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The human placenta is an anatomically unique structure that extrudes a variety of extracel-
lular vesicles into the maternal blood (including syncytial nuclear aggregates, microvesicles,
and nanovesicles). Large quantities of extracellular vesicles are produced by the placenta in
both healthy and diseased pregnancies. Since their first description more than 120 years ago,
placental extracellular vesicles are only now being recognized as important carriers for
proteins, lipids, and nucleic acids, which may play a crucial role in feto-maternal commu-
nication. Here, we summarize the current literature on the cargos of placental extracellular
vesicles and the known effects of such vesicles on maternal cells/systems, especially those

of the maternal immune and vascular systems.

he placenta is an unusual organ with a short
Tand defined life span. The human placenta is
a fetal organ that sits between the fetus and its
mother, connecting the fetus to the maternal
blood supply. It is highly invasive and the entire
surface of the placenta is in contact with the
maternal circulation during most of gestation.
Therefore, the human placenta effectively be-
haves as one wall of a maternal “blood vessel.”
This phenomenon is quite remarkable because,
being a fetal organ, the placenta is in essence a
semiallogeneic tissue graft in normal pregnancy
and a complete allograft in surrogate or donor
egg pregnancies. Therefore, the placenta is na-
ture’s only tissue graft.

The human placenta has a villous (branch-
ing) structure. The surface of placental villi is
covered by the multinucleated syncytiotropho-
blast that is terminally differentiated and is not

mitotically active. The growth and replenish-
ment of the syncytiotrophoblast is effected by
fusion of underlying mononuclear cytotropho-
blasts into this layer. Beneath the cytotropho-
blasts is the mesenchymal core of the villus with
fetal blood vessels. The syncytiotrophoblast is
a remarkable cell, which at least in theory, is a
single cell covering the entire surface of the pla-
centa and is the immunological barrier between
the maternal immune system and the fetus. In a
normal term placenta, the syncytiotrophoblast
has an area of some 11—-13 m*> (Mayhew 2014).
However, the syncytiotrophoblast can be de-
nuded, leaving areas lined by fibrinoid rather
than syncytiotrophoblast and presumably be-
fore the laying down of this fibrinoid, cells of
the villous mesenchymal core or cytotropho-
blasts are exposed to the maternal blood, at least
temporarily.
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In addition to the villous structure of the
placenta, the placenta is also in contact with
the uterine decidua at numerous points via col-
umns of extravillous trophoblasts that invade
from the placenta into the decidua. During the
first half of pregnancy, these extravillous tropho-
blasts invade the uterine stroma and also pro-
gress antidromically along the lumens of the
spiral arteries. Here, extravillous trophoblasts
destroy the smooth muscle of the spiral arteries
and replace the endothelial cells that normally
line these vessels. Migration of extravillous tro-
phoblasts proceeds as far as the inner third of the
myometrium, thereby increasing the surface
area of contact between fetal cells and the ma-
ternal blood. Thus, when we consider the struc-
ture of the placenta there are three areas: (1) the
syncytiotrophoblast; (2) areas of syncytiotro-
phoblast denudation; and (3) the extravillous
trophoblasts, that can produce extracellular ves-
icles that enter the maternal blood and have ef-
fects on the mother’s physiology (Fig. 1).

THE PLACENTA PRODUCES A WIDE RANGE
OF EXTRACELLULAR VESICLES

In the current literature, there is considera-
ble confusion regarding what various vesicles
shouldbe called and how theyshould beisolated,
regardless of the cell type producing them. We
have included a summary of the published prep-
aration methods used in the placental research
area (Table 1) and we refer readers to recent gen-
eral reviews on this topic (Raposo and Stoor-
vogel 2013; Kowal et al. 2014). Although many
cells produce extracellular vesicles, the cellular
structure of the placenta is such that the placenta
produces a wider variety of vesicles than other
cell types.

Macrovesicles (Syncytial Nuclear Aggregates)

In 1893, the German pathologist Georg Schmorl
first reported the presence of large multinucle-
ated structures trapped in the lungs of women

Syncytial nuclear
aggregate

Microvesicle

Nanovesicles and
exosomes

Figure 1. Different types of extracellular vesicles produced by the placenta. (A) A schematic representation
showing the shedding of macrovesicles, microvesicles, and nanovesicles, including exosomes from the syncytio-
trophoblast (left to right).(B) Light micrograph of a syncytial nuclear aggregate (scale bar, 50 um), transmission
electron micrograph of a negatively stained microvesicle (scale bar, 100 nm), and transmission electron micro-
graph of a negatively stained exosome (arrow) with other nanovesicles (scale bar, 100 nm).
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Table 1. Summary of purification methods used for studies of placental micro/nanovesicles

Markers for

Reference(s) Starting material Original spins Final spin exosomes
Khalfoun et al. Mechanically dissected ~ 1000g x 10 min, 10,000¢ x 60 min -
1986 term villous tissue 10,000¢ x 10 min
Smarason etal. Mechanically dissected ~ 2000g x 10 min, 50,000g x 45 min -
1993 term villous tissue 10,000¢ x 10 min
Cockell et al.  Term placentae, stirred ~ 800g x 10 min, 100,000g x 60 min -
1997 overnight 10,000¢ X 5 min
Knight et al.  Plasma diluted 1:1 with - 150,000¢ x 45 min -
1998 PBS
Abrahams Trophoblast cell 500¢ x 20 min twice ~ 125,000¢ x 3 h -
et al. 2004 supernatants
Alyet al. 2004 Mechanically dissected ~ 2000g x 10 min, 50,000¢ x 45 min -
term villous tissue 10,000¢ x 10 min
Gupta et al. Term placentae 1000g x 10 min, 70,000¢ x 90 min -
2005b (mechanical, explant 10,000¢ x 10 min
culture, perfusion)
Goswami et al. Plasma - 150,000¢ x 45 min —
2006
Sabapatha Plasma Size exclusion 100,000¢ x 60 min
et al. 2006 chromatography
Taylor et al. Serum Size exclusion 100,000¢ x 60 min &  TSG101+
2006 chromatography discontinuous sucrose ~ PLAP+
gradient
Germain et al. Plasma 2000¢ x 15 min 150,000¢ x 45 min -
2007
Lok et al. Plasma 1560g x 20 min 18,890¢ x 30 min -
2008a
Orozco etal.  Jeg3 cell supernatants ~ 300g x 5 min, 800g X 25,000¢ x 60 min -
2008 5 min
Pap et al. 2008 Whole blood 1500¢ x 5 min, 100,000g x 20 min -
130,000g x 10 min
Reddy et al. 10 mL blood 2000g x 10 min, 150,000¢ x 45 min -
2008 10,000g x 10 min
Aharon et al.  Platelet-poor plasma - 18,000¢ x 30 min
2009 (PPP) by
centrifugation of
whole blood at 1500g
% 10 min twice
Hedlund et al. Supernatants from 4000g x 30 min, 20% and 40% sucrose CD63+,
2009 cultured first 17,000¢ x 25 min, gradients GRP78-

trimester placentae

Luo et al. 2009 BeWo cell supernatants

0.2 wm filter,
110,000¢ x 60 min,
PBS wash

2300g x 5 min,
0.8 wm filter disk,
ultracentrifugal
filtering with
100 kDa cutoff
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Table 1. Continued

Markers for

Reference(s) Starting material Original spins Final spin exosomes
Messerli et al. ~ Culture supernatants 1000g x 10 min, 60,000¢ x 90 min -
2010 from term placentae 10,000g x 10 min
(or mechanically
dissected and
perfused samples)
Atay et al. Sw.71 Ist trimester 400¢ x 10 min, 100,000¢ x 60 min -
2011a trophoblast cell line 15,000g x 20 min,
supernatant ultrafiltration at
500 kDa cut off
Gardiner et al. Term placental perfusate 600g x 10 min 150,000 g -
2011
Guller et al. Term placental perfusate 1500¢ x 10 min twice 10,000¢ x 30 min for -
2011 10 k STBM; 150,000¢
x 2hfor 150 k STBM
Southcombe = Mechanically dissected ~ 600g x 10 min 150,000¢ x 60 min -
et al. 2011 term placentae
Perfused or cultured 600g x 10 min, 48,000¢ x 45 min —
term placentae 10,000¢ x 10 min
Abumaree Term placental explants - 550g x 10 min -
et al. 2012
Donker et al. ~ Term cytotrophoblast ~ 300g x 5 min, 1200g  100,000¢g x 60 min TSG101+
2012 (CTB) supernatant % 10 min, 10,000g
X 30 min
Holder etal.  Supernatants from 1000g x 10 min, 70,000¢ x 90 min -
2012a cultured first 10,000¢ x 10 min
trimester placental
explants and BeWo
cells
Kshirsagar Supernatants from 300¢ x 10 min, 2000g 100,000¢ x 1.5h Verified density
etal. 2012 cultured placental % 20 min, 10,000g by sucrose
explants X 30 min gradients
CD63+
LAMPI1+
Lee et al. 2012 CRL1584 trophoblast 300¢ x 5 min, 800g x 100,000¢ x 90 min -
cell line supernatant 5 min
Rajakumar Culutured term 800¢ x 5 min 415,000¢ x 90 min -
et al. 2012 placental explants
Tolosa et al. Supernatants from 300¢ x 15 min, 2000g 100,000¢ x 70 min, TSG101+
2012 cultured term % 15 min, 15,000¢ 30% sucrose cushion GRP78-+
placental explants %X 60 min, 0.22 pm 110,000g X 94 min,
filter 20%—-60%
discontinuous sucrose
gradient
BeWo cell supernatant ~ 2000g x 10 min, 100,000¢ x 70 min on
10,000g x 60 min, 30% sucrose cushion,
0.22 pm filter then PBS wash and
100,000¢ x 2 h
Term CTB supernatant  2000g x 30 min, 100,000¢x 30 min
10,000¢ x 30 min
Continued
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Feto-Maternal Communication

Reference(s)

Starting material

Original spins

Markers for

Final spin exosomes

Baig et al. 2013

Delorme-
Axford et al.
2013

Salomon et al.
2013

Stenqvist et al.
2013

Tannetta et al.
2013

Term placental explants

Term CTB or JEG-3
supernatant

Placental mesenchymal
stem cell supernatant

Culture supernatant
from placental
explants

Mechanically dissected
term placentae
Perfused term placentae

Crongvistetal. Term placental perfusate

1000g x 10 min,
10,000g x 10 min

300g x 5 m, 1200g x
10 min, 10,000g X
30 min, 25,000g x
25 min

300g x 15 min, 2000g
x 30 min, 12,000g
X 45 min, 0.22 pm
filter

4000g x 30 min,
17,000¢ x 25 min,
0.2 pm filter

600g x 10 min

600g x 10 min
1500g x 10 min twice

100,000g x 60 min -

108,000¢ x 60 min -

100,000¢ x 75 min, PBS CD63+

wash, then 30% CD81+
sucrose cushion for CD9+
110,000g x 75 min

110,000g x 2 h, then CD63+

20%—-40%
discontinuous sucrose
gradient
150,000¢ x 45 min —

150,000¢ x 60 min —
10,000¢ x 30 min for —

2014

Vargas etal.  Term CTB

2014

300g x 10 min,
10,000g x 30 min

10 k STBM; 150,000¢
x 2hfor 150 k STBM
ExoQuick or 100,000¢ x AChE activity
60 min CD63+
TSG101+
Grp78-

who had died in pregnancy. He identified the
origin of these structures as the placental syncy-
tiotrophoblast (Schmorl 1893; Lapaire et al.
2007). Today, we refer to these multinucleated
structures as syncytial nuclear aggregates
(SNAs). SNAs range in size from 20 pwm to sev-
eral hundred microns and can contain many
tens/hundreds of nuclei (Chua et al. 1991). We
recently estimated that on average, SNAs from
first trimester placentae contain ~60 nuclei and
that the average volume was 48,000 pm®. In ad-
dition to fetal DNA, SNAs also carry large
amounts of fetal protein, RNA and other factors
that can influence the behavior of maternal cells.

How or why SNAs are shed from the placenta
is not yet clear. One possible source is the unin-
tentional detachment of newly budding villi
from the placental surface. Alternatively, it has
been suggested that SNAs may be the end of the
life cycle of the syncytiotrophoblast. It is suggest-
ed that aged nuclei cluster together in the syncy-

tiotrophoblast and are then extruded into the
maternal blood. If the latter hypothesis is the
case, then SNAs may represent the equivalent
of apoptotic blebs that bud from the surface of
cells dying by programmed cell death, in which
the dangerous contents of the dying cells are
safely packaged for destruction by phagocytes.
Itis likely that SNAs in the maternal blood come
from a mixture of these sources. We have shown
that SNAs produced in vitro from both early ges-
tation and term placentae show markers of pro-
grammed cell death and this may be important
to induce an anti-inflammatory or tolerogenic
response from the mother to this fetal material.

It is not clear exactly how the production of
macrovesicles by the placenta changes with ges-
tation. SNAs have been shown in the maternal
peripheral blood from as early as 6 wk of
gestation but the levels of these structures in
the maternal blood did not correlate with gesta-
tional age (Covone et al. 1984). We have shown
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that the production of macrovesicles from pla-
cental explants is greatest ( per mg of tissue) in
the first trimester with a decline in production
during the second and third trimesters (Abu-
maree et al. 2012). Whether these changes re-
flect changes in the production of macrovesicles
by the placenta, or that the more tightly packed
villous structure of the second and third trimes-
ter placenta prevents the vesicles escaping into
the intervillous spaces in static explant culture in
vitro is not clear.

Microvesicles

In general, microvesicles are derived from bud-
ding of the plasma membrane of cells (Raposo
and Stoorvogel 2013), however, the exact origin
of placental microvesicles is unclear. The syncy-
tiotrophoblast has a microvillous surface, which
is important for slowing down the movement of
maternal blood over the surface of the syncytio-
trophoblast to facilitate increased transfer of nu-
trients and gases across the placenta. It has long
been thought that parts of the microvilli may be
shed into the maternal blood as microvesicles
and early preparations of microvesicles from the
syncytiotrophoblast involved mechanical dis-
ruption of the microvillous membrane (Khal-
foun et al. 1986; Thibault et al. 1991; Smarason
et al. 1993). Physiologically, what would cause
the shedding of microvilli is unclear, as we have
found that large amounts of microvesicles are
shed from villous placental explants in static
culture.

We have recently reported that approximate-
ly one third of SNAs have obvious blebs on their
surfaces (Fig. 2), and this is a possible source of
trophoblast microvesicles (Chamley et al. 2014).
The production of apoptotic blebs by the syncy-
tiotrophoblast is another potential source of tro-
phoblast microvesicles. It is also possible that
villous cytotrophoblasts exposed to the mater-
nal blood following denudation of the syncytio-
trophoblast or extravillous trophoblasts could
also be minor sources of trophoblast microve-
sicles. Platelets and other cell types release mi-
crovesicles in response to activating stimuli, and
it is possible that trophoblasts have a similar re-
sponse to a variety of yet undetermined stimuli.

Figure 2. Optical section through a syncytial nuclear
aggregate generated by confocal microscopy. The cy-
toplasm is stained green with Cell Tracker and nuclei
are stained blue with Hoerchst. A large number of
surface blebs can be seen on the surface of the syncy-
tial nuclear aggregate (arrowed).

The amount of trophoblast microvesicles in
the maternal plasma has been reported to in-
crease with increasing gestation in normal preg-
nancy but this increase with gestation was not as
marked in women with preeclampsia (Knight
et al. 1998).

Nanovesicles

Nanovesicles are shed in large quantities from
the syncytiotrophoblast in normal pregnancies
and encompass a mixture of exosomes and oth-
er vesicles of ~20-100 nm in diameter. The
origin of nonexosomal nanovesicles is unclear,
but they are thought to be derived from the
plasma membrane of trophoblasts, in contrast
to exosomes that are produced inside the cell as
multivesicular bodies derived from endosomes
(for review of exosome production, see Kowal
et al. 2014). There are a number of suggested
markers of exosomes such as CD63 and CD81
(Table 1), but whether these markers are specific
for exosomes, especially those of placental ori-
gin, remains an open question.

It has recently been shown that the amount
of exosomes shed into the maternal blood in-

6 Cite this article as Cold Spring Harb Perspect Med 2015;5:a023028
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creased with increasing gestational age, most
likely reflecting increasing placental size as ges-
tation progresses (Salomon et al. 2013).

Trophoblast Deportation

Once this range of trophoblast extracellular ves-
icles is shed from the placenta, they are drained
into the maternal circulation through the uter-
ine vein. This process is known as trophoblast
deportation. Interestingly, it has been reported
that trophoblastic membrane antigens are not
detected in retroplacental cord blood, which
suggest that trophoblast deportation is restricted
to the maternal aspect of the human placenta
(O’Sullivan et al. 1982). However, multiple stud-
ies have shown the presence of vesicles in amni-
otic fluid (Asea et al. 2008; Keller et al. 2011).
Although these vesicles are likely to be important
to pregnancy, they are unlikely to enter the ma-
ternal circulation and interact with maternal or-
gans. In addition to the trophoblast-derived ex-
tracellular vesicles, placental mesenchymal stem
cells have also been shown to secrete exosomes in
vitro that potentially could enter the maternal
blood with consequences for maternal cells (Sal-
omon et al. 2013). However, the fate of such ves-
icles in vivo is unknown, and as the main focus of
this review is on the effects of trophoblast-de-
rived extracellular vesicles on maternal cells, we
will not discuss the above vesicle types further.

THE PRODUCTION OF PLACENTAL
VESICLES IS INCREASED IN PREECLAMPSIA

Preeclampsia is a potentially fatal hypertensive
disorder specific to human pregnancy in which
maternal blood pressure becomes dangerously
elevated in response to an as yet unidentified
“toxin or toxins” released from the placenta.
There is growing evidence that placental vesicles
may be involved in the pathogenesis of pre-
eclampsia by carrying at least a component of
the toxin(s) released from the placenta. It is
well documented that there is an increase in
shedding of placental macrovesicles (SNAs) dur-
ing preeclampsia (Attwood and Park 1961; Chua
et al. 1991; Buurma et al. 2013). Similarly, the
shedding of placental microvesicles into the ma-

Feto-Maternal Communication

ternal blood is also increased in women with
early onset preeclampsia (Goswami et al. 2006;
Chen et al. 2012b), with levels in the maternal
blood correlating with systolic blood pressure
(Loket al. 2008b). However, the level of circulat-
ing placental microvesicles does not seem to be
altered in women with late onset preeclampsia or
intrauterine growth restriction (Goswami et al.
2006). Itislikely that both quantitative, as well as
qualitative, changes in the shedding of these pla-
cental vesicles are important in disease states.

WHAT ARE THE CARGOS OF PLACENTAL
EXTRACELLULAR VESICLES?

For many years, it was thought that the largest
of the placental extracellular vesicles, SNAs,
were nothing more than a waste disposal system,
allowing the removal of obsolete cellular mate-
rial from the syncytiotrophoblast and that the
smaller vesicles may also be similar waste dis-
posal systems (Park 1975). However, it is be-
coming apparent that placental extracellular
vesicles are part of the complex communication
and interplay between the fetus and its mother.
The nature of this communication is likely to be
dependent on the cargos of fetal material car-
ried by these vesicles.

Proteins

Placental extracellular vesicles carryalarge num-
ber of proteins that have the potential to be active
in the mother. A database of the proteomes of
extracellular vesicles has recently been estab-
lished and this database contains information
about the protein, RNA, and lipid content of
placental extracellular vesicles from multiple
studies. (We refer interested readers to the “Ves-
iclepedia”located at http: //microvesicles.org/#)

Several classes of proteins are of particular
interest to placental biologists when investigat-
ing placental vesicles. These include immuno-
logically relevant proteins, vasoactive proteins,
as well as proteins involved in thrombosis. An-
other area of particular interest that remains
relatively unexplored is whether any signals exist
on placental vesicles to target them to particular
organs or cell types (Fig. 3).

Cite this article as Cold Spring Harb Perspect Med 2015;5:a023028 7
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Immune regulatory proteins

Because the fetus and its placenta express both
maternally and paternally derived genes, those
that are derived from the father have the poten-
tial to be seen as foreign antigens by the maternal
immune system. The placenta uses multiple
pathways to avoid maternal immune attack, in-
cluding the secretion of anti-inflammatory cy-
tokines and expression of cell-surface immune
regulatory molecules. Like the trophoblast from
which they are derived, placental extracellular
vesicles have been shown to carry, among others,
the immunomodulatory proteins; Fas ligand,
TRAIL, CD274, CD276, and HLA-G5, which
may contribute to apoptosis and/or reduced ac-
tivity of maternal T cells during pregnancy
(Abrahams et al. 2004; Frangsmyr et al. 2005;
Sabapatha et al. 2006; Pap et al. 2008; Kshirsagar
et al. 2012; Stenqvist et al. 2013). Syncytin-1 is
also carried by placental extracellular vesicles
(Than et al. 2008; Holder et al. 2012a), and re-
combinant syncytin 1 has been shown to be able
to reduce the secretion of proinflammatory
TNFa and IFNvy from leukocytes, such that in-
teraction between syncytin 1 bearing placental
vesicles and leucocytes might result in the re-
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duced production of these proinflammatory
cytokines in healthy pregnancies (Than et al.
2008).

A major strategy used by the placenta to
avoid maternal immune recognition is the
lack of expression of HLA proteins on the syn-
cytiotrophoblast. The HLA proteins are used by
the immune system to distinguish self from
nonself antigens and are also known as the
transplantation antigens because mismatching
of the HLA system leads to transplant rejec-
tion. Although the HLA system is the major
immune recognition system, it has long been
known that even transplants closely matched
for the HLA system may be rejected if a second
set of immune recognition molecules, called
the minor histocompatibility antigens, are mis-
matched. It has recently been shown that the
syncytiotrophoblast and SNAs express several
of the minor histocompatibility antigens (Hol-
land et al. 2012). It has been proposed that
in normal pregnancy, minor histocompatibility
antigens carried by placental extracellular vesi-
cles may be processed by maternal antigen pre-
senting cells to help induce maternal immune
tolerance to paternally derived minor histo-
compatibility antigens.

Monocytes/
macrophages

Effects on:
— Viability and proliferation
— Secretion of cytokines and

generation of ROS
@ — Interaction with other cell types

Endothelial cells

T cells

?

Neutrophils

Peripheral circulation

Figure 3. Hypothesized targets of placental extracellular vesicles once they are shed from the placenta and
deported in the maternal blood. (A) Syncytial nuclear aggregates are trapped in the maternal lungs and are
most likely cleared by endothelial cells. (B) In contrast, micro- and nanovesicles can freely pass through the lungs
and enter the peripheral circulation where they could potentially have effects on multiple organ systems in both

normal and diseased pregnancies, like preeclampsia.
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Proteins that can influence the vascular
system

It is not clear which maternal cells are respon-
sible for clearing placental extracellular vesi-
cles from the maternal blood, and although it
is commonly assumed that the professional
phagocytes of the maternal immune system
are responsible for clearance of such vesicles,
it is also likely that maternal endothelial cells
are involved in this process. Therefore, proteins
contained in placental extracellular vesicles
may influence the maternal vasculature and
this may be particularly important in the path-
ogenesis of preeclampsia. Flt-1 is a receptor for
the angiogenic/vasoactive factors, VEGF and
PIGE and the truncated, soluble form of Flt-1
is implicated in the pathogenesis of preeclamp-
sia (Maynard et al. 2003; Levine et al. 2004).
Flt-1 has been reported to be present on both
SNAs (Rajakumar et al. 2012; Buurma et al.
2013) and placental microvesicles (Lok et al.
2008a; Tannetta et al. 2013). This vesicle-borne
Flt-1 may have the same effect as soluble Flt-1,
sequestering VEGF and PIGE The relevance of
this to preeclampsia is revealed in the finding
that microvesicles derived from preeclamptic
placentae carried more Flt-1 than those from
healthy term placentae (Tannetta et al. 2013).
Similarly, the soluble form of endoglin (part
of a TGFp receptor) is also implicated in the
pathogenesis of preeclampsia via its effects on
the vasculature. It has been shown that a sig-
nificant portion of the apparently soluble endo-
glin detected in placental perfusates was asso-
ciated with microvesicles rather than being truly
soluble (Guller et al. 2011). Placental micro-
vesicles also carry the procoagulant protein, tis-
sue factor, and thus placental vesicles may con-
tribute to the prothrombotic state of pregnancy
(Aharon et al. 2009).

Proteins that might allow placental
extracellular vesicles to interact selectively
with different cellular targets

Interestingly, it has been recently proposed that
the expression of tetraspanins, which are pro-
teins that are specifically enriched in exosomes,
may play an important role in target cell selec-

Feto-Maternal Communication

tion. For example, tetraspanin 8a4 may be im-
portant to target exosomes to endothelial cells
and the pancreas (Rana and Zoller 2011; Rana
et al. 2012). In addition, fibronectin is also ex-
pressed on placental exosomes, which may be an
important ligand to allow interaction with in-
tegrin a5B1, allowing the exosomes to tether to
macrophages (Atay et al. 2011a). Syncytin 1 and
syncytin 2 have also been reported to be present
on exosomal membranes, and it is postulated
that the presence of the syncytins on vesicles
may be important for uptake of vesicles by cy-
totrophoblasts (Vargas et al. 2014).

Nucleic Acids

Trophoblastic macrovesicles (SNAs) are multi-
nucleated, containing hundreds of copies of the
fetal genome. The presence of fetal DNA in pla-
cental extracellular vesicles is also supported
by the colocalization of DNA and HLA-G in
vesicles found in the plasma of pregnant women
(Orozco et al. 2009). Similarly, microvesicles
derived from trophoblast or explant cultures
in vitro contained DNA (Gupta et al. 2004;
Orozco etal. 2008). In preeclampsia, an increase
in circulating DNA-positive microvesicles was
reported (Orozco et al. 2008) and much of the
cell-free fetal DNA that is analyzed for antenatal
trisomy 21 screening is thought to be contained
in vesicles (Colucci et al. 1993; Bischoff et al.
2005).

In addition to DNA, there is growing evi-
dence that placental vesicles also contain
potentially functional RNA. For example, the
clearance pattern of circulating placental mi-
crovesicles is very similar to that of “cell-free”
placental CRH mRNA suggesting this cell-free
RNA was contained in the microvesicles (Reddy
etal. 2008). Likewise, it has been suggested that,
at least some, SNAs are transcriptionally active
and contain mRNA from which transcription
can occur (Rajakumar et al. 2012). The condi-
tion of the placenta from which vesicles are de-
rived, as well as the method of preparation of
the vesicles may impact on the quality or quan-
tity of RNA contained in the vesicles. It has been
shown that the levels and proportion of mRNA
present, compared with DNA, depended on
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the method used to generate the microvesicles
(Gupta et al. 2004). The level of mRNA present
in placental vesicles may also be inversely related
to the amount of oxidative stress experienced by
the original tissue (Rusterholz et al. 2007).
Recently, the exciting observation that pri-
mary trophoblasts can secrete exosomes con-
taining functional placenta-specific miRNA
was reported (Delorme-Axford et al. 2013).
The C19MC cluster of miRNA is expressed al-
most exclusively in the placenta (Luo etal. 2009),
and it was reported that placental exosomes
predominately carry this family of miRNA
(Donker et al. 2012). In an in vitro model of
preeclampsia, term placentae that have been per-
fused with hemoglobin produce microvesicles
that showed a down-regulation of miRNA-
517a/b (part of the CI9MC cluster) (Crongqvist
et al. 2014), suggesting that changes in the con-
tent of nucleic acids in placental vesicles could
contribute to the pathogenesis of preeclampsia.

Lipids

It has been shown that exosomes, in general, are
enriched for cholesterol and sphingomyelins,
which may modulate recipient cell homeostasis
(Baig et al. 2013; Record et al. 2014). The levels
of various lipids are altered in the placenta in
preeclampsia, as well as recurrent miscarriage,
and as exposed negatively charged lipids may
stimulate thrombosis, the increased load of pla-
cental extracellular vesicles observed in pre-
eclampsia may contribute to the pathogenesis
of this condition (Alijotas-Reig et al. 2009; Baig
et al. 2013). Interestingly, placental microve-
sicles produced by mechanical disruption of
the placenta are reported to carry more lipids
than microvesicles produced via perfusion or
explant culture methods (Gupta et al. 2008).
In one study, artificial microvesicles containing
80% phosphatidylcholine and 20% phosphati-
dylserine were injected into pregnant mice and
these vesicles induced increased blood pressure,
intrauterine growth restriction, and placental
hypercoagulation (Omatsu et al. 2005). Given
the crucial role of phospholipids in coagula-
tion/haemostasis and other cellular signaling
processes, the nature and quantity of lipids car-

ried by placental extracellular vesicles may play
an important role in mediating their effects on
maternal physiology.

INTERACTIONS OF PLACENTAL
EXTRACELLULAR VESICLES WITH
MATERNAL CELLS

Immune Cells

The interactions between maternal immune
cells and placental extracellular vesicles has
been widely studied, but there is little consensus
regarding the effects of the vesicles on immune
cells, or even with which immune cells these
vesicles can interact. This is in part a reflection
of the different methods used to prepare vesi-
cles in vitro and also differences in the immune
cells examined. For example, it has been report-
ed that HLA-G positive microvesicles isolated
from the blood of pregnant women can bind
to T cells, but not B cells nor NK cells (Pap
et al. 2008). However, another study showed
that placental microvesicles can interact with B
cells and monocytes (Southcombe et al. 2011).

It has clearly been shown that the effects
placental microvesicles have on immune cells
depended on how they were produced (Gupta
et al. 2005b). This study showed that micro-
vesicles isolated by mechanical disruption of
placentae or by culturing placental explants
had anti-inflammatory effects on T cells, where-
as microvesicles isolated by placental perfu-
sion were more proinflammatory (Gupta et al.
2005b). These investigators also showed that
placental microvesicles did not activate resting
T cells nor affect their viability (Gupta et al.
2005b). However, if T cells were first activated
with phorbol mysterate acetate (PMA), the pla-
cental vesicles affected T cell proliferation, acti-
vation and secretion of proinflammatory cyto-
kines, depending on the method of vesicle
production (Gupta et al. 2005b).

Studies reporting that placental extracellular
vesicles have predominantly proinflammatory
effects on leucocytes

Several studies have shown that microvesicles
from first trimester and preeclamptic placentae
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can induce the production of proinflammato-
ry cytokines and chemokines from both naive
and primed peripheral blood mononuclear
cells (PBMCs) (Southcombe et al. 2011; Holder
etal. 2012b; Stenqvist et al. 2013). Placental mi-
crovesicles also increased IL-la secretion by
both naive and primed PBMCs (Thibault et al.
1991), and increased the production of TNFaq,
IL-12, IL-18, and IFNvy from primed PBMCs
(Germain etal. 2007). In addition, microvesicles
from preeclamptic placentae were reported to
exacerbate the reaction of PBMCs to lipopoly-
saccharide whereas placental microvesicles from
normal placentae had the opposite effect, damp-
ening the response of PBMCs to an LPS chal-
lenge (Holder et al. 2012b). Others have shown
that the activating effects of placental microve-
sicles on PBMCs were more pronounced when
the vesicles were derived from hypoxic tropho-
blasts, compared with vesicles derived from nor-
moxic trophoblasts (Lee et al. 2012).

Studies reporting that placental extracellular
vesicles have predominately anti-
inflammatory effects on leucocytes

On the other hand, there is a substantial body of
literature that suggests that placental microves-
icles are anti-inflammatory. Several reports
showed that placental microvesicles inhibited
PBMC proliferation and prevented the activa-
tion of lymphocytes by activators such as phor-
bol ester and calcium ionophore (Degenne et al.
1991; Thibault et al. 1991, 1992). Similarly, mi-
crovesicles from term placentae were shown
to sequester transferrin and reduce lymphocyte
responsiveness to phytohemagglutinin with-
out affecting lymphocyte viability (Khalfoun
et al. 1986). Placental micro/nanovesicles can
also mediate localized T-cell apoptosis via ex-
pression of Fas ligand by the vesicles (Abrahams
et al. 2004; Frangsmyr et al. 2005; Stenqvist et al.
2013). Fas ligand present on placental exosomes
isolated from healthy term placentae or mater-
nal blood was also partially responsible for
suppressing CD3{ and JAK3 expression, and
inducing SOCS-2 expression in T cells, which
prevents their activation (Sabapatha et al. 2006;
Taylor et al. 2006).

Feto-Maternal Communication

Placental micro/nanovesicles have also been
shown to carry the immune modifying MHC
class I chain related protein A and B, as well as
ULBP1-5, which can engage and down-regulate
NKG2D on PBMCs, including NK cellsand yd T
cells (part of the innate immune system) (Min-
cheva-Nilsson et al. 2006; Hedlund et al. 2009).
Because NKG2D is an activating receptor, these
studies suggest that the down-regulation of
NKG2D would likely prevent the activation of
NK cells at the materno-fetal interface and in-
duce immunotolerance (Hedlund et al. 2009).

The differential effects of placental extracel-
lular vesicles on maternal immune cells suggest
that the condition of the pregnancy (normal or
diseased) may have amajoreffect on the response
of maternal immune cells to these vesicles.

Studies reporting the interactions of placental
extracellular vesicles with monocytes/
macrophages

Whether placental extracellular vesicles induce
activation of monocytes/macrophages or keep
them in a quiescent state is still unclear. There is
currently support for both hypotheses.

First, placental macrovesicles (SNAs) can be
phagocytosed by macrophages where they stim-
ulate the secretion of anti-inflammatory cyto-
kines and decrease their production of proin-
flammatory cytokines (Abumaree et al. 2006,
2012). In addition, after phagocytosis of macro-
vesicles from normal placentae, macrophages
up-regulate the immunosuppressive trypto-
phan metabolizing enzyme, indoleamine diox-
ygenase, and increased expression of the nega-
tive T cell regulatory protein, programmed
death ligand 1 (Abumaree et al. 2006, 2012).

On the other hand, although placental mi-
crovesicles also bind to monocytes (South-
combe et al. 2011), they are reported to induce
a proinflammatory phenotype in these cells, in-
creasing their expression of CD54, IL-8, IL-6,
and IL1B (Messerli et al. 2010). Similarly, pla-
cental exosomes are also internalized by mono-
cytes and can induce monocyte migration and
production of proinflammatory cytokines like
IL1B, IL-6, G-CSE and TNFa (Atay et al
2011a). Interestingly, the secretion of some in-
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flammatory cytokines by monocytes, such as
CCL-11, require phagocytosis of the exosomes,
whereas the secretion of other inflammatory
cytokines, like IL1[3, only require exosomes to
be tethered to the monocytes through fibronec-
tin—integrin interactions (Atay et al. 2011b).

Studies reporting the interactions of placental
extracellular vesicles with neutrophils

Microvesicles prepared by mechanical disrup-
tion of preeclamptic placentae were shown to
dramatically increase the production of super-
oxides by donor neutrophils (Aly et al. 2004).
Vesicles isolated by culturing preeclamptic pla-
cental explants also activated neutrophils in
vitro and stimulated the generation of neutro-
phil extracellular traps (NETS), which consist
of networks of DNA that entrap extracellular
microorganisms and/or other structures such
as vesicles (Gupta et al. 2005a). In preeclamptic
placentae, NETs are much more abundant than
in normal placentae, reportedly filling up large
areas of the intervillous space, potentially re-
ducing maternal blood flow around the placen-
ta (Gupta et al. 2005a).

Endothelial Cells

We have previously shown that trophoblastic
macrovesicles shed from normal placentae have
features of apoptosis and that phagocytosis of
these vesicles by endothelial cells protects them
against the activation/dysfunction induced by
potent cell activators such as PMA and proin-
flammatory cytokines like IL-6 (Chen et al.
2012a). In contrast, if these macrovesicles were
induced to undergo secondary necrosis by
freeze—thawing, phagocytosis of the vesicles in-
duced endothelial cell activation (Chen et al.
2006), resulting in the secretion of proinflam-
matory cytokines, which could then activate
additional endothelial cells, thereby spreading
endothelial cell dysfunction from the initial
point of contact with the placental vesicles
(Chen et al. 2009, 2010).

In more physiological studies, we showed
that macrovesicles from preeclamptic placentae
can also cause endothelial cell activation where-

as vesicles from control normotensive placen-
tae do not (Shen et al. 2014). These effects were
dependent on the macrovesicles being phagocy-
tosed by the endothelial cells and were associ-
ated with changes in nitric oxide and calcium
signaling in the endothelial cells (Chen et al.
2013).

Similar observations were reported by oth-
ers studying the effects of placental micro-
vesicles on endothelial cells. von Dadelszen et
al. (1999) reported that the conditioned media
derived from culturing endothelial cells with
microvesicles from normal term placentae was
proinflammatory and could activate resting
monocytes, granulocytes, and lymphocytes
(von Dadelszen et al. 1999). It has also been
shown that microvesicles derived from normal
term placentae can inhibit proliferation and in-
crease apoptosis of endothelial cells (Smarason
et al. 1993; Chen et al. 2012b). Electron micro-
scopic examination revealed extensive disrup-
tion of the usual honeycomb structure of the
endothelium by placental microvesicles (Smar-
ason et al. 1993; Cockell et al. 1997). In contrast,
it has recently been shown that plasma-derived
exosomes from pregnant women promoted the
migration of endothelial cells compared with
exosomes from nonpregnant women (Salomon
et al. 2013). These differences highlight the po-
tential for different types of vesicles to have var-
ied effects on maternal cells.

Exactly how placental vesicles effect these
changes in endothelial cells is not clear, but it
has been reported that placental microvesicles
may induce changes in the transcriptome of
endothelial cells, affecting genes involved in en-
dothelial proliferation, possibly through the un-
folded protein response pathway (Hoegh et al.
2006). Furthermore, placental microvesicles can
also bind physiologically relevant concentra-
tions of VEGF and PIGE resulting in the dis-
ruption of endothelial monolayers (Tannetta
et al. 2013). Placental microvesicles were also
reported to inhibit acetylcholine-induced vaso-
dilation of arteries preconstricted with nor-
adrenaline (Cockell et al. 1997).

Similar to the variations observed in im-
mune cell responses, the effects of placental mi-
crovesicles on endothelial cells were also depen-
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dent on the method of preparation. For exam-
ple, mechanically prepared microvesicles de-
creased endothelial proliferation and increased
apoptosis, resulting in detachment of endothe-
lial cells, whereas microvesicles derived from ex-
plant cultures or placental perfusion decreased
endothelial cell proliferation but did not cause
endothelial apoptosis or affect monolayer mor-
phology (Gupta et al. 2005¢). Further studies
comparing methods for producing placental
vesicles in vitro suggested that mechanically
prepared microvesicles show higher lipid con-
tent than vesicles prepared by explant culture or
placental perfusion methods and this is, in part,
responsible for the inhibition of proliferation
and increase in apoptosis of endothelial cells
observed (Gupta et al. 2008).

Remodeling of the spiral arteries by inva-
sive trophoblasts, the so-called “physiological
changes of pregnancy,” is a key requirement
for successful pregnancy (Brosens et al. 1967).
This remodeling involves extravillous tropho-
blasts replacing the endothelial cells that nor-
mally line the spiral arteries and loss of the sur-
rounding vascular smooth muscle cells from the
remodeled vessels. Recently, Salomon et al. have
shown that exosomes from two extravillous
trophoblast-like cell lines (JEG-3 and HTR-8-
SVneo) promote the migration of vascular
smooth muscle cells and they suggest that this
may contribute to theloss of smooth muscle cells
during spiral artery remodeling (Salomon et al.
2013).

Several studies have now also been per-
formed using microvesicles derived from pre-
eclamptic placentae. First, microvesicles from
preeclamptic placentae reduced endothelial cell
proliferation more than those from normal preg-
nancies (Knight et al. 1998), and this may be
through increased Flt-1 levels present in these
pathological vesicles (Tannetta et al. 2013). Mi-
crovesicles isolated from preeclamptic placentae
also reduced the lag time, as well as time to peak,
of thrombin generation in platelet poor plasma
(Gardiner et al. 2011).

Recently, it has been shown that trophoblasts
isolated from term placentae were more resistant
to infection by a range of viral types (coxsackie
B3, polio, vesicular stomatitis, vaccinia, herpes

Feto-Maternal Communication

simplex, and cytomegalovirus) than other non-
trophoblast cell types (Delorme-Axford et al.
2013). These investigators showed that resis-
tance to these viruses could be transmitted to
endothelial cells and fibroblasts by exosomes
produced by trophoblasts. This resistance was
conveyed by miRNAs of the CI9IMC cluster
that were carried by the vesicles and transferred
into the recipient cells (Delorme-Axford et al.
2013). The C19MC miRNAs appeared to func-
tion by inducing autophagy in cells which re-
stricted the viral infection.

CONCLUDING REMARKS

It is becoming clear that placental extracellular
vesicles are highly likely to be involved in com-
munication from the fetus to its mother. There
is confusion in the entire field of extracellular
vesicles as to the definitions of vesicles, markers
for the various classes of vesicles, and methods
for their isolation. This confusion extends into
the field of placental extracellular vesicles such
that at present it is difficult to directly compare
the results of many studies. This is a relatively
new field that is growing rapidly and it is already
clear that placental extracellular vesicles can in-
fluence the function of a multitude of maternal
cell types, especially those of the immune and
vascular systems. The mechanism by which pla-
cental vesicles cause changes in the phenotype
and behavior of maternal target cells has not
been investigated in any depth as yet, but as
interest grows in this field we anticipate that in
the near future investigators will begin to focus
more on examining these mechanisms to deter-
mine whether, for example, the vesicles induce
changes in transcription in the target cells by
delivering functional RNAs or whether other
mechanisms are more important. To date, the
majority of reports have focused on the protein
cargos of the placental extracellular vesicles, but
we believe that work in the future will show that
in addition to proteins, other contents of pla-
cental vesicles such as regulatory RNAs (because
of their remarkable extracellular stability) will
be important players in the essential communi-
cation between the fetus and its mother in both
healthy and diseased pregnancies.
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