Bognar Z, Bogdan A, Csabai T, Abraham H, Szekeres-Bartho J.
Pibf+ Extracellular Vesicles From Mouse Embryos Affect Il-10 Production by
Cd8+ Cells. Sci Rep (2018) 8:4662. doi: 10.1038/s41598-018-23112-z

44. Liang J, Wang S, Wang Z. Role of Micrornas in Embryo Implantation. Reprod
Biol Endocrinol (2017) 15:90. doi: 10.1186/s12958-017-0309-7

45. Paul ABM, Sadek ST, Mahesan AM. The Role of Micrornas in Human
Embryo Implantation: A Review. J Assist Reprod Genet (2019) 36:179–87.
doi: 10.1007/s10815-018-1326-y

46. Es-Haghi M, Godakumara K, Haling A, Lattekivi F, Lavrits A, Viil J, et al.
Specific Trophoblast Transcripts Transferred by Extracellular Vesicles Affect
Gene Expression in Endometrial Epithelial Cells and May Have a Role in
Embryo-Maternal Crosstalk. Cell Commun Signal (2019) 17:146. doi: 10.1186/
s12964-019-0448-x

47. Nakamura K, Kusama K, Ideta A, Kimura K, Hori M, Imakawa K. Effects of
Mir-98 in Intrauterine Extracellular Vesicles on Maternal Immune Regulation
During the Peri-Implantation Period in Cattle. Sci Rep (2019) 9:20330.
doi: 10.1038/s41598-019-56879-w
Frontiers in Endocrinology | www.frontiersin.org 10
48. Tan Q, Shi S, Liang J, Cao D, Wang S, Wang Z. Endometrial Cell-Derived
Small Extracellular Vesicle Mir-100-5p Promotes Functions of Trophoblast
During Embryo Implantation. Mol Ther Nucleic Acids (2021) 23:217–31.
doi: 10.1016/j.omtn.2020.10.043

49. Tan Q, Shi S, Liang J, Zhang X, Cao D, Wang Z. Micrornas in Small
Extracellular Vesicles Indicate Successful Embryo Implantation During
Early Pregnancy. Cells (2020) 9:645. doi: 10.3390/cells9030645

50. Shi S, Tan Q, Feng F, Huang H, Liang J, Cao D, et al. Identification of Core
Genes in the Progression of Endometrial Cancer and Cancer Cell-Derived
Exosomes by an Integrative Analysis. Sci Rep (2020) 10:9862. doi: 10.1038/
s41598-020-66872-3

51. Luddi A, Zarovni N, Maltinti E, Governini L, Leo V, Cappelli V, et al. Clues to
Non-Invasive Implantation Window Monitoring: Isolation and
Characterisation of Endometrial Exosomes. Cells (2019) 8:811. doi: 10.3390/
cells8080811

52. Marinaro F, Macias-Garcia B, Sanchez-Margallo FM, Blazquez R, Alvarez V,
Matilla E, et al. Extracellular Vesicles Derived From Endometrial Human
Mesenchymal Stem Cells Enhance Embryo Yield and Quality in an Aged
Murine Model. Biol Reprod (2019) 100:1180–92. doi: 10.1093/biolre/ioy263

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Liang, Qin, Zhang, Chen and Wang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
January 2022 | Volume 13 | Article 809596

https://doi.org/10.1093/humrep/deaa015
https://doi.org/10.1111/j.1600-0897.2010.00880.x
https://doi.org/10.1016/j.repbio.2019.06.003
https://doi.org/10.1016/j.fertnstert.2020.04.005
https://doi.org/10.1530/REP-19-0314
https://doi.org/10.1111/j.1600-0897.2011.00995.x
https://doi.org/10.1038/s41598-018-23112-z
https://doi.org/10.1186/s12958-017-0309-7
https://doi.org/10.1007/s10815-018-1326-y
https://doi.org/10.1186/s12964-019-0448-x
https://doi.org/10.1186/s12964-019-0448-x
https://doi.org/10.1038/s41598-019-56879-w
https://doi.org/10.1016/j.omtn.2020.10.043
https://doi.org/10.3390/cells9030645
https://doi.org/10.1038/s41598-020-66872-3
https://doi.org/10.1038/s41598-020-66872-3
https://doi.org/10.3390/cells8080811
https://doi.org/10.3390/cells8080811
https://doi.org/10.1093/biolre/ioy263
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	The Role of Extracellular Vesicles in Embryo Implantation
	Introduction
	Implantation and Its Requirement
	Extracellular Vesicles

	Components and Origins of EVs During Peri-Implantation
	EVs Exist in Uterine Flushing Fluids
	EVs Are Secreted by Uterus
	Embryo Is Another Origin of EVs
	Other Origins of EVs in Female Reproductive Tract

	Effects of EVs During Peri-Implantation
	Promote Pre-Implantation Embryo Outgrowth and Development
	Improve Cell Migration, Adhesion and Invasion
	Other Effects Contributing to Implantation

	Possible Mechanisms of EVs Functioning in Embryo Implantation
	Protein Cargos React With Target Cells
	Nucleic Acid Cargos Influence Gene Expression of Target Cells

	Conclusions and Outlooks
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


