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Abstract: Ovarian cancer and pregnancy are two states in which the host immune system is exposed
to novel antigens. Indeed, both the tumor and placenta must invade tissues, remodel vasculature to
establish a robust blood supply, and evade detection by the immune system. Interestingly, tumor and
placenta tissue use similar mechanisms to induce these necessary changes. One mediator is emerging
as a key player in invasion, vascular remodeling, and immune evasion: extracellular vesicles (EVs).
Many studies have identified EVs as a key mediator of cell-to-cell communication. Specifically, the
cargo carried by EVs, which includes proteins, nucleic acids, and lipids, can interact with cells to
induce changes in the target cell ranging from gene expression to migration and metabolism. EVs
can promote cell division and tissue invasion, immunosuppression, and angiogenesis which are
essential for both cancer and pregnancy. In this review, we examine the role of EVs in ovarian
cancer metastasis, chemoresistance, and immune modulation. We then focus on the role of EVs in
pregnancy with special attention on the vascular remodeling and regulation of the maternal immune
system. Lastly, we discuss the clinical utility of EVs as markers and therapeutics for ovarian cancer
and pre-eclampsia.

Keywords: extracellular vesicle; exosome; syncytial knot; pregnancy; placenta; ovarian cancer;
invasion; immune modulation; angiogenesis; preeclampsia

1. Introduction

Cancer and pregnancy represent two physiologic states in which immunity must be
modulated for the growth of new tissue expressing novel antigens. Thus, tumor and pla-
centa tissue have both evolved mechanisms to evade host immunity [1,2]. The importance
of immunosuppression in tumor growth has been recognized for several decades leading to
the development of immune checkpoint inhibitors which continue to demonstrate efficacy
in several tumor types [3]. Cancer cells often carry a high mutation burden which can
contribute to the expression of tumor-associated antigens that the adaptive immune system
can recognize and target [4]. Just as malignant cells can express novel antigens, fetal and
placenta tissue are only haploidentical to the mother with the capacity to express antigens
not yet encountered by the maternal immune system. In pregnancies involving gestational
carriers, the carrier shares potentially no genetic background with the fetus but can carry
the fetus to term. If we consider the fetus to be a non-HLA matched tissue graft in this
scenario, we must question how the carrier’s immune system does not reject the fetus
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and allows it to grow to term. A major contributor to this tolerance is the placenta which
inhibits the maternal immune responses much in the same way that tumors suppress host
immunity [5].

Malignant and placenta cells both proliferate rapidly, invade tissues, establish robust
blood supplies, and create a microenvironment which renders immune cells, otherwise
capable of recognizing foreign antigens expressed by these tissues, ineffective at mediat-
ing a response [2]. Like tumor cells, trophoblasts of the placenta upregulate telomerase
and survivin expression to increase cell division while inhibiting apoptosis [6,7]. To in-
vade surrounding tissues or the uterus, tumor cells and trophoblasts decrease E-cadherin
expression and secrete matrix metalloproteases to mediate cell migration. Molecular path-
ways involved in tissue invasion are also shared between tumor cells and trophoblasts
including the JAK-STAT pathway, Rho-associated kinase, MAPKs, PI3K, and SMAD family
proteins [8,9]. Furthermore, both tissues rely on VEGF and mTOR pathways for robust
neoangiogenesis [10,11].

Many studies have demonstrated that tumor and placenta tissue use the same mecha-
nisms to suppress host immunity [2]. Approximately 40% of cells in the decidua are innate
immune cells with uterine NK (uNK) cells making up the majority of immune cells at the
maternal-fetal interface [12]. In contrast to peripheral NK cells, uNK cells do not express
CD16, the FcRYIIIA receptor, meaning that they do not participate in antibody-dependent
cell-mediated cytotoxicity [13,14]. In fact, uNK cells serve a modulatory rather than a
cytotoxic role in pregnancy by inducing differentiation of dendritic cells to a tolerogenic
phenotype [13]. Interestingly, tumor-associated NK cells share these characteristics of uNK
cells allowing tumor cells to persist despite low levels of major histocompatibility complex
I (MHCI) expression [15]. Regulatory T cells (Tregs) are another integral part of immuno-
suppression both within the uterus and systemically during pregnancy. Decreases in Treg
numbers during pregnancy can be associated with spontaneous abortion and pre-eclampsia
which are associated with perinatal and maternal mortality [16~19]. Tregs have long been
identified as drivers of immunosuppression in cancer by inhibiting antigen-specific re-
sponses and inflammation [20]. In pregnancy, T cell function is skewed toward a Treg and
Th2 dominated phenotype by the presentation of antigens in a tolerogenic context [21].
For example, dendritic cells (DCs) are a CD83* Th2-promoting phenotype which induce
angiogenesis and tolerance in pregnancy [22]. Deficiency of DCs results in resorption
of fetal tissue in murine models even in syngeneic pregnancy in which neoantigens are
absent [23]. It is known that DCs in cancer have a similar phenotype induced by the
secretion of immunosuppressive mediators from the tumor [24]. Tumor and placenta cells
also downregulate the expression of HLA-A, B, and C alleles thus decreasing antigen
presentation altogether [25,26]. This ensures that cells expressing novel antigens are not
detected and targeted for apoptosis while modulation of NK cell activity ensures that cells
with low HLA expression levels are not killed. Instead of MHCI genes, tumor and placenta
tissue express HLA-G which interacts with inhibitory receptors on NK cells and cytotoxic
CD8" T cells to thwart apoptosis [27-29]. While necessary for a successful pregnancy,
HLA-G expression is associated with poor outcomes in many different cancer types [30,31].
Other well-known inhibitory signals expressed by tumor and placenta cells include FASL,
TRAIL, and B7H1 which can induce lymphocyte death or anergy. Secretion of inhibitory
mediators such as interleukin 10 (IL-10), macrophage migration inhibitory factor (MIF),
and indoleamine 2,3-dioxygenase (IDO) also play a role in immunosuppression in these
two tissues. Through the expression of these surface signals and secreted mediators, tumor
and placenta tissue can inhibit immune cells which may enter the tissue and respond to
new antigens [2].

A newly recognized mediator of angiogenesis, invasion, and immunosuppression
in both pregnancy and cancer is extracellular vesicles (EVs) [32]. EVs are secreted from
all cells of the body and can be found in almost all bodily fluids. These particles can be
divided into different classes based on their compartment of origin within the cell, size,
surface marker expression, and cargo (Figure 1). Large EVs range from 500-2000 nm in
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Extracellular
vesicle type

Size

Markers

Origin

Contents

diameter and include apoptotic bodies from dying cells and syncytial nuclear aggregates
(syncytial knots) from cytotrophoblast syncytialization into syncytiotrophoblasts. These
particles contain chromatin and organelles from the cell of origin [33]. Apoptotic bodies
express phosphatidylserine on their surfaces [34]. Medium EVs are microvesicles which are
derived by budding from the cell membrane. Microvesicles range in size from 50-1000 nm
in diameter and can express surface markers specific to the cell of origin. However, there
are several markers that are used to identify microvesicles regardless of their origin cell
including integrins, selectins, and CD40. Microvesicles contain proteins and nucleic acids
including mRNA, miRNA, and other non-coding RNAs. Lastly, exosomes are the smallest
EVs ranging in size from 40-200 nm in diameter and forming from endosomes which
give rise to multivesicular bodies (MVBs). MVBs are trafficked and sorted through the
endosomal sorting complexes required for transport (ESCRT) pathway with some being
sent to the lysosome for degradation while the contents of others, including exosomes,
are secreted from the cell. Again, the cell of origin determines any specific cargo found
within exosomes; however, their origin from MVBs and trafficking through ESCRT intro-
duces several markers that are shared regardless of cell of origin including Alix, TSG101,
tetraspanins (CD81, CD63, and CD9), and flotillin-1. Exosomes and microvesicles transport
similar cargo [35].

7 e &
Cﬁr @ &

Apoptotic bodies Syncytial nuclear Microvesicles Exosomes
aggregates
(Syncytial knots)
500—2000 nm 500—2000 nm 50—1000 nm 40—200 nm
8-oxo-deoxyguanosine  Selectins, Alix, Tsg101,
Phosphatidylserine ~ PLAP Integrins, CD40 CD9, CD63, CD81,
Cytokeratin-7 flotillin-1
Plasma Plasma Plasma Endocytic
membrane membrane membrane pathway
Nucleic acids Nuclear fragments Nucleic acids Nucleic acids
Organelles DNA, histones, Non-coding RNAs  Non-coding RNAs
Cell fragments polymerases Proteins Proteins
Lipids Lipids

Figure 1. Characteristics of extracellular vesicles based on size, surface marker expression, origin, and cargo.

While apoptotic bodies mediate phagocytosis of dead cell debris [36], recent studies
have demonstrated the role of microvesicles and exosomes in cell-to-cell communica-
tion [37]. Depending on their cargo, these particles can modulate recipient host activity.
Specifically, EVs shed by cancer cells can express markers which modulate immunity and
even interfere with cancer treatment including PD-L1 [38]. Placenta-derived EVs have also
been demonstrated to affect maternal immunity throughout each trimester [39]. In this
review, we highlight the role of EVs in angiogenesis, tissue invasion, and immunosuppres-
sion in ovarian cancer (OC) and pregnancy with a specific focus on how particles shed
from these tissues interact with the immune system.
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2. EVs in Ovarian Cancer
2.1. EVs from Ovarian Cancer Contribute to Metastasis, Establishment of the Premetastatic Niche
and Chemoresistance

Ovarian cancer is the seventh most common cause of cancer death in women and the
leading cause of mortality from gynecologic cancer [40]. Tumors arising from the ovary can
be divided based on the cell type. The majority (90%) of ovarian tumors are derived from
epithelial cells. The remaining 10% which are not of epithelial origin are less invasive. The
majority of epithelial ovarian cancers are serous ovarian cancers with endometroid, clear
cell, mucinous and unspecified tumors making up the remainder [40]. Non-specific signs
and symptoms including pelvic or abdominal pain, early satiety and increased abdominal
size delay diagnosis until later stages of disease.

Anatomically, tumors arising from the ovary are well-positioned to disseminate
throughout the peritoneum causing significant disease burden. Seeding of the peritoneum
and spread through ascitic fluid occurs and contributes to the poor prognosis of ovar-
ian cancer [41]. Therefore, it is imperative to understand the mechanisms of peritoneal
metastasis to develop strategies for early intervention. Recent studies demonstrate that
EVs released from ovarian cancer cells may facilitate the escaping of ovarian cancer cells.
Indeed, vesicles from metastatic type I epithelial ovarian cancer can induce apoptosis
of mesothelial cells which normally create a barrier between the ovaries and abdominal
cavity [42]. EVs derived from ovarian cell lines and primary ovarian tumors deliver mRNA
encoding matrix metallopeptidase 1 (MMP1) which can degrade extracellular matrix com-
ponents and induce activation of Caspase 1 thus triggering apoptosis in receiving cells [43]
(Figure 2). This demonstrates that EVs can deliver cargo which induces apoptosis in barrier
tissues such as the mesothelium enhancing metastasis of ovarian cancer through the ascitic
fluid. Ovarian tumor-derived EVs can also transfer MMP2 and MMP9 proteins to recipient
cells thereby mediating the degradation of extracellular matrix components to allow for
tumor cell migration [44].

[ ]
Tissue invasion
Metastasis

MMP RNA expression
Mesothelial cell death induction
E-cadherin downregulation 3
Epithelial-mesenchymal transition %

CAF phenotype induction
—— Immunosuppression —»
Angiogenesis

Establishment of tumor
microenvironment that favors
growth

— 3 Activation of cell cycle proteins | Chemoresistance

Altered metabolism

Increased mismatch repair
pathway proteins

Figure 2. Mechanisms of invasion, growth, and chemoresistance in ovarian cancer mediated by tumor-derived extracellu-

lar vesicles.

Other studies have demonstrated that epithelial ovarian tumor EVs can transfer CD44
to mesothelial cells thus inducing the epithelial-mesenchymal transition, downregulating
E-cadherin, and inducing MMP9 expression which promotes ovarian cancer invasion and
metastasis through degradation of the extracellular matrix [45]. Transfer of LIN28 by tumor
EVs can induce a metastatic phenotype in previously non-metastatic recipient cells and
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induce the epithelial-mesenchymal transition in co-cultured cells through the expression of
required genes including NOTCH1, WNT5A, NODAL, ZEB1, and SNAI2 [46]. Additionally,
claudin-4 overexpression in ovarian tumor-derived EVs can alter paracellular permeability
to facilitate metastasis [47].

In addition to their direct involvement in metastasis, ovarian cancer EVs are also
involved in the establishment of the premetastatic niche which provides a favorable
microenvironment for initial metastatic cells. Ovarian tumor EVs can convert healthy
fibroblasts to further differentiated cancer-associated fibroblasts (CAFs) which establish an
environment that favors angiogenesis, malignant cell invasion, and tumor growth. CAFs
also secrete factors which remodel the tumor stroma to inhibit immune responses [48,49]
(Figure 2). Induction of fibroblast differentiation to the CAF phenotype, in turn, promotes
tumor cell migration. Specifically, CAFs release exosomes containing TGF-f3 which triggers
the SMAD signaling cascade leading to increased cell migration [50]. Additionally, several
miRNAs released by ovarian tumor cells, and packaged within exosomes, contribute to the
establishment of the tumor microenvironment. These miRNAs induce tumor cell invasion,
immunotolerance, and mesothelial cell clearance [51]. It has been demonstrated that ascitic
fluid from ovarian cancer patients contains EVs which may promote tumor cell migration
necessary in metastasis by transferring molecules such as CD24 and EpCAM to recipient
cells which are associated with increased tumor invasiveness [52,53].

In addition to late diagnosis and early metastasis, another feature of ovarian can-
cer which contributes to poor prognosis is resistance to chemotherapy [54]. Pathways
to chemotherapy resistance include survival and proliferation of malignant cells with
mutated genes affecting drug targets, drug metabolism, and efflux pumps. EVs have been
demonstrated to play a role in the development of this resistance. Specifically, through the
delivery of miRNAs, EVs can induce the expression of detox enzymes and downregulate
chemotherapy targets [55].

Other studies have demonstrated that treatment of ovarian cancer cells with cisplatin
can induce the release of EVs which act on surrounding cells to increase invasion and drug
resistance [56] (Figure 2). Known as the bystander effect, this phenomenon refers to the
release of EVs from cells under potentially cytotoxic stress such as heat or chemotherapy.
The EVs released from stressed cells can induce a stressed state in cells which have not been
exposed to the stressor [57]. Thus, EVs from ovarian cancer cells treated with cisplatin, but
not untreated controls, are able to alter the phosphorylation state of key signaling proteins
including downregulation of CREB, ERK2, and TOR phosphorylation with upregulation of
JNK, p53, and p38 phosphorylation. These changes in phosphorylation state are associated
with chemotherapy resistance. Specifically, p38 activation has been previously demon-
strated to play a role in chemoresistance. This study also demonstrates how inhibition of EV
uptake can sensitize cells to cisplatin treatment [56]. Thus, EVs from tumor cells exposed
to chemotherapy may be a missing link in the induction of resistance. Furthermore, studies
using ovarian cancer spheroids to model the effects of cancer stem cells demonstrate that
EVs released after treatment with cisplatin can increase the migration of bone marrow
mesenchymal stem cells (MSCs). Subsequently, cisplatin induces secretion of IL-6, IL-8,
and VEGFA from MSCs which induces angiogenesis and increases migration of previously
non-invasive cancer cells [58].

In response to carboplatin therapy, ovarian cancer cells release EVs with miRNA
cargo that mediates chemoresistance and increases malignant cell viability. Specifically,
miR-21-5p alters the metabolism of receiving cells to increase glycolysis and the expression
of adenosine triphosphate (ATP)-binding cassette transporter (ABCB6) and detoxification
enzyme (GSHB). miR-21-3p and miR-891-5p increase the expression of DNA mismatch
repair enzymes and MYC targets thus helping to overcome the deleterious effects of
carboplatin therapy and promote cell cycle progression despite treatment [55].

Lastly, in determining the role of ovarian tumor-derived EVs in angiogenesis, studies
have demonstrated that EVs from ovarian cancer cells transfer miR-141-3p to endothelial
cells. This miRNA upregulates the JAK-STAT3 pathway through decreased expression of
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cytokine-inducible suppressors of cytokine signaling (SOCS)-5. Furthermore, miR-141-3p
has potential roles in the upregulation of VEGFR-2 expression on endothelial cells which
induces endothelial cell migration [59].

2.2. Ovarian Cancer EVs and Immunology

Inhibition of the immune response is key to tumor progression and metastasis in
all cancer types. Immunosuppression in cancer is evident not just within the tumor
microenvironment but also systemically [60]. Specifically, ovarian cancer progression
involves tumor-associated macrophages (TAMs) which stimulate the differentiation and
activity of Tregs to establish a tumor microenvironment that effectively evades the immune
system. Peritoneal tissue from patients with metastatic ovarian cancer demonstrates a
higher level of Tregs than Th17 cells compared to peritoneal tissue from patients with
benign ovarian tumors. In fact, the Treg / Th17 ratio can be used as a prognostic factor for
overall survival in patients with epithelial ovarian cancer [61]. Exosomes have a unique
role to play in this imbalance. Specifically, TAM-derived exosomes can transfer miRNAs
(miR-29a-3p and miR-21-5p) to helper T cells which inhibits STAT3 signaling causing an
imbalance between Tregs and Th17 cells which favors Treg function [61]. Ovarian tumor
cell lines exposed to hypoxic stress secrete exosomes containing miRNAs that promote
STAT3 phosphorylation which induces TAMs to assume a non-inflammatory M2 phenotype
favoring tissue repair and fibrosis [62] instead of antigen presentation.

In addition to tipping this balance between inflammation and immunosuppression,
ovarian tumor-derived EVs induce expansion of Tregs while increasing their inhibitory
activity and survival. This study demonstrated that microvesicles in ovarian cancer ascitic
fluid contain IL-10, TGF-, and FasL. Co-culture of these microvesicles with CD4" T cells
induces their differentiation into functional CD4", CD25", FOXP3" Tregs. Thus, whether
through action on macrophages or direct interaction with T cells, tumor-derived EVs are
able to promote Treg expansion, function, and survival [63].

In addition to their modulation of innate immunity through macrophage function,
tumor-derived EVs also act on monocytes. Exosomes from ovarian cancer cells can activate
Toll Like Receptor (TLR) signaling in monocytes leading to IL-6 production. Activation of
STAT3 by IL-6 contributes to the immunosuppressive phenotype of the tumor microenvi-
ronment [64]. At the interface between the adaptive and innate arms of the immune system
are professional antigen presenting cells (APCs) that can present antigen while providing
costimulatory signals to antigen-specific T cells. The most effective APCs are dendritic
cells which can pick up antigens and present them to T cells in the draining lymph node.
Exosomes carrying Argl in the ascites and plasma of ovarian cancer patients can also drain
to the lymph nodes where they are taken up by dendritic cells and inhibit antigen-specific
T cell activation [65].

Additionally, ovarian tumor EVs can inhibit NK cell cytotoxicity. Studies demonstrate
that EVs from the malignant ascitic fluid are taken up by NK cells and increase tumor
growth in mouse models. Thus, there is evidence to suggest that ovarian tumor-derived
EVs can prevent tumor cell death through inhibition of NK cells which would normally
detect the decreased MHCI expression on tumor cells as a danger signal [66]. Ovarian
tumor EVs can also have direct cytotoxic effects on T cells thus evading another arm
of immune-mediated cell death. Exosomes carrying FasL not only downregulate the
expression of T cell receptors (TCRs) but activate T cell apoptosis as well. This acts as an
effective mechanism by which tumor cells can suppress antigen-specific responses without
directly interacting with T cells and risking detection. Additionally, exosomes from the
ascitic fluid of ovarian cancer patients can suppress TCR machinery by inhibiting CD3-zeta
and JAK3. Thus, TCRs are rendered non-functional and antigen-specific responses are
inhibited by targeting key signal transduction machinery [67].

Exosomes from ovarian tumors can have a direct effect on T cell activation not only
by inhibiting signal transduction, but also by preventing the translocation of NF«kB and
nuclear factor of activated T-cells (NFAT) into the nucleus which is the downstream effect
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of TCR signaling required for T cell activation [68]. These transcription factors increase
the production and secretion of cytokines which act in an autocrine and paracrine manner
to increase T cell activity and survival. For T cells to become activated, these key tran-
scription factors must enter the nucleus where they induce cytokine production and T
cell proliferation. Inhibition of T cell activation seems to be mediated by the expression
of phosphatidylserine on the surface of ovarian tumor-derived EVs [68,69]. Studies have
demonstrated that gangliosides on the surface of exosomes can also prevent T cell activa-
tion. Specifically, ganglioside GD3 on the surface of exosomes isolated from malignant
ascitic fluid inhibits T cell activation through the TCR [70].

Lastly, in addition to the effects of EVs on specific immune cell populations, co-
culture of ascites-derived EVs from ovarian cancer patients with peripheral lymphocytes,
hematopoietic stem cells, and DCs demonstrates that these EVs are able to induce apoptosis
in a variety of peripheral immune cells. This demonstrates that regardless of the mechanism
of action on specific activation and proliferation pathways, tumor-derived EVs can induce
immune cell death [71]. In addition to apoptosis, EVs from peritoneal fluid of patients
with ovarian cancer ascitic fluid increases the expression of immunosuppressive genes in
lymphocytes compared to exosomes from ascitic fluid of patients with ovarian cysts. These
broad effects on immune cell activation can ensure that any lymphocytes in the tumor
microenvironment can become skewed toward an inhibitory phenotype [72].

3. Placenta-Derived EVs in Pregnancy

Extracellular vesicles can be detected in maternal circulation during pregnancy, in-
creasing in concentration as pregnancy progresses and in gestational complications [32].
Current studies demonstrate that EVs from the placenta and fetus can transport cargo to
recipient maternal cells thus playing a necessary role in different gestational processes
including trophoblast migration, placenta implantation, and tissue/vascular invasion
required for placentation [73]. EVs provide a mechanism of communication between ma-
ternal and fetal tissues. For example, epithelial cells from the endometrium treated with
estrogen and progesterone secrete EVs containing proteins involved in implantation such
as fibulin1, laminin-«5, and type XV collagen [74]. Upon uptake of these endometrial EVs,
trophoblast cells demonstrate increased adhesion through activation of the focal adhesion
kinase (FAK) pathway. Similar to tumor-derived EVs, miRNAs also play a role in cell adhe-
sion and invasion. For example, miR-30d from endometrium can increase the expression
of Itgb3, Itga”, and Cdh5 which promote embryo adhesion in mouse models [32].

Within the placenta, three trophoblastic cell types can be found: extravillous cytotro-
phoblasts (EVTs), villous cytotrophoblasts (vCTBs), and syncytiotrophoblasts (STBs). EVTs
are responsible for the invasion of the maternal decidua for implantation and establishment
of vascular connections between maternal and fetal tissue. vCTBs are precursor cells to
STBs which line placental villi. vCTBs fuse and differentiate to form multinuclear STBs
which form the outer surface of the fetal placenta and have specialized functions such as
hormone secretion, transport of nutrients and gases, removal of waste products, and main-
tenance of immune tolerance [75]. STBs are responsible for the shedding of syncytial knots
and represent the primary source of placenta-derived EVs found in maternal circulation,
thus playing a key role in feto-maternal communication [73].

3.1. Role of Placenta-Derived EVs in Vascular Remodeling

As in cancer, angiogenesis and vascular remodeling are crucial parts of implantation
and placenta growth. Specifically, uterine spiral artery remodeling is required for the estab-
lishment of a route between maternal and fetal circulation. This requires the recruitment
of vascular smooth muscle cells to the tissue. Studies have demonstrated that exosomes
from EVT cell lines are involved in vascular remodeling through the delivery of MMPs
to vascular smooth muscle and endothelial cells [76]. EVs from the placenta, including
from EVTs, vCTBs, STBs, and mesenchymal stem cells, promote vascular cell migration
necessary for angiogenesis [77]. Lastly, exosomes from EVTs can increase TNFx production
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by human umbilical vein endothelial cells (HUVECs) when the source cells are grown
under conditions with low oxygen tension. Induction of TNFx was associated with a
miRNA profile specific to EVT grown in hypoxic conditions and caused a decrease in
endothelial cell migration [78].

3.2. Immunomodulatory Activity of EV's in Pregnancy

Similar to tumor tissue, the placenta also sheds EVs which can inhibit inflammation
and recognition of fetal tissue by maternal immune cells. While cancer represents a
globally suppressed immune state, the inflammatory landscape in pregnancy depends on
gestational age [79,80]. Specifically, the first trimester can be associated with inflammation
from implantation of the placenta and the establishment of the fetal-maternal interface.
After this and up to parturition, however, the maternal immune system is suppressed
to allow for the continued growth of the fetus, which expresses antigens encoded by
both maternal and paternal genes [81]. A potential role for EVs in the first trimester
has been demonstrated by examining the proteome of EVs from over 50 first-trimester
placentas [82]. This study isolated EVs from placenta explants and demonstrated an
increase in the expression of proteins involved in vesicular uptake and inflammation
including annexin V, calreticulin, complement proteins, and minor histocompatibility
antigens. Additionally, other studies have demonstrated the expression of FasL on first-
trimester placenta EVs [83,84].

STB-derived EVs dampen immunologic responses which can promote cell death. For
example, they express ligands for inhibitory receptors on NK cells including MIC-A/B
and UL-16 binding proteins. Thus, while STBs do not express MHCI which allows the
placenta to evade detection by maternal T cells recognizing paternal and fetal antigens, they
also evade NK cell death which classically targets cells that have downregulated MHCI
expression [85]. The HLA-null nature of STBs withstanding, these cells can express minor
histocompatibility antigens encoded by paternal genes. Studies have demonstrated that two
such antigens DDX3Y and HA-1 are found on the surface of syncytial nuclear aggregates
where they may induce differentiation of antigen-specific Tregs. Through this mechanism,
EVs play a role in tolerizing maternal immune cells to fetal-specific antigens [86].

As in cancer, a hallmark of immunosuppression in pregnancy is inhibition of the
adaptive immune response. FasL on exosomes released from first-trimester placentas can
induce apoptosis of T cells [83]. Further studies have demonstrated the expression of
FasL on exosomes from term placentas as well. Interestingly, this study demonstrated
the presence of FasL and TRAIL arranged in aggregates on exosome surfaces which can
relay death signals to interacting cells including T cells in vitro [87]. Further skewing T
cell function toward an inhibitory phenotype, EVs released from BeWo cells, a choriocarci-
noma cell line used to model trophoblast cells, promote differentiation of helper T cells to
Tregs and expansion of these anti-inflammatory cells through 10 kDa Heat Shock Protein
expression [88].

While contributing to normal immunosuppression at the fetal-maternal interface in
healthy pregnancy, EVs have also been implicated in complications such as preeclampsia
(PE) (Figure 3). Clinically defined as the onset of hypertension with proteinuria during
pregnancy, PE affects 2-8% of women worldwide every year and is a leading cause of ma-
ternal and fetal morbidity and mortality. While inflammation and defects in angiogenesis
are described in models of PE, the cause(s) of these dysfunctions remains unknown [89].
Recent studies have demonstrated that EVs may have a role in the pathogenesis of PE.
Increased levels of placenta-derived EVs are found in maternal circulation in women with
early-onset or severe PE compared to healthy pregnant controls [90,91]. Placenta-derived
EVs from PE remain in the circulation longer than placenta EVs from a healthy preg-
nancy. This is mediated by the increased expression of anti-phagocytic markers on the
surface of PE placenta-derived EVs such as CD47 with concomitant downregulation of
phosphatidylserine [92].
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EV source EV target EV effect Reference
Hypoxic EVTs  HUVECs TNF-a release Truong 2017
Decreased endothelial
cell migration
PE sera Trophoblasts HMGB1 release Shao 2016
Endothelium  ICAM-1 expression
PE sera Trophoblasts T cell proliferation Ospina-Prieto 2016
PE sera Macrophages IL-12 and TNF-a secretion Wang 2019
Increased nuclear NFkB
Increase placenita EV STBs Neutrophils Lr:gr(;agé?gnsuperomde Aly 2004
release in pre-eclampsia
STBs PBMCs IL-1B production Holder 2012

Figure 3. Effects of EVs on different cell types in PE.

Treatment of trophoblasts with PE sera increases the release of large vesicles containing
HMGB1 which is a signal of cell damage that induces sterile inflammation. Thus, these large
particles can activate the endothelium to upregulate ICAM-1 potentially contributing to
inflammation and leukocyte recruitment [93]. Trophoblasts from PE placentas secrete EVs
which contain higher concentrations of miR-141. These EVs can induce T cell proliferation
thus contributing to the shift in immunity toward a pro-inflammatory phenotype associated
with PE [94]. Other miRNAs implicated in PE pathophysiology include miR-548c-5p.
Downregulation of miR-548c¢-5p in serum EVs increases the secretion of IL-12 and TNF-«
while increasing levels of nuclear NF-kB in macrophages. These inflammatory cytokines
and activation of macrophages promote a shift in immunity to Th1 phenotype [95]. EVs
released by STBs in PE can also activate inflammation. For example, STBs from PE placentas
secrete exosomes which increase the production of superoxide by neutrophils. This effect
may increase the formation of neutrophil extracellular traps (NETs) and is thought to
contribute to the pathologic inflammation described in PE [96].

STB-derived EVs can also interact with monocytes and macrophages in PE. Larger
EVs such as syncytial nuclear aggregates (SN As or syncytial knots) and apoptotic bodies
induce anti-inflammatory mediators. Specifically, co-culture of macrophages with SNAs
promotes IL-10 secretion and IDO expression thus inhibiting inflammation. Downregula-
tion of MHCII expression on macrophages is also induced and promotes decreased antigen
presentation and T cell activation [97,98].

STB-derived EVs from PE placentas stimulate inflammatory cytokine production by
PBMCs. Specifically, PBMCs secrete IL-1f3 in response to PE and first trimester EVs but
not healthy, term EVs from STBs. PE STB-derived EVs also heighten cytokine responses to
LPS indicating that EVs play a role in increasing baseline inflammation in PE [99]. A key
feature of PE is the activation of platelets and a pro-coagulant state. EVs from PE placentas
isolated by placental perfusion demonstrate high levels of tissue factor and can stimulate
platelet activation. In this model treatment with aspirin can inhibit STB EV-induced platelet
aggregation. This may provide insights into the efficacy of aspirin in the treatment of
PE [100].

Other EV cargo proteins associated with inhibition of the immune system include
syncytin-2 which is found on the surface of exosomes secreted by villous cytotrophoblasts
(CTBs) and STBs. Encoded by an endogenous retrovirus, syncytin-2 is essential for syn-
cytialization of CTBs to form STBs. Additionally, this protein has an immunosuppressive
domain. Interestingly, levels of syncytin-2 are decreased in PE. The immunosuppressive
domain of syncytin-2 decreases T cell activation and downregulates the production of Thl
cytokines. This study demonstrates that syncytin-2 on the surface of exosomes has the
same effect when EVs are co-cultured with PBMCs. Knockdown of syncytin-2 in EV source
cells ablated this effect demonstrating the role of EV cargo in the systemic immunologic
shift from Th1 to Th2-dominant immunity in pregnancy [101].
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In addition to their roles in immune system inhibition, EVs may also play a role in
delivery by promoting the secretion of inflammatory cytokines such as IL-6 and IL-8 from
maternal cells of the myometrium and decidua. These EVs also induced prostaglandin E2
(PGE,) secretion which promotes myometrial contractions [102].

4. Potent Clinical and Therapeutic Interest of EVs Derived from Ovarian Cancer or
Placental Cells

4.1. EVs as Markers of Pathology

For both OC and PE, markers for early diagnosis are still not available. EVs represent
an attractive diagnostic tool because they can be isolated from blood or other fluids offering
patients a minimally invasive option compared to tissue biopsy. In addition, the lipid
bilayer allows for EVs to package and protect their contents from enzymes found in the
blood and tissues [103].

4.1.1. EVs as Marker of OC

It has been demonstrated that ovarian tumor-derived EV contents differ from healthy
tissue EVs, suggesting that they could be used in the diagnosis of OC or as a prognostic
marker of overall survival [104]. Overexpression of several proteins has been identified in
OC-derived exosomes compared to exosomes derived from healthy ovarian epithelial cells
and may be useful in the diagnosis or prognosis of OC, for review [52,105]. Among these
proteins, epithelial cell surface antigen (EpCAM), CD24, and CA125 have been confirmed
by several different studies [106-108].

In addition to EV protein cargo, miRNNA cargo may also be associated with clinical
outcomes in OC. Several miRNAs have been identified as potential biomarkers for OC [109].
Specifically, comparison of miR-21, miR-141, miR200a, miR-200b, miR-200c, miR-203, miR-
205, and miR-214 levels in serum-derived exosomes from healthy (10) and OC (50) patients
demonstrated a significant difference in the level of miRNA expression. Furthermore, these
miRNAs were stable in serum EVs. Together, these results suggest that exosome miRNA
cargo could be used as clinical markers of disease [109].

In contrast, other EV miRNAs could be used as a marker of treatment response in OC.
Analysis of six different miRNAs (let-7e, miR30c, miR-125b, miR-130a, miR-335) found in
OC-derived exosomes demonstrated an upregulation of let-7e in paclitaxel-resistant OC
cells and a downregulation in cisplatin resistant OC cells [110]. Conversely, miR-125b, miR-
30c, miR-130a, and miR-335 were downregulated in all drug-resistant cell lines, suggesting
that these miRNAs could be used as markers of treatment response in OC [110]. In addition
to proteins and miRNA, several other molecules such as phosphatidylserine expressed in
OC vesicles may be useful for OC diagnosis for review [111].

Despite these studies, further research is necessary to identify EV cargo with sufficient
sensitivity and specificity for clinical use. Indeed, all current studies are conducted on small
sample sizes. Nevertheless, EpCAM, CD24, and miR-200b could be promising markers,
alone or in combination with other biomarkers, as they have been confirmed by several
studies. Multicenter clinical trials are still required to validate the effectiveness of EV-based
markers for OC diagnosis or prognosis.

4.1.2. Placenta-Derived EVs as Markers of PE

PE is associated with placental dysfunction and altered circulating placental EVs in
maternal plasma [90,91,112]. This observation has led several groups to investigate the
diagnostic potential of placenta-derived EVs as a biomarker of PE (for review [113]).

These studies suggest that in addition to the observed altered level of placenta-derived
EVs in maternal plasma [90,112,114], specific protein cargo (PLAP, Annexin V, TIMP-1,
PAI-1, or glycosylated form of Siglec-6) [90,91,115,116] or miRNA content (in particular
miR-486-1-5p and miR-486-2-5p) [90] is upregulated in plasma of women with PE and
may be useful for diagnosis. However, the differences in isolation techniques of placenta-
derived EVs, markers for EV subtype identification, and placenta-specific markers to verify
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the placental origin of EVs limit the development of relevant biomarkers for early diagnosis
of PE.

4.2. Looking Ahead: Therapeutic Roles for EV's

The immune and angiogenesis modulation properties of EVs, the decreased risks
associated with the transplantation of live cells and the lack of ethical concern make
placental-derived EVs promising in regenerative medicine.

Salomon et al. observed that EVs released from placenta-derived MSC can induce
migration and angiogenic capillary-like formation of placental microvascular endothelial
cells, hence suggesting their possible therapeutic role in supporting vasculogenesis and
angiogenesis for tissue repair in the ischemic setting [117].

Since this article, several studies have reported that placenta-derived EVs administra-
tion can suppress inflammatory response and/or promote cell regeneration in a different
preclinical model of diseases such as pulmonary fibrosis [118], hepatic fibrosis [119]; vas-
cular repair [120], kidney regeneration [121], lung repair [122], and Duchenne muscular
dystrophy [123].

In addition to their own roles, EVs are also attractive candidates for drug delivery [124].
Indeed, EVs could be used to introduce miRNA to cancer cells to induce tumour suppressor
genes. As proof of concept, exosomes were purified from primary-cultured omental fibrob-
lasts of OC patients and loaded with a tumor suppressor (TS) miRNA [125]. Treatment
with TS-miRNA-loaded-exosomes increased TS miRNA expression level in OC cell lines,
suppressed the expression of TS-miRNA targets, and decreased cell proliferation and inva-
sion. In xenograft mouse models, treatment with these exosomes also decreased peritoneal
dissemination. Altogether, these studies suggest that miRNA replacement therapy using
exosomes derived from non-malignant cells may be a promising tool for treatment of OC.

Despite the great interest of EVs as a new therapeutic tool in regenerative medicine
and cancer treatment, there are still challenging issues regarding their use. These include
the development of a standardization method for their isolation, storage and administration
route, and the limited information about their effects on tissue behavior.

5. Conclusions and Future Perspective

Many studies have demonstrated the crucial role of EVs in ovarian cancer and preg-
nancy. Trophoblast and OC-derived EVs are involved in cell invasion, migration, angiogen-
esis, and immune modulation. However, if the functions of OC and trophoblast-derived
EVs are similar, their mechanism of action is different.

EVs can provide many opportunities for the development of clinical tests for the
diagnosis and prognosis of OC or PE, or therapeutic tools in regenerative medicine and
cancer treatment. However, many limitations hinder the proper study of EVs as well as
their use as a diagnostic or therapeutic tool. Specifically, the lack of a standardized protocol
for EV isolation prevents consistent comparisons between studies. Many protocols are used
to isolate EVs including centrifugation, precipitation, chromatography-based methods,
immunological separation techniques and microfluidic devices. Different methods create
inconsistencies between studies and prevent rigorous comparison and accurate interpreta-
tion of the current literature. Thus, a standardization of the methods used to isolate EVs is
necessary to establish standards for diagnostic testing. Additionally, an improvement in
the methods to characterize EVs is necessary. Since EVs of different sizes and or different
markers have different functions, it is imperative to know which specific type is being
analyzed for diagnosis or used for therapy. Many technologies are used to characterize
EVs including ELISA, flow cytometry, dynamic light scattering, nanoparticles tracking
analysis, and new technologies such as nano-plasmonic exosome (nPLEX) assay, integrated
magneto-electrochemical exosome (iMEX), ExoCounter, ExoSearch, and Microfluidic affin-
ity separation chip. The development of these last micro- and nano-technologies increased
the sensitivity of EV characterization and isolation and may overcome the technical chal-
lenges limiting the clinical potential of these vesicles in the near future.



Biomedicines 2021, 9, 1257 12 of 17

Author Contributions: N.Y.K. and M.C. conceived the idea for this review. N.Y.K., B.G. and M.C.
wrote the manuscript. E.B., S.N.M. and M.C. reviewed and edited the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This review was supported by US Fulbright Student Exchange Program and Swiss Excel-
lence Scholarship.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to acknowledge Biorender as we created all of our figures using
Biorender program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.

Ferretti, C.; Bruni, L.; Dangles-Marie, V.; Pecking, A.P.; Bellet, D. Molecular circuits shared by placental and cancer cells, and
their implications in the proliferative, invasive and migratory capacities of trophoblasts. Hum. Reprod. Update 2007, 13, 121-141.
[CrossRef]

Holtan, S.G.; Creedon, D.J.; Haluska, P.; Markovic, S.N. Cancer and pregnancy: Parallels in growth, invasion, and immune
modulation and implications for cancer therapeutic agents. Mayo Clin. Proc. 2009, 84, 985-1000. [CrossRef]

Hargadon, K.M.; Johnson, C.E.; Williams, C.J. Immune checkpoint blockade therapy for cancer: An overview of FDA-approved
immune checkpoint inhibitors. Int. Immunopharmacol. 2018, 62, 29-39. [CrossRef]

Schumacher, T.N.; Schreiber, R.D. Neoantigens in cancer immunotherapy. Science 2015, 348, 69-74. [CrossRef]

PrabhuDas, M.; Bonney, E.; Caron, K.; Dey, S.; Erlebacher, A.; Fazleabas, A ; Fisher, S.; Golos, T.; Matzuk, M.; McCune, ].M.; et al.
Immune mechanisms at the maternal-fetal interface: Perspectives and challenges. Nat. Immunol. 2015, 16, 328-334. [CrossRef]
[PubMed]

Lehner, R.; Bobak, J.; Kim, N.W.; Shroyer, A.L.; Shroyer, K.R. Localization of telomerase hTERT protein and survivin in placenta:
Relation to placental development and hydatidiform mole. Obstet. Gynecol. 2001, 97, 965-970. [CrossRef] [PubMed]

Li, F; Ambrosini, G.; Chu, E.Y.; Plescia, ].; Tognin, S.; Marchisio, P.C.; Altieri, D.C. Control of apoptosis and mitotic spindle
checkpoint by survivin. Nature 1998, 396, 580-584. [CrossRef] [PubMed]

Binker, M.G.; Binker-Cosen, A.A_; Richards, D.; Oliver, B.; Cosen-Binker, L.I. EGF promotes invasion by PANC-1 cells through
Racl/ROS-dependent secretion and activation of MMP-2. Biochem. Biophys. Res. Commun. 2009, 379, 445-450. [CrossRef]
LaMarca, H.L.; Dash, P.R.; Vishnuthevan, K.; Harvey, E.; Sullivan, D.E.; Morris, C.A.; Whitley, G.S. Epidermal growth factor-
stimulated extravillous cytotrophoblast motility is mediated by the activation of PI3-K, Akt and both p38 and p42/44 mitogen-
activated protein kinases. Hum. Reprod. 2008, 23, 1733-1741. [CrossRef]

Cao, Y,; Liu, Q. Therapeutic targets of multiple angiogenic factors for the treatment of cancer and metastasis. Adv. Cancer Res.
2007, 97, 203-224. [CrossRef]

Schiessl, B.; Innes, B.A.; Bulmer, J.N.; Otun, H.A.; Chadwick, T.J.; Robson, S.C.; Lash, G.E. Localization of angiogenic growth
factors and their receptors in the human placental bed throughout normal human pregnancy. Placenta 2009, 30, 79-87. [CrossRef]
[PubMed]

Moffett-King, A. Natural killer cells and pregnancy. Nat. Rev. Immunol. 2002, 2, 656-663. [CrossRef] [PubMed]

Hanna, J.; Goldman-Wohl, D.; Hamani, Y.; Avraham, I.; Greenfield, C.; Natanson-Yaron, S.; Prus, D.; Cohen-Daniel, L.; Arnon, T.L.;
Manaster, L; et al. Decidual NK cells regulate key developmental processes at the human fetal-maternal interface. Nat. Med. 2006,
12, 1065-1074. [CrossRef]

Koopman, L.A.; Kopcow, H.D.; Rybalov, B.; Boyson, ].E.; Orange, ].S.; Schatz, F.; Masch, R.; Lockwood, C.J.; Schachter, A.D.; Park,
PJ.; et al. Human decidual natural killer cells are a unique NK cell subset with immunomodulatory potential. J. Exp. Med. 2003,
198, 1201-1212. [CrossRef] [PubMed]

Carrega, P.; Morandi, B.; Costa, R.; Frumento, G.; Forte, G.; Altavilla, G.; Ratto, G.B.; Mingari, M.C.; Moretta, L.; Ferlazzo,
G. Natural killer cells infiltrating human nonsmall-cell lung cancer are enriched in CD56 bright CD16(-) cells and display an
impaired capability to kill tumor cells. Cancer 2008, 112, 863-875. [CrossRef] [PubMed]

Sasaki, Y.; Sakai, M.; Miyazaki, S.; Higuma, S.; Shiozaki, A.; Saito, S. Decidual and peripheral blood CD4+CD25+ regulatory T
cells in early pregnancy subjects and spontaneous abortion cases. Mol. Hum. Reprod. 2004, 10, 347-353. [CrossRef]

Schumacher, A.; Wafula, P.O.; Bertoja, A.Z.; Sollwedel, A.; Thuere, C.; Wollenberg, I.; Yagita, H.; Volk, H.D.; Zenclussen, A.C.
Mechanisms of action of regulatory T cells specific for paternal antigens during pregnancy. Obstet. Gynecol. 2007, 110, 1137-1145.
[CrossRef]

Somerset, D.A.; Zheng, Y.; Kilby, M.D.; Sansom, D.M.; Drayson, M.T. Normal human pregnancy is associated with an elevation in
the immune suppressive CD25+ CD4+ regulatory T-cell subset. Immunology 2004, 112, 38-43. [CrossRef]


http://doi.org/10.1093/humupd/dml048
http://doi.org/10.1016/S0025-6196(11)60669-1
http://doi.org/10.1016/j.intimp.2018.06.001
http://doi.org/10.1126/science.aaa4971
http://doi.org/10.1038/ni.3131
http://www.ncbi.nlm.nih.gov/pubmed/25789673
http://doi.org/10.1097/00006250-200106000-00018
http://www.ncbi.nlm.nih.gov/pubmed/11384704
http://doi.org/10.1038/25141
http://www.ncbi.nlm.nih.gov/pubmed/9859993
http://doi.org/10.1016/j.bbrc.2008.12.080
http://doi.org/10.1093/humrep/den178
http://doi.org/10.1016/S0065-230X(06)97009-2
http://doi.org/10.1016/j.placenta.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19010534
http://doi.org/10.1038/nri886
http://www.ncbi.nlm.nih.gov/pubmed/12209134
http://doi.org/10.1038/nm1452
http://doi.org/10.1084/jem.20030305
http://www.ncbi.nlm.nih.gov/pubmed/14568979
http://doi.org/10.1002/cncr.23239
http://www.ncbi.nlm.nih.gov/pubmed/18203207
http://doi.org/10.1093/molehr/gah044
http://doi.org/10.1097/01.AOG.0000284625.10175.31
http://doi.org/10.1111/j.1365-2567.2004.01869.x

Biomedicines 2021, 9, 1257 13 of 17

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Steinborn, A.; Haensch, G.M.; Mahnke, K.; Schmitt, E.; Toermer, A.; Meuer, S.; Sohn, C. Distinct subsets of regulatory T cells
during pregnancy: Is the imbalance of these subsets involved in the pathogenesis of preeclampsia? Clin. Immunol. 2008, 129,
401-412. [CrossRef]

Piersma, S.J.; Welters, M.].; van der Burg, S.H. Tumor-specific regulatory T cells in cancer patients. Hum. Immunol. 2008, 69,
241-249. [CrossRef]

Miyazaki, S.; Tsuda, H.; Sakai, M.; Hori, S.; Sasaki, Y.; Futatani, T.; Miyawaki, T.; Saito, S. Predominance of Th2-promoting
dendritic cells in early human pregnancy decidua. J. Leukoc. Biol. 2003, 74, 514-522. [CrossRef]

Kammerer, U.; Schoppet, M.; McLellan, A.D.; Kapp, M.; Huppertz, H.I.; Kampgen, E.; Dietl, ]. Human decidua contains potent
immunostimulatory CD83(+) dendritic cells. Am. . Pathol. 2000, 157, 159-169. [CrossRef]

Plaks, V.; Birnberg, T.; Berkutzki, T.; Sela, S.; BenYashar, A.; Kalchenko, V.; Mor, G.; Keshet, E.; Dekel, N.; Neeman, M.; et al.
Uterine DCs are crucial for decidua formation during embryo implantation in mice. J. Clin. Investig. 2008, 118, 3954-3965.
[CrossRef]

Murdoch, C.; Muthana, M.; Coffelt, S.B.; Lewis, C.E. The role of myeloid cells in the promotion of tumour angiogenesis. Nat. Rev.
Cancer 2008, 8, 618-631. [CrossRef]

Hunt, J.S.; Andrews, G.K.; Wood, G.W. Normal trophoblasts resist induction of class I HLA. J. Immunol. 1987, 138, 2481-2487.
[PubMed]

Hunt, J.S.; Orr, H.T. HLA and maternal-fetal recognition. FASEB J. 1992, 6, 2344-2348. [CrossRef] [PubMed]

Caumartin, J.; Favier, B.; Daouya, M.; Guillard, C.; Moreau, P,; Carosella, E.D.; LeMaoult, J. Trogocytosis-based generation of
suppressive NK cells. EMBO . 2007, 26, 1423-1433. [CrossRef]

Hunt, ].S.; Langat, D.K.; MclIntire, R.H.; Morales, PJ. The role of HLA-G in human pregnancy. Reprod. Biol. Endocrinol. 2006, 4, S10.
[CrossRef]

McMaster, M.T.; Librach, C.L.; Zhou, Y.; Lim, K.H.; Janatpour, M.].; DeMars, R.; Kovats, S.; Damsky, C.; Fisher, S.J. Human
placental HLA-G expression is restricted to differentiated cytotrophoblasts. J. Immunol. 1995, 154, 3771-3778. [PubMed]

Lin, A.; Yan, W.H. Human leukocyte antigen-G (HLA-G) expression in cancers: Roles in immune evasion, metastasis and target
for therapy. Mol. Med. 2015, 21, 782-791. [CrossRef]

Xu, X.; Zhou, Y.; Wei, H. Roles of HLA-G in the maternal-fetal immune microenvironment. Front. Immunol. 2020, 11, 592010.
[CrossRef] [PubMed]

Zhang, J.; Li, H,; Fan, B.; Xu, W.; Zhang, X. Extracellular vesicles in normal pregnancy and pregnancy-related diseases. ]. Cell Mol.
Med. 2020, 24, 4377-4388. [CrossRef] [PubMed]

Malkin, E.Z.; Bratman, S.V. Bioactive DNA from extracellular vesicles and particles. Cell Death Dis. 2020, 11, 584. [CrossRef]
[PubMed]

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

Doyle, L.M.; Wang, M.Z. Overview of extracellular vesicles, their origin, composition, purpose, and methods for exosome
isolation and analysis. Cells 2019, 8, 727. [CrossRef]

Erwig, L.P; Henson, PM. Clearance of apoptotic cells by phagocytes. Cell Death Differ. 2008, 15, 243-250. [CrossRef]

Maas, S.L.N.; Breakefield, X.O.; Weaver, A.M. Extracellular vesicles: Unique intercellular delivery vehicles. Trends Cell Biol. 2017,
27,172-188. [CrossRef]

Tang, Y.; Zhang, P.; Wang, Y.; Wang, J.; Su, M.; Wang, Y.; Zhou, L.; Zhou, ].; Xiong, W.; Zeng, Z.; et al. The biogenesis, biology, and
clinical significance of exosomal PD-L1 in cancer. Front. Immunol. 2020, 11, 604. [CrossRef]

Nakahara, A.; Nair, S.; Ormazabal, V.; Elfeky, O.; Garvey, C.E.; Longo, S.; Salomon, C. Circulating placental extracellular vesicles
and their potential roles during pregnancy. Ochsner. J. 2020, 20, 439—445. [CrossRef]

Momenimovahed, Z.; Tiznobaik, A.; Taheri, S.; Salehiniya, H. Ovarian cancer in the world: Epidemiology and risk factors. Int. J.
Women's Health 2019, 11, 287-299. [CrossRef]

Halkia, E.; Spiliotis, J.; Sugarbaker, P. Diagnosis and management of peritoneal metastases from ovarian cancer. Gastroenterol. Res.
Pract. 2012, 2012, 541842. [CrossRef]

Nakamura, K.; Sawada, K.; Kobayashi, M.; Miyamoto, M.; Shimizu, A.; Yamamoto, M.; Kinose, Y.; Kimura, T. Role of the exosome
in ovarian cancer progression and its potential as a therapeutic target. Cancers 2019, 11, 1147. [CrossRef]

Yokoi, A.; Yoshioka, Y.; Yamamoto, Y.; Ishikawa, M.; Ikeda, S.I; Kato, T.; Kiyono, T.; Takeshita, F.; Kajiyama, H.; Kikkawa, F,; et al.
Malignant extracellular vesicles carrying MMP1 mRNA facilitate peritoneal dissemination in ovarian cancer. Nat. Commun. 2017,
8,14470. [CrossRef]

Graves, L.E.; Ariztia, E.V;; Navari, J.R.; Matzel, H.J.; Stack, M.S.; Fishman, D.A. Proinvasive properties of ovarian cancer
ascites-derived membrane vesicles. Cancer Res. 2004, 64, 7045-7049. [CrossRef]

Nakamura, K.; Sawada, K; Kinose, Y.; Yoshimura, A.; Toda, A.; Nakatsuka, E.; Hashimoto, K.; Mabuchi, S.; Morishige, K.I.;
Kurachi, H.; et al. Exosomes promote ovarian cancer cell invasion through transfer of CD44 to peritoneal mesothelial cells. Mol.
Cancer Res. 2017, 15, 78-92. [CrossRef]

Enriquez, V.A; Cleys, E.R; Da Silveira, ].C.; Spillman, M.A.; Winger, Q.A.; Bouma, G.J. High LIN28A expressing ovarian cancer
cells secrete exosomes that induce invasion and migration in HEK293 cells. Biomed. Res. Int. 2015, 2015, 701390. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.clim.2008.07.032
http://doi.org/10.1016/j.humimm.2008.02.005
http://doi.org/10.1189/jlb.1102566
http://doi.org/10.1016/S0002-9440(10)64527-0
http://doi.org/10.1172/JCI36682
http://doi.org/10.1038/nrc2444
http://www.ncbi.nlm.nih.gov/pubmed/3104468
http://doi.org/10.1096/fasebj.6.6.1544544
http://www.ncbi.nlm.nih.gov/pubmed/1544544
http://doi.org/10.1038/sj.emboj.7601570
http://doi.org/10.1186/1477-7827-4-S1-S10
http://www.ncbi.nlm.nih.gov/pubmed/7706718
http://doi.org/10.2119/molmed.2015.00083
http://doi.org/10.3389/fimmu.2020.592010
http://www.ncbi.nlm.nih.gov/pubmed/33193435
http://doi.org/10.1111/jcmm.15144
http://www.ncbi.nlm.nih.gov/pubmed/32175696
http://doi.org/10.1038/s41419-020-02803-4
http://www.ncbi.nlm.nih.gov/pubmed/32719324
http://doi.org/10.1007/s11060-013-1084-8
http://doi.org/10.3390/cells8070727
http://doi.org/10.1038/sj.cdd.4402184
http://doi.org/10.1016/j.tcb.2016.11.003
http://doi.org/10.3389/fimmu.2020.00604
http://doi.org/10.31486/toj.20.0049
http://doi.org/10.2147/IJWH.S197604
http://doi.org/10.1155/2012/541842
http://doi.org/10.3390/cancers11081147
http://doi.org/10.1038/ncomms14470
http://doi.org/10.1158/0008-5472.CAN-04-1800
http://doi.org/10.1158/1541-7786.MCR-16-0191
http://doi.org/10.1155/2015/701390
http://www.ncbi.nlm.nih.gov/pubmed/26583126

Biomedicines 2021, 9, 1257 14 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Agarwal, R.; D’Souza, T.; Morin, PJ. Claudin-3 and claudin-4 expression in ovarian epithelial cells enhances invasion and is
associated with increased matrix metalloproteinase-2 activity. Cancer Res. 2005, 65, 7378-7385. [CrossRef]

Mitra, A K,; Zillhardt, M.; Hua, Y.; Tiwari, P; Murmann, A.E.; Peter, M.E.; Lengyel, E. MicroRNAs reprogram normal fibroblasts
into cancer-associated fibroblasts in ovarian cancer. Cancer Discov. 2012, 2, 1100-1108. [CrossRef] [PubMed]

Giusti, I.; Di Francesco, M.; D’Ascenzo, S.; Palmerini, M.G.; Macchiarelli, G.; Carta, G.; Dolo, V. Ovarian cancer-derived
extracellular vesicles affect normal human fibroblast behavior. Cancer Biol. Ther. 2018, 19, 722-734. [CrossRef] [PubMed]

Li, W,; Zhang, X.; Wang, J.; Li, M,; Cao, C.; Tan, ]J.; Ma, D.; Gao, Q. TGFbetal in fibroblasts-derived exosomes promotes
epithelial-mesenchymal transition of ovarian cancer cells. Oncotarget 2017, 8, 96035-96047. [CrossRef]

Feng, W.; Dean, D.C.; Hornicek, EJ.; Shi, H.; Duan, Z. Exosomes promote pre-metastatic niche formation in ovarian cancer. Mol.
Cancer 2019, 18, 124. [CrossRef]

Runz, S.; Keller, S.; Rupp, C.; Stoeck, A.; Issa, Y.; Koensgen, D.; Mustea, A.; Sehouli, J.; Kristiansen, G.; Altevogt, P. Malignant
ascites-derived exosomes of ovarian carcinoma patients contain CD24 and EpCAM. Gynecol. Oncol. 2007, 107, 563-571. [CrossRef]
Li, X.; Wang, X. The emerging roles and therapeutic potential of exosomes in epithelial ovarian cancer. Mol. Cancer 2017, 16, 92.
[CrossRef]

Kim, S.; Han, Y.; Kim, S.I.; Kim, H.S.; Kim, S.J.; Song, Y.S. Tumor evolution and chemoresistance in ovarian cancer. NPJ Precis.
Oncol. 2018, 2, 20. [CrossRef]

Alharbi, M.; Sharma, S.; Guanzon, D.; Lai, A.; Zuniga, F.; Shiddiky, M.].A.; Yamauchi, Y.; Salas-Burgos, A.; He, Y.; Pejovic, T.; et al.
miRNa signature in small extracellular vesicles and their association with platinum resistance and cancer recurrence in ovarian
cancer. Nanomedicine 2020, 28, 102207. [CrossRef] [PubMed]

Samuel, P.; Mulcahy, L.A.; Furlong, E; McCarthy, H.O.; Brooks, S.A.; Fabbri, M.; Pink, R.C.; Carter, D.R.F. Cisplatin induces the
release of extracellular vesicles from ovarian cancer cells that can induce invasiveness and drug resistance in bystander cells.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 2018, 373, 20170065. [CrossRef]

Bewicke-Copley, F.; Mulcahy, L.A.; Jacobs, L.A.; Samuel, P.; Akbar, N.; Pink, R.C.; Carter, D.R.F. Extracellular vesicles released
following heat stress induce bystander effect in unstressed populations. J. Extracell. Vesicles 2017, 6, 1340746. [CrossRef] [PubMed]
Vera, N.; Acuna-Gallardo, S.; Grunenwald, F.; Caceres-Verschae, A.; Realini, O.; Acuna, R.; Lladser, A.; [llanes, S.E.; Varas-Godoy,
M. Small extracellular vesicles released from ovarian cancer spheroids in response to cisplatin promote the pro-tumorigenic
activity of mesenchymal stem cells. Int. . Mol. Sci. 2019, 20, 4972. [CrossRef]

Masoumi-Dehghi, S.; Babashah, S.; Sadeghizadeh, M. microRNA-141-3p-containing small extracellular vesicles derived from
epithelial ovarian cancer cells promote endothelial cell angiogenesis through activating the JAK/STAT3 and NF-kappaB signaling
pathways. |. Cell Commun. Signal. 2020, 14, 233-244. [CrossRef] [PubMed]

Botti, C.; Seregni, E.; Ferrari, L.; Martinetti, A.; Bombardieri, E. Immunosuppressive factors: Role in cancer development and
progression. Int. J. Biol. Markers 1998, 13, 51-69. [CrossRef]

Zhou, J.; Li, X;; Wu, X,; Zhang, T.; Zhu, Q.; Wang, X.; Wang, H.; Wang, K.; Lin, Y.; Wang, X. Exosomes released from tumor-
associated macrophages transfer miRNAs that induce a Treg/Th17 cell imbalance in epithelial ovarian cancer. Cancer Immunol.
Res. 2018, 6, 1578-1592. [CrossRef] [PubMed]

Li, L.; Li, C.; Wang, S.; Wang, Z.; Jiang, J.; Wang, W.; Li, X.; Chen, J.; Liu, K.; Li, C.; et al. Exosomes derived from hypoxic
oral squamous cell carcinoma cells deliver miR-21 to normoxic cells to elicit a prometastatic phenotype. Cancer Res. 2016, 76,
1770-1780. [CrossRef] [PubMed]

Szajnik, M.; Czystowska, M.; Szczepanski, M.].; Mandapathil, M.; Whiteside, T.L. Tumor-derived microvesicles induce, expand
and up-regulate biological activities of human regulatory T cells (Treg). PLoS ONE 2010, 5, e11469. [CrossRef] [PubMed]
Lucidi, A.; Buca, D.; Ronsini, C.; Tinari, S.; Bologna, G.; Buca, D.; Leombroni, M.; Liberati, M.; D’ Antonio, F.; Scambia, G.; et al.
Role of extracellular vesicles in epithelial ovarian cancer: A systematic review. Int. J. Mol. Sci. 2020, 21, 8762. [CrossRef] [PubMed]
Czystowska-Kuzmicz, M.; Sosnowska, A.; Nowis, D.; Ramji, K.; Szajnik, M.; Chlebowska-Tuz, J.; Wolinska, E.; Gaj, P.; Grazul, M.;
Pilch, Z.; et al. Small extracellular vesicles containing arginase-1 suppress T-cell responses and promote tumor growth in ovarian
carcinoma. Nat. Commun. 2019, 10, 3000. [CrossRef]

Keller, S.; Konig, A.K.; Marme, F.; Runz, S.; Wolterink, S.; Koensgen, D.; Mustea, A.; Sehouli, J.; Altevogt, P. Systemic presence
and tumor-growth promoting effect of ovarian carcinoma released exosomes. Cancer Lett. 2009, 278, 73-81. [CrossRef]

Taylor, D.D.; Gercel-Taylor, C. Tumour-derived exosomes and their role in cancer-associated T-cell signalling defects. Br. J. Cancer
2005, 92, 305-311. [CrossRef]

Shenoy, G.N.; Loyall, J.; Maguire, O.; Iyer, V.; Kelleher, R.J., Jr.; Minderman, H.; Wallace, PK.; Odunsi, K.; Balu-lyer, S.V.; Bankert,
R.B. Exosomes associated with human ovarian tumors harbor a reversible checkpoint of T-cell responses. Cancer Immunol. Res.
2018, 6, 236-247. [CrossRef]

Kelleher, R.J., Jr.; Balu-lyer, S.; Loyall, J.; Sacca, A.J.; Shenoy, G.N.; Peng, P.; Iyer, V.; Fathallah, A.M.; Berenson, C.S.; Wallace, PK_;
et al. Extracellular vesicles present in human ovarian tumor microenvironments induce a phosphatidylserine-dependent arrest in
the T-cell signaling cascade. Cancer Immunol. Res. 2015, 3, 1269-1278. [CrossRef]

Shenoy, G.N.; Loyall, J.; Berenson, C.S.; Kelleher, R.]., Jr.; Iyer, V.; Balu-lyer, S.V.; Odunsi, K.; Bankert, R.B. Sialic acid-dependent
inhibition of T cells by exosomal ganglioside GD3 in ovarian tumor microenvironments. J. Immunol. 2018, 201, 3750-3758.
[CrossRef]


http://doi.org/10.1158/0008-5472.CAN-05-1036
http://doi.org/10.1158/2159-8290.CD-12-0206
http://www.ncbi.nlm.nih.gov/pubmed/23171795
http://doi.org/10.1080/15384047.2018.1451286
http://www.ncbi.nlm.nih.gov/pubmed/29580188
http://doi.org/10.18632/oncotarget.21635
http://doi.org/10.1186/s12943-019-1049-4
http://doi.org/10.1016/j.ygyno.2007.08.064
http://doi.org/10.1186/s12943-017-0659-y
http://doi.org/10.1038/s41698-018-0063-0
http://doi.org/10.1016/j.nano.2020.102207
http://www.ncbi.nlm.nih.gov/pubmed/32334098
http://doi.org/10.1098/rstb.2017.0065
http://doi.org/10.1080/20013078.2017.1340746
http://www.ncbi.nlm.nih.gov/pubmed/28717426
http://doi.org/10.3390/ijms20204972
http://doi.org/10.1007/s12079-020-00548-5
http://www.ncbi.nlm.nih.gov/pubmed/32034654
http://doi.org/10.1177/172460089801300201
http://doi.org/10.1158/2326-6066.CIR-17-0479
http://www.ncbi.nlm.nih.gov/pubmed/30396909
http://doi.org/10.1158/0008-5472.CAN-15-1625
http://www.ncbi.nlm.nih.gov/pubmed/26992424
http://doi.org/10.1371/journal.pone.0011469
http://www.ncbi.nlm.nih.gov/pubmed/20661468
http://doi.org/10.3390/ijms21228762
http://www.ncbi.nlm.nih.gov/pubmed/33228245
http://doi.org/10.1038/s41467-019-10979-3
http://doi.org/10.1016/j.canlet.2008.12.028
http://doi.org/10.1038/sj.bjc.6602316
http://doi.org/10.1158/2326-6066.CIR-17-0113
http://doi.org/10.1158/2326-6066.CIR-15-0086
http://doi.org/10.4049/jimmunol.1801041

Biomedicines 2021, 9, 1257 15 0f 17

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Peng, P; Yan, Y.; Keng, S. Exosomes in the ascites of ovarian cancer patients: Origin and effects on anti-tumor immunity. Oncol.
Rep. 2011, 25, 749-762. [CrossRef]

Li, Y,; Yang, Y;; Xiong, A.; Wu, X,; Xie, J.; Han, S.; Zhao, S. Comparative gene expression analysis of lymphocytes treated with
exosomes derived from ovarian cancer and ovarian cysts. Front. Immunol. 2017, 8, 607. [CrossRef]

Buca, D.; Bologna, G.; D’Amico, A.; Cugini, S.; Musca, F.; Febbo, M.; D’ Arcangelo, D.; Buca, D.; Simeone, P.; Liberati, M.; et al.
Extracellular vesicles in feto-maternal crosstalk and pregnancy disorders. Int. J. Mol. Sci. 2020, 21, 2120. [CrossRef]

Greening, D.W.; Nguyen, H.P; Elgass, K.; Simpson, R.J.; Salamonsen, L.A. Human endometrial exosomes contain hormone-
specific cargo modulating trophoblast adhesive capacity: Insights into endometrial-embryo interactions. Biol. Reprod. 2016, 94, 38.
[CrossRef] [PubMed]

Bischof, P.; Irminger-Finger, I. The human cytotrophoblastic cell, a mononuclear chameleon. Int. J. Biochem. Cell Biol. 2005, 37,
1-16. [CrossRef]

Chen, J.Z.; Sheehan, P.M.; Brennecke, S.P.; Keogh, R.]J. Vessel remodelling, pregnancy hormones and extravillous trophoblast
function. Mol. Cell Endocrinol. 2012, 349, 138-144. [CrossRef]

Salomon, C.; Torres, M.].; Kobayashi, M.; Scholz-Romero, K.; Sobrevia, L.; Dobierzewska, A.; Illanes, S.E.; Mitchell, M.D.; Rice,
G.E. A gestational profile of placental exosomes in maternal plasma and their effects on endothelial cell migration. PLoS ONE
2014, 9, €98667. [CrossRef] [PubMed]

Truong, G.; Guanzon, D.; Kinhal, V.; Elfeky, O.; Lai, A.; Longo, S.; Nuzhat, Z.; Palma, C.; Scholz-Romero, K.; Menon, R.; et al.
Oxygen tension regulates the miRNA profile and bioactivity of exosomes released from extravillous trophoblast cells—Liquid
biopsies for monitoring complications of pregnancy. PLoS ONE 2017, 12, e0174514. [CrossRef]

Ghaebi, M.; Nouri, M.; Ghasemzadeh, A.; Farzadi, L.; Jadidi-Niaragh, F.; Ahmadi, M.; Yousefi, M. Inmune regulatory network in
successful pregnancy and reproductive failures. Biomed. Pharmacother. 2017, 88, 61-73. [CrossRef] [PubMed]

Veenstra van Nieuwenhoven, A.L.; Heineman, M.].; Faas, M.M. The immunology of successful pregnancy. Hum. Reprod. Update
2003, 9, 347-357. [CrossRef] [PubMed]

Weetman, A.P. The immunology of pregnancy. Thyroid 1999, 9, 643-646. [CrossRef]

Tong, M.; Kleffmann, T.; Pradhan, S.; Johansson, C.L.; DeSousa, J.; Stone, P.R.; James, J.L.; Chen, Q.; Chamley, L.W. Proteomic
characterization of macro-, micro- and nano-extracellular vesicles derived from the same first trimester placenta: Relevance for
feto-maternal communication. Hum. Reprod. 2016, 31, 687-699. [CrossRef]

Abrahams, V.M.; Straszewski-Chavez, S.L.; Guller, S.; Mor, G. First trimester trophoblast cells secrete Fas ligand which induces
immune cell apoptosis. Mol. Hum. Reprod. 2004, 10, 55-63. [CrossRef]

Hammer, A.; Dohr, G. Expression of Fas-ligand in first trimester and term human placental villi. J. Reprod. Immunol. 2000, 46,
83-90. [CrossRef]

Hedlund, M.; Stenqvist, A.C.; Nagaeva, O.; Kjellberg, L.; Wulff, M.; Baranov, V.; Mincheva-Nilsson, L. Human placenta
expresses and secretes NKG2D ligands via exosomes that down-modulate the cognate receptor expression: Evidence for
immunosuppressive function. J. Immunol. 2009, 183, 340-351. [CrossRef]

Holland, O.].; Linscheid, C.; Hodes, H.C.; Nauser, T.L.; Gilliam, M.; Stone, P.; Chamley, L.W.; Petroff, M.G. Minor histocompatibil-
ity antigens are expressed in syncytiotrophoblast and trophoblast debris: Implications for maternal alloreactivity to the fetus. Am.
J. Pathol. 2012, 180, 256-266. [CrossRef] [PubMed]

Stenqvist, A.C.; Nagaeva, O.; Baranov, V.; Mincheva-Nilsson, L. Exosomes secreted by human placenta carry functional Fas
ligand and TRAIL molecules and convey apoptosis in activated immune cells, suggesting exosome-mediated immune privilege
of the fetus. J. Immunol. 2013, 191, 5515-5523. [CrossRef] [PubMed]

Kovacs, A.F; Fekete, N.; Turiak, L.; Acs, A.; Kohidai, L.; Buzas, E.L; Pallinger, E. Unravelling the role of trophoblastic-derived
extracellular vesicles in regulatory T cell differentiation. Int. J. Mol. Sci. 2019, 20, 3457. [CrossRef] [PubMed]

Yagel, S.; Cohen, S.M.; Goldman-Wohl, D. An integrated model of preeclampsia: A multifaceted syndrome of the maternal
cardiovascular-placental-fetal array. Am. J. Obstet. Gynecol. 2021. [CrossRef]

Salomon, C.; Guanzon, D.; Scholz-Romero, K.; Longo, S.; Correa, P; Illanes, S.E.; Rice, G.E. Placental exosomes as early biomarker
of preeclampsia: Potential role of exosomal microRNAs across gestation. J. Clin. Endocrinol. Metab. 2017, 102, 3182-3194.
[CrossRef]

Tannetta, D.; Masliukaite, I.; Vatish, M.; Redman, C.; Sargent, I. Update of syncytiotrophoblast derived extracellular vesicles in
normal pregnancy and preeclampsia. J. Reprod. Immunol. 2017, 119, 98-106. [CrossRef]

Kovacs, A.F,; Lang, O.; Turiak, L.; Acs, A.; Kohidai, L.; Fekete, N.; Alasztics, B.; Meszaros, T.; Buzas, E.L; Rigo, J., Jr.; et al. The
impact of circulating preeclampsia-associated extracellular vesicles on the migratory activity and phenotype of THP-1 monocytic
cells. Sci. Rep. 2018, 8, 5426. [CrossRef]

Shao, J.; Zhao, M.; Tong, M.; Wei, J.; Wise, M.R.; Stone, P.; Chamley, L.; Chen, Q. Increased levels of HMGB1 in trophoblastic
debris may contribute to preeclampsia. Reproduction 2016, 152, 775-784. [CrossRef] [PubMed]

Ospina-Prieto, S.; Chaiwangyen, W.; Herrmann, J.; Groten, T.; Schleussner, E.; Markert, U.R.; Morales-Prieto, D.M. MicroRNA-141
is upregulated in preeclamptic placentae and regulates trophoblast invasion and intercellular communication. Transl. Res. 2016,
172, 61-72. [CrossRef] [PubMed]

Wang, Z.; Wang, P.; Wang, Z.; Qin, Z.; Xiu, X.; Xu, D.; Zhang, X.; Wang, Y. MiRNA-548c-5p downregulates inflammatory response
in preeclampsia via targeting PTPRO. J. Cell Physiol. 2019, 234, 11149-11155. [CrossRef] [PubMed]


http://doi.org/10.3892/or.2010.1119
http://doi.org/10.3389/fimmu.2017.00607
http://doi.org/10.3390/ijms21062120
http://doi.org/10.1095/biolreprod.115.134890
http://www.ncbi.nlm.nih.gov/pubmed/26764347
http://doi.org/10.1016/j.biocel.2004.05.014
http://doi.org/10.1016/j.mce.2011.10.014
http://doi.org/10.1371/journal.pone.0098667
http://www.ncbi.nlm.nih.gov/pubmed/24905832
http://doi.org/10.1371/journal.pone.0174514
http://doi.org/10.1016/j.biopha.2017.01.016
http://www.ncbi.nlm.nih.gov/pubmed/28095355
http://doi.org/10.1093/humupd/dmg026
http://www.ncbi.nlm.nih.gov/pubmed/12926528
http://doi.org/10.1089/thy.1999.9.643
http://doi.org/10.1093/humrep/dew004
http://doi.org/10.1093/molehr/gah006
http://doi.org/10.1016/S0165-0378(99)00059-5
http://doi.org/10.4049/jimmunol.0803477
http://doi.org/10.1016/j.ajpath.2011.09.021
http://www.ncbi.nlm.nih.gov/pubmed/22079431
http://doi.org/10.4049/jimmunol.1301885
http://www.ncbi.nlm.nih.gov/pubmed/24184557
http://doi.org/10.3390/ijms20143457
http://www.ncbi.nlm.nih.gov/pubmed/31337116
http://doi.org/10.1016/j.ajog.2020.10.023
http://doi.org/10.1210/jc.2017-00672
http://doi.org/10.1016/j.jri.2016.08.008
http://doi.org/10.1038/s41598-018-23706-7
http://doi.org/10.1530/REP-16-0083
http://www.ncbi.nlm.nih.gov/pubmed/27658754
http://doi.org/10.1016/j.trsl.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27012474
http://doi.org/10.1002/jcp.27758
http://www.ncbi.nlm.nih.gov/pubmed/30443949

Biomedicines 2021, 9, 1257 16 of 17

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Aly, A'S.; Khandelwal, M.; Zhao, J.; Mehmet, A.H.; Sammel, M.D.; Parry, S. Neutrophils are stimulated by syncytiotrophoblast
microvillous membranes to generate superoxide radicals in women with preeclampsia. Am. J. Obstet. Gynecol. 2004, 190, 252-258.
[CrossRef] [PubMed]

Abumaree, M.H.; Chamley, L.W.; Badri, M.; El-Muzaini, M.E. Trophoblast debris modulates the expression of immune proteins in
macrophages: A key to maternal tolerance of the fetal allograft? J. Reprod. Immunol. 2012, 94, 131-141. [CrossRef]

Abumaree, M.H.; Stone, P.R.; Chamley, L.W. The effects of apoptotic, deported human placental trophoblast on macrophages:
Possible consequences for pregnancy. J. Reprod. Immunol. 2006, 72, 33—45. [CrossRef]

Holder, B.S.; Tower, C.L.; Jones, C.J.; Aplin, ].D.; Abrahams, V.M. Heightened pro-inflammatory effect of preeclamptic placental
microvesicles on peripheral blood immune cells in humans. Biol. Reprod. 2012, 86, 103. [CrossRef]

Tannetta, D.S.; Hunt, K.; Jones, C.I.; Davidson, N.; Coxon, C.H.; Ferguson, D.; Redman, C.W.; Gibbins, ].M.; Sargent, L.L.; Tucker,
K.L. Syncytiotrophoblast extracellular vesicles from pre-eclampsia placentas differentially affect platelet function. PLoS ONE
2015, 10, e0142538. [CrossRef]

Lokossou, A.G.; Toudic, C.; Nguyen, P.T.; Elisseeff, X.; Vargas, A.; Rassart, E.; Lafond, J.; Leduc, L.; Bourgault, S.; Gilbert, C.; et al.
Endogenous retrovirus-encoded Syncytin-2 contributes to exosome-mediated immunosuppression of T cellsdagger. Biol. Reprod.
2020, 102, 185-198. [CrossRef] [PubMed]

Sheller, S.; Papaconstantinou, J.; Urrabaz-Garza, R.; Richardson, L.; Saade, G.; Salomon, C.; Menon, R. Amnion-epithelial-cell-
derived exosomes demonstrate physiologic state of cell under oxidative stress. PLoS ONE 2016, 11, e0157614. [CrossRef]
Herrero, C.; Abal, M.; Muinelo-Romay, L. Circulating extracellular vesicles in gynecological tumors: Realities and challenges.
Front. Oncol. 2020, 10, 565666. [CrossRef] [PubMed]

Yamamoto, C.M.; Oakes, M.L.; Murakami, T.; Muto, M.G.; Berkowitz, R.S.; Ng, S.W. Comparison of benign peritoneal fluid- and
ovarian cancer ascites-derived extracellular vesicle RNA biomarkers. . Ovarian Res. 2018, 11, 20. [CrossRef] [PubMed]

Cheng, L.; Wu, S.; Zhang, K.; Qing, Y.; Xu, T. A comprehensive overview of exosomes in ovarian cancer: Emerging biomarkers
and therapeutic strategies. J. Ovarian Res. 2017, 10, 73. [CrossRef]

Soltesz, B.; Lukacs, ].; Szilagyi, E.; Marton, E.; Szilagyi Bonizs, M.; Penyige, A.; Poka, R.; Nagy, B. Expression of CD24 in plasma,
exosome and ovarian tissue samples of serous ovarian cancer patients. J. Biotechnol. 2019, 298, 16-20. [CrossRef]

Zhang, P.; Zhou, X.; Zeng, Y. Multiplexed immunophenotyping of circulating exosomes on nano-engineered ExoProfile chip
towards early diagnosis of cancer. Chem. Sci. 2019, 10, 5495-5504. [CrossRef]

Zhao, Z.; Yang, Y.,; Zeng, Y.; He, M. A microfluidic ExoSearch chip for multiplexed exosome detection towards blood-based
ovarian cancer diagnosis. Lab Chip 2016, 16, 489—-496. [CrossRef]

Taylor, D.D.; Gercel-Taylor, C. MicroRNA signatures of tumor-derived exosomes as diagnostic biomarkers of ovarian cancer.
Guynecol. Oncol. 2008, 110, 13-21. [CrossRef]

Sorrentino, A ; Liu, C.G.; Addario, A.; Peschle, C.; Scambia, G.; Ferlini, C. Role of microRNAs in drug-resistant ovarian cancer
cells. Gynecol. Oncol. 2008, 111, 478-486. [CrossRef]

Zheng, X.; Li, X.; Wang, X. Extracellular vesicle-based liquid biopsy holds great promise for the management of ovarian cancer.
Biochim. Biophys. Acta Rev. Cancer 2020, 1874, 188395. [CrossRef]

Levine, L.; Habertheuer, A.; Ram, C.; Korutla, L.; Schwartz, N.; Hu, R W.; Reddy, S.; Freas, A.; Zielinski, P.D.; Harmon, J.; et al.
Syncytiotrophoblast extracellular microvesicle profiles in maternal circulation for noninvasive diagnosis of preeclampsia. Sci.
Rep. 2020, 10, 6398. [CrossRef] [PubMed]

Palma, C.; Jellins, J.; Lai, A.; Salas, A.; Campos, A.; Sharma, S.; Duncombe, G.; Hyett, J.; Salomon, C. Extracellular vesicles and
preeclampsia: Current knowledge and future research directions. Subcell Biochem. 2021, 97, 455-482. [CrossRef] [PubMed]
Pillay, P.; Maharaj, N.; Moodley, J.; Mackraj, I. Placental exosomes and pre-eclampsia: Maternal circulating levels in normal
pregnancies and, early and late onset pre-eclamptic pregnancies. Placenta 2016, 46, 18-25. [CrossRef]

Awoyemi, T.; Tannetta, D.; Zhang, W.; Kandzija, N.; Motta-Mejia, C.; Fischer, R.; Heilig, R.; Raiss, S.; Redman, C.; Vatish, M.
Glycosylated Siglec-6 expression in syncytiotrophoblast-derived extracellular vesicles from preeclampsia placentas. Biochem.
Biophys. Res. Commun. 2020, 533, 838-844. [CrossRef]

Jadli, A.; Ghosh, K,; Satoskar, P.; Damania, K.; Bansal, V.; Shetty, S. Combination of copeptin, placental growth factor and total
annexin V microparticles for prediction of preeclampsia at 10-14 weeks of gestation. Placenta 2017, 58, 67-73. [CrossRef]
Salomon, C.; Ryan, J.; Sobrevia, L.; Kobayashi, M.; Ashman, K.; Mitchell, M.; Rice, G.E. Exosomal signaling during hypoxia
mediates microvascular endothelial cell migration and vasculogenesis. PLoS ONE 2013, 8, e68451. [CrossRef]

Tan, J.L.; Lau, S.N.; Leaw, B.; Nguyen, H.P.T,; Salamonsen, L.A.; Saad, M.I,; Chan, S.T.; Zhu, D.; Krause, M.; Kim, C.; et al. Amnion
epithelial cell-derived exosomes restrict lung injury and enhance endogenous lung repair. Stem Cells Transl. Med. 2018, 7, 180-196.
[CrossRef]

Alhomrani, M.; Correia, J.; Zavou, M.; Leaw, B.; Kuk, N.; Xu, R.; Saad, M.L; Hodge, A.; Greening, D.W,; Lim, R; et al. The Human
amnion epithelial cell secretome decreases hepatic fibrosis in mice with chronic liver fibrosis. Front. Pharmacol. 2017, 8, 748.
[CrossRef] [PubMed]

Wei, Y.; Wu, Y.; Zhao, R.; Zhang, K.; Midgley, A.C.; Kong, D.; Li, Z.; Zhao, Q. MSC-derived sEVs enhance patency and inhibit
calcification of synthetic vascular grafts by immunomodulation in a rat model of hyperlipidemia. Biomaterials 2019, 204, 13-24.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.ajog.2003.07.003
http://www.ncbi.nlm.nih.gov/pubmed/14749668
http://doi.org/10.1016/j.jri.2012.03.488
http://doi.org/10.1016/j.jri.2006.03.001
http://doi.org/10.1095/biolreprod.111.097014
http://doi.org/10.1371/journal.pone.0142538
http://doi.org/10.1093/biolre/ioz124
http://www.ncbi.nlm.nih.gov/pubmed/31318021
http://doi.org/10.1371/journal.pone.0157614
http://doi.org/10.3389/fonc.2020.565666
http://www.ncbi.nlm.nih.gov/pubmed/33178595
http://doi.org/10.1186/s13048-018-0391-2
http://www.ncbi.nlm.nih.gov/pubmed/29499737
http://doi.org/10.1186/s13048-017-0368-6
http://doi.org/10.1016/j.jbiotec.2019.03.018
http://doi.org/10.1039/C9SC00961B
http://doi.org/10.1039/C5LC01117E
http://doi.org/10.1016/j.ygyno.2008.04.033
http://doi.org/10.1016/j.ygyno.2008.08.017
http://doi.org/10.1016/j.bbcan.2020.188395
http://doi.org/10.1038/s41598-020-62193-7
http://www.ncbi.nlm.nih.gov/pubmed/32286341
http://doi.org/10.1007/978-3-030-67171-6_18
http://www.ncbi.nlm.nih.gov/pubmed/33779928
http://doi.org/10.1016/j.placenta.2016.08.078
http://doi.org/10.1016/j.bbrc.2020.09.081
http://doi.org/10.1016/j.placenta.2017.08.009
http://doi.org/10.1371/journal.pone.0068451
http://doi.org/10.1002/sctm.17-0185
http://doi.org/10.3389/fphar.2017.00748
http://www.ncbi.nlm.nih.gov/pubmed/29114223
http://doi.org/10.1016/j.biomaterials.2019.01.049
http://www.ncbi.nlm.nih.gov/pubmed/30875515

Biomedicines 2021, 9, 1257 17 of 17

121.

122.

123.

124.

125.

Zhang, D.; Du, X.; Zhang, X.; Li, K.; Kong, F; Cheng, G.; Zhao, S. In vitro induction and in vivo engraftment of kidney organoids
derived from human pluripotent stem cells. Exp. Ther. Med. 2020, 20, 1307-1314. [CrossRef] [PubMed]

Kim, S.Y,; Joglekar, M.V.; Hardikar, A.A.; Phan, T.H.; Khanal, D.; Tharkar, P.; Limantoro, C.; Johnson, J.; Kalionis, B.; Chrzanowski,
W. Placenta stem/stromal cell-derived extracellular vesicles for potential use in lung repair. Proteomics 2019, 19, e1800166.
[CrossRef]

Bier, A.; Berenstein, P.; Kronfeld, N.; Morgoulis, D.; Ziv-Av, A.; Goldstein, H.; Kazimirsky, G.; Cazacu, S.; Meir, R.; Popovtzer, R.;
et al. Placenta-derived mesenchymal stromal cells and their exosomes exert therapeutic effects in Duchenne muscular dystrophy.
Biomaterials 2018, 174, 67-78. [CrossRef] [PubMed]

Kim, Y.K.; Choi, Y.; Nam, G.H.; Kim, I.S. Functionalized exosome harboring bioactive molecules for cancer therapy. Cancer Lett.
2020, 489, 155-162. [CrossRef] [PubMed]

Kobayashi, M.; Sawada, K.; Miyamoto, M.; Shimizu, A.; Yamamoto, M.; Kinose, Y.; Nakamura, K.; Kawano, M.; Kodama, M.;
Hashimoto, K.; et al. Exploring the potential of engineered exosomes as delivery systems for tumor-suppressor microRNA
replacement therapy in ovarian cancer. Biochem. Biophys. Res. Commun. 2020, 527, 153-161. [CrossRef]


http://doi.org/10.3892/etm.2020.8844
http://www.ncbi.nlm.nih.gov/pubmed/32742364
http://doi.org/10.1002/pmic.201800166
http://doi.org/10.1016/j.biomaterials.2018.04.055
http://www.ncbi.nlm.nih.gov/pubmed/29783118
http://doi.org/10.1016/j.canlet.2020.05.036
http://www.ncbi.nlm.nih.gov/pubmed/32623071
http://doi.org/10.1016/j.bbrc.2020.04.076

	Introduction 
	EVs in Ovarian Cancer 
	EVs from Ovarian Cancer Contribute to Metastasis, Establishment of the Premetastatic Niche and Chemoresistance 
	Ovarian Cancer EVs and Immunology 

	Placenta-Derived EVs in Pregnancy 
	Role of Placenta-Derived EVs in Vascular Remodeling 
	Immunomodulatory Activity of EVs in Pregnancy 

	Potent Clinical and Therapeutic Interest of EVs Derived from Ovarian Cancer or Placental Cells 
	EVs as Markers of Pathology 
	EVs as Marker of OC 
	Placenta-Derived EVs as Markers of PE 

	Looking Ahead: Therapeutic Roles for EVs 

	Conclusions and Future Perspective 
	References

