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The maternal organism during pregnancy

 Pregnancy is not only a very exciting time in the lives of the parents-to-be, 
but is also associated with tremendous changes of the maternal organism to estab-
lish and maintain a pregnancy-promoting environment. The maternal organism has 
to adjust to the semi-allogenic fetus and to cope with increased demand of energy 
and nutrients. In this scenario, the placenta represents the contact surface of the 
maternal blood with the semi-allogenic antigens and fulfills important functions, 
such as exchange of nutrients, gases and waste products between the maternal and 
fetal organism, and also (at least partially) adaptation of the maternal physiology to 
the pregnancy.[1,2] The fetus and also the placenta are semi-allogenic to the mater-
nal organism since it evolves from early embryonic trophoblast cells.
 
 Already in the blastocyst, the trophoblast and the embryoblast differenti-
ate, and immediately upon implantation of the blastocyst, extravillous trophoblasts 
start invading into the maternal decidua. At the implantation side, the extravillous 
trophoblasts invades the already decidualzed endometrium. When invading the de-
cidua, the extravillous trophoblasts get into contact with local immune cells, pre-
dominantly uterine natural killer (NK) cells. A specific combination of the MHC class 
I molecules HLA-G, HLA-C and HLA-E protects them from attack by the maternal 
immune cells.[2–4] The extravillous/ interstitial trophoblasts engage in remodeling 
of deep maternal spiral arteries even until the superficial myometrium and partially 
become endovascular trophoblast.[5] Meanwhile, the trophoblast lacunae in the 
syncytiotrophoblast (STB) grow and fuse together, forming the intervillous space. 
Until around the 9th week of gestation, the embryo is nurtured by diffusion pro-
cesses, but with increasing size of the embryo diffusion is not sufficient anymore to 
transport enough oxygen and nutrients. Approximately in the 9th to 12th week of 
gestation, the remodeled maternal arteries are unplugged from trophoblast plugs 
and maternal blood fills the meanwhile evolved intervillous space. Fetal villous 
structures traverse the intervillous space, which are covered with a syncytial, mult-
inucleated cell, the STB. The STB is a constantly renewing cell and is being stocked 
up by fusion with cytotrophoblasts from the layer below the STB. In contrast to 
the extravillous trophoblasts, villous trophoblasts such as the STB exhibit no  MCH 
class I molecules which would be expected to confer major protection from attacks 
by the maternal immune cells,  once the intervillous space is filled with maternal 
blood. The STB is believed to secrete a plethora of factors to protect itself from 
the maternal immune system and to mediate pregnancy-supportive changes in the 
maternal body. These are, amongst others, syncytiotrophoblast extracellular vesi-
cles (STB EV), which are secreted into the maternal blood and may target several 
compartments of the maternal body, such as the hemostatic system or the immune 
system.
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Extracellular vesicles

 Both prokaryotic and eukaryotic cells release small membrane-coated par-
ticles, so called extracellular vesicles (EV), into their environment, which indicates 
that this evolutionary conserved process is of great importance for a cell. In the 
human body, diverse cells, like platelets, monocytes, endothelial cells, tumor cells 
but also the STB, secrete EV during health and disease and EV are present in all body 
fluids.[6–9] 

Classification and formation of extracellular vesicles

 According to their size, mode of formation, function and originating cell, 
EV can be subdivided into several classes, like macrovesicles/apoptotic bodies, mi-
crovesicles (MV), exosomes, dextrasomes or prostasomes (as reviewed by [10]), but 
the definitions vary between researchers.[11] Most commonly, EV are subdivided 
into macrovesicles/apoptotic bodies, MV and exosomes. Macrovesicles/apoptotic 
bodies are relatively large vesicles of 1 to 5 µm in size, which are formed by blebbing 
from the plasma membrane or cellular fragmentation of apoptotic cells.[10,12] MV 
are 100 to 1000 nm in size and are formed by cells which are activated, e.g. by 
renewal or damage. MV are budding directly from the apical side of the plasma 
membrane (Figure 1).[13] During this process, a translocation of phosphatidylser-
ines from the intracellular side of the plasma membrane to the extracellular leaflet 
of the MV membrane may occur.[13–15] Phosphatidylserines are often used as a 
specific MV marker, although MV populations have been described which do not 
expose phosphatidylserines on their surface.[16] Exosomes are small particles of 
30 to 100 nm in size, which are formed in the cell inside early endosomes turning 
into intracellular multivesicular bodies. The exosomes are released by fusion of the 
membrane of these intracellular multivesicular bodies with the plasma membrane 
(Figure 1).[6,10] Additionally it is described, that exosome-like nanovesicles are re-
leased by budding from the cell membrane (Figure 1). It is not clear yet, how com-
parable these nanoparticles are to exosomes or if they even can be differentiated 
from each other.[6,10] In contrast to MV, exosomes are not expected to expose 
phosphatidylserines on their surface. However, due to the isolation procedure and 
freeze-thaw-cycles, also exosome populations have been described to expose phos-
phatidylserines under certain circumstances.[13] 

Function of extracellular vesicles

 It has been shown that macrovesicles are shed from the placenta and they 
are believed to predominantly target endothelial cells [17]. However, they are 
thought to be cleared from the maternal blood relatively fast in the maternal lungs.
[18] Therefore, they will not be further object of this thesis. 
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While the molecular mechanisms of the release of EV remain largely unknown, the 
functions of EV have been investigated into more depth and shown to be manifold. 
It has been suggested that cells secret EV to fulfill diverse functions related to angio-
genesis, cell survival, coagulation, waste management, cell communication and im-
mune adaptation.[8,6,7,10] MV and exosomes can originate from the same cell and 
share a certain amount of the origin-specific molecular loads, e.g. human placental 
alkaline phosphate in the case of placenta-derived vesicles.[10] However, specific 
markers for either vesicle type also exist and this suggests that the molecular load 
is at least partially specific to either MV or exosomes.[6,10] On this basis, it is ex-
pected that MV and exosomes have individual functions, differing from each other. 
 Many studies have focused on the effects of EV on coagulation and im-
mune responses. MV stimulate the coagulation by exposing negatively-charged 
phosphatidylserines to which coagulation factors may bind.[14,15] Furthermore, 
anticoagulant factors have been described to be exposed on MV [19,20]. Also ac-
tive tissue factor was shown to be exposed by MV in several studies, especially in 
pathologic conditions.[21–24] Here, a high number of MV and a high exposure of 
phosphatidylserines and tissue factor on these MV induced coagulation.[19,25,26] 
A reduced MV number in combination to a reduced phosphatidylserines turnover 
is associated with a bleeding disorder, the Scott syndrome.[27] Mostly, exosomes 
do not expose phosphatidylserines on their surface and are therefore not expect-
ed to engage in the activation of coagulation. However, a minimal part of the ex-
osomes does expose surface phosphatidylserines [13] and a study discovered tissue 
factor-exposing exosomes in urine and saliva [28]. Thus, there is evidence that ex-
osomes also may promote coagulation.
 Next to their coagulation-related function, EV also engage in immune-regu-
latory processes. As reviewed by Lundy et al., B cells are producing exosomes which 
expose Fas ligand to mediate a self-tolerant state to avoid for example autoimmun-
ity.[29] However, other studies identified autoantigens in the molecular load of 
thymocyte- or synovial fluid-derived MV and exosomes, thus proposing that these 
EV are involved in pathologic autoimmunity processes.[30–32] Furthermore, tumor 
cells are misusing the tolerance-inducing function of MV and exosomes to protect 
themselves from their host’s immune system by e.g. induction of Treg cells and 
killing of effector cells.[9,33,34] Additionally, the tolerance-mediating function of 
exosomes is increasingly recognized also for therapeutic use. As mentioned before, 
exomes expose autoantigens which seem to improve allograft tolerance in recipi-
ents of organ transplants.[35] 
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Microvesicles Exosomes
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Figure 1: Formation of microvesicles and exosomes
Microvesicles and exosomes are formed in separate ways from their originating cell. While microvesicles bud from 
the plasma membrane, exosomes are built in endosomes during the formation of multivesicular bodies and re-
leased by the fusion of the membrane of the multivesicular bodies with the cell membrane. Microvesicles and 
exosomes may be secreted from the same originating cell and may have a similar molecular load, representing 
surface markers (shown by orange rectangles) and endoplasmatic molecules (shown by green triangles) from the 
originating cells. However, microvesicles and exosomes may also carry surface markers (blue and red ovals) and 
endoplasmatic markers (blue and red circles) which are specific for the respective type of vesicles.

Extracellular vesicles and pregnancy

 The semi-allogenicity of a fetus often lead to comparison of fetuses to al-
lografts (reviewed in [36]), while the establishment of the placenta often was com-
pared to the aggressive invasive behavior of tumors (reviewed in [37]). In both 
allograft rejection and tumor development, the function of EV may be of great im-
portance.[9,34,35] However, too strong comparisons with either of these condi-
tions have been critically discussed over the last years. It is suggested, for instance, 
that the placenta, or more precisely the STB, secretes EV (STB EV) into the maternal 
circulation. In general, EV of diverse origin can be found in the blood during preg-
nancy. MV have been described to originate mostly from platelets, erythrocytes, 
T helper (Th) cells, monocytes, B cells and endothelial cells, but also STB MV were 
detected in the plasma from pregnant women.[38,39] Plasma concentrations of to-
tal EV were reduced [38], reflecting the disproportional increase of plasma volume 
compared to blood cell volume during pregnancy [40]. However, total MV concen-
trations recovered quickly again and subpopulations of MV secreted by monocytes, 
erythrocytes and STB even increased during pregnancy. Especially STB EV are be-
lieved to be associated with several pregnancy-related adaptations of the maternal 
body, e.g. the hemostatic system or the immune system.
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The hemostatic system in pregnancy

 Nearly throughout the whole pregnancy, the total blood volume of the 
mother increases due to an increase of both plasma volume and erythrocytes.
[40] Despite this increase in total blood volume, the blood pressure even decreas-
es due to changes in sympathetic tone [41] and the partially vasodilatory effect 
of hormones, like progesterone [42]. To prevent premature bleeding or excessive 
post-partum bleeding, also the hemostasis is modified by an increase in pro-co-
agulant factors like thrombin, fibrin, von Willebrand factor and factors V, VII, 
VIII, IX, X, and XII in the blood of pregnant women.[43–45] The increased coag-
ulant potential is also supported by a decreased fibrinolytic activity during preg-
nancy which quickly returns to non-pregnant levels postpartum.[46] In contrast, 
peripheral anticoagulant levels, like anti-thrombin III, do not compensate for the 
high coagulation capacities during pregnancy. Instead, they remain at non-preg-
nant levels and rise only postpartum to balance the increased coagulation po-
tential.[43,46] Since the increased coagulation potential normalizes quickly 
postpartum, pregnancy-associated circumstances such as the presence of the 
placenta might support the increased coagulation potential during pregnancy.
[43,45,46] In fact, the placenta is known to secrete several pro-coagulant factors, 
such as tissue factor, plasminogen activator inhibitor-2 but also STB EV.[8,23,47] 

The immune system in pregnancy

 Prenancy is characterized by a unique immunologic state which ensures the 
successful establishment and maintenance of pregnancy by preventing an immune 
attack of the semi-allogenic fetus while at the same time preserving the protection 
of the maternal body from external influences.[48] Pregnancy-related changes have 
been shown in both, the adaptive and the innate immune response and their mag-
nitude differs between peripheral and local uterine immune cells.[49–52] 
 As mentioned earlier, extravillous trophoblasts are invading the maternal 
decidua and support spiral artery remodeling. But also local uterine immune cells 
are of great importance for these mechanisms. Uterine NK cells represent about 70 
% of the decidual leukocytes in early pregnancy and gather at the later implanta-
tion side already before implantation occurs. Uterine NK cells feature a high CD56 
expression as also approximately 10 % of peripheral NK cells do, but other than that 
they show a very distinct expression profile from peripheral NK cells. They perform 
a tolerance-inducing function rather than the cytotoxic function of peripheral NK 
cells.[3] About 20 % of the decidual leukocytes are represented by immune-mod-
ulatory M2 macrophages and 10 % by T cells, especially regulatory T (Treg) and 
memory T cells.[53,54]
 In the periphery, leukocytes support the slight systematic inflamma-
tory state which characterizes normal pregnancy.[50,55,56,49] The number of
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monocytes, granulocytes and Treg cells are increased, while the number of NK cells 
is slightly decreased. The monocytes also show a maturation characteristics by 
shifting from CD16- classical monocytes to CD16+ intermediate monocytes while 
the overall immunity experiences a shift towards type 2 immunity. This is based on a 
decrease of the Th1/Th2 ratio and an increased expression of type 2 cytokines (e.g. 
interleukin (IL)-4, IL-5, IL-10) from NK and natural killer T (NKT) cells.[57–60] Though 
activity of Th1 and Th17 cells is strongly regulated during pregnancy, also Th1 and 
Th17 function is necessary for a successful pregnancy.[12,16,60,61]
 Evidence is emerging, that STB EV released by the placenta might drive the 
described immunologic changes during pregnancy [8] and thus STB EV may repre-
sent (one of) the “missing” tolerance-inducing factors of villous trophoblasts. Next 
to the function of STB EV in healthy pregnancy, STB EV are also thought to play a 
role in the pathophysiology of the pregnancy-complication preeclampsia (PE).[62]

Preeclampsia

 Pre-eclampsia (PE) is a severe pregnancy-complication which affects 2-8 % 
percent of all pregnancies worldwide and accounts for the death of approximate-
ly 76,000 women and 500,000 fetuses per year.[63–65] PE is mainly characterized 
by its major symptoms, which are new-onset hypertension and proteinuria in the 
second half of pregnancy.[66,67] The development of PE symptoms is based on the 
presence of the placenta during pregnancy, since also the development of hydatiti-
form moles may induce PE symptoms [68,69] and delivery of the placenta relieves 
the symptoms [67]. The only known cure for PE is the termination of pregnancy 
which additionally increases the rate of preterm birth.[70,71] 

Pathogenesis of preeclampsia

 Although the overall etiology of PE remains widely elusive, the pathogen-
esis of this severe pregnancy-complication has been investigated in many studies. 
Originally, the pathogenesis of PE has been described as a two-stage process start-
ing with an impaired placentation as the first stage which leads to the developments 
of the symptoms hypertension and proteinuria in the second half of pregnancy as 
the second stage.[72] However, based on extensive PE research in the past decades, 
this model has been refined and lately even been extended to six stages, starting 
already preconceptional and ending in the clinical symptoms and sometimes even 
development of an arteriosclerosis-like acute arterosis.[73] 
 According to the state of pregnancy in which PE occurs, it can be sub-
divided into early onset (<34 weeks of gestation) or late onset (>34 weeks of 
gestation). Although not fully clarified, it is believed that early and late on-
set PE feature different etiologies. According to that, early onset origins 
from impaired placentation due to an inadequate invasion of extravillous
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trophoblasts after implantation and reduced remodeling of maternal deep spiral ar-
teries. The reasons for this inadequate trophoblast invasion remains unclear and di-
verse options are being discussed. An impaired expression of stem cell/ pluripotency 
marker of preeclamptic placentae compared to normal placentae suggest that the 
differentiation state of the trophoblast hinders the invasion directly. (Weber et al., 
manuscript submitted for publication, see publication list of the PhD candidate) On 
the other hand, a changed immune-cellular composition of preeclamptic placentae 
compared to normal placentae may interfere with the deep trophoblast invasion. 
As reviewed by Faas et al., the normal placental leukocyte pool predominantly com-
prises, next to uterine NK cells, immune-modulatory tolerance-inducing M2-type 
macrophages, which are localized close to the decidual spiral arteries but also to 
invading (HLA+) trophoblast cells spread over the decidual stroma.[74] In contrast, 
the preeclamptic placenta shows a shift to pro-inflammatory M1-type macrophag-
es establishing a wall between in the invading trophoblasts and the spiral arteries 
and a reduced amount of uterine NK cells, which potentially disturbs the contact of 
trophoblasts with the spiral arteries and consequently their remodeling.[74–76] In 
either way, the poor remodeling of the maternal spiral arteries causes a reduced 
blood flow to the placenta and thus a shortage of oxygen and nutrients, and ox-
idative stress in the placenta. This is thought to increase the secretion of diverse 
placental factors, such as fms-like tyrosine kinase-1, placental growth factor or STB 
EV, into the maternal circulation.[38,77] STB EV have been shown to be increased 
during PE.[38,77] This increased STB EV release may foster inflammatory processes 
that ultimately lead to endothelial dysfunction which in turn promotes proteinuria, 
and, in combination with the increased release of other factors, hypertension.[4,78] 
Furthermore, also the molecular load of preeclamptic STB EV differs partially from 
that of normal STB EV, indicating an altered functionality of STB EV during PE.[79] 
Based on this altered functionality, STB EV may promote the disturbed immune 
reactions [80] and endothelial dysfunction [66] during PE. Additionally, especially 
early onset PE can be complicated by intrauterine growth retardation (IUGR) of the 
fetus or can evolve to the hemolysis, elevated liver enzymes, and low platelet count 
syndrome (HELLP-syndrome) or eclampsia.[78,81]
 In contrast to early onset PE, late onset PE seems to origin rather in dif-
ficulties of the maternal body to cope with the changes of pregnancy and espe-
cially the presence of placental factors. While early onset PE often features very 
small placentae and as mentioned sometimes IUGR,  late onset PE cannot only 
show small placentae and IUGR but even the opposite placental hyperplasia and 
increased fetal growth.[4,82] However, although probably not related to an im-
pairment in early placentation, also in late onset PE, the presence of placental 
factors, such as STB EV, promote endothelial dysfunction, deregulation of the he-
mostasis and an exaggerated inflammatory state compared to normal pregnancy. 
 Maternal inflammatory state and coagulation in preeclampsia
Compared to normal pregnancy, PE is associated with an exaggeration of the 
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systemic inflammatory state in the maternal organisms characterized by endothelial 
and leukocyte dysfunction.[66] It has been shown, that numbers and activation state 
of monocytes and granulocytes are increased compared to normal pregnancy and 
that a stronger shift towards CD14++CD16+ intermediate monocytes occurs.[55,49] 
Furthermore, peripheral Treg cells are reduced. The Th1/Th2-ratio is increased 
compared to pregnancy favoring a type 1 immunity, and indeed Th1 but also Th17 
are upregulated and more active. Also NK and NKT cells tend to produce more type-
1 cytokines during PE compared to normal pregnancy.[49,57,76] On a local uter-
ine/placental level, immune-modulatory tolerance-inducing M2-type macrophages 
are replaced by pro-inflammatory M1-type and uterine NK cells and Treg cells are 
reduced. Additionally, PE is connected to a strong fall in platelet counts but also 
an increased production of tissue factor, which together with the increased secre-
tion of placental factors paves the way for coagulopathies during pregnancy.[67,83]

Aim and outline of this thesis

 Although STB EV have already been the focus of several studies, their func-
tion still remains widely unclear. Based on the differential formation of MV and 
exosomes, STB MV and exosomes are expected to perform different functions, with 
STB MV being rather activating and inflammation-associated while exosomes being 
rather suppressive/tolerance-inducing.[8] However, the difference in the function-
ality of STB MV and exosomes has not been sufficiently elucidated so far. The aim 
of this thesis was to systematically compare the function of STB MV and exosomes 
on two physiological aspects with extreme importance for pregnancy – the immune 
system and the hemostatic system. Furthermore, the function of normal and preec-
lamptic STB EV was compared to better align their impact on physiologic processes 
during normal pregnancy and PE, as one of the major pregnancy-complications.
 The quantification of STB EV is a critical step in their analysis. Several ap-
proaches (flow cytometry [84,85], whole protein quantification [9,86], nanoparticle 
tracking analysis [87], ELISA [77]) have been described as suitable methods for the 
quantification of STB EV. However, all of them have advantages and disadvantages. In 
the last years, flow cytometry has been discussed very critically because of its limits 
in detectable particle size.[85] While MV constitute the smaller size limit, exosomes 
are basically too small to be detected by flow cytometers.[85] For the other meth-
ods, there is no consensus about which method to prefer. In chapter 2, we aimed to 
develop a reliable, but also fast and simple quantification method for STB EV in sus-
pension, such as plasma or suspension from ex vivo placenta perfusion. STB EV are 
believed to be associated with the pathophysiology of PE and have been shown to 
be increased in PE compared to normal pregnancy.[77] As described in chapter 3, we 
performed a multi-center, prospective, blinded, prognostic marker study exploring 
the usability of the peripheral plasma STB EV concentration as an accessory mark-
er to mid-gestational uterine artery Doppler velocimetry in the prediction of the 



18 General introduction

1 1
development of PE in a high risk population. Currently, diagnosis of PE depends 
mainly on its major symptoms hypertension and proteinuria and PE prediction is 
highly limited due to a lack of reliable methods. Uterine artery Doppler velocime-
try is a readily available, non-invasive, broadly utilized and accepted technique for 
the detection of pregnancies at risk and shows a high sensitivity, but rather low 
specificity for the prediction of PE.[88,89] Attempts have been made, to comple-
ment uterine artery Doppler velocimetry by plasma biomarkers like soluble vascular 
endothelial growth factor receptor-1, placental growth factor or fms-like tyrosine 
kinase-1, but have not been very successful so far.[90–92] Thus, a complementation 
of uterine artery Doppler velocimetry by plasma STB EV concentration might be a 
promising approach. 
 The chapters 4 and 5 focus on the immunologic functionality of STB MV and 
exosomes from normal and preeclamptic placentae, regarding peripheral mono-
cytes and granulocytes (chapter 4) and peripheral lymphocyte subpopulations (T 
cells, NK cells and NKT cells, chapter 5). Since STB MV and exosomes may have 
different functions, we studied the effect of STB MV and exosomes separately. In 
chapter 6, we analyzed the pro-coagulant capacity of placental factors. The function 
of STB MV and exosomes was compared based on a set of samples, in which cell 
debris/macrovesicles, STB MV and exosomes have been stepwise excluded from 
the experiments.
 In chapter 7, the achieved findings of this thesis and future recommenda-
tions are discussed.
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Abstract

Problem
The pregnancy-associated disease preeclampsia is related to the release of syncy-
tiotrophoblast extracellular vesicles (STBEV) by the placenta. To improve function-
al research on STBEV, reliable and specific methods are needed to quantify them. 
However, only a few quantification methods are available and accepted, though 
imperfect. For this purpose, we aimed to provide an enzyme-linked sorbent assay 
(ELSA) to quantify STBEV in fluid samples based on their microvesicle characteristics 
and placental origin.
Method of Study
Ex vivo placenta perfusion provided standards and samples for the STBEV quan-
tification. STBEV were captured by binding of extracellular phosphatidylserine to 
immobilized annexin V. The membranous human placental alkaline phosphatase on 
the STBEV surface catalyzed a colorimetric detection reaction.
Results and Conclusion
The described ELSA is a rapid and simple method to quantify STBEV in diverse liq-
uid samples, such as blood or perfusion suspension. The reliability of the ELSA was 
proven by comparison with nanoparticle tracking analysis.
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Introduction

 Extracellular vesicles (EV) play a crucial role in general cell–cell communi-
cation. Moreover, EV have been shown to be involved in the development of di-
verse diseases, such as tumor growth or preeclampsia.[1,2] Preeclampsia is one of 
the most lifethreatening disorders during pregnancy, even in the developed world. 
Preeclampsia is associated with endothelial dysfunction as well as the release of 
syncytiotrophoblast extracellular vesicles (STBEV) into the maternal circulation.
[3] The STBEV can affect immune cells, regulate coagulation, and trigger inflam-
matory processes on the endothelium.[4] A better understanding of the formation 
and function of EV would improve the understanding of related diseases. Thus, it 
is necessary to have specific methods to detect and quantify diverse EV. EV can be 
further subdivided into groups of microvesicles (100 nm to 1 µm) and exosomes 
(30–100 nm).[5] In general, microvesicles are produced by damaged or renewing 
cells, such as the syncytiotrophoblast. During the formation of microvesicles, phos-
phatidylserines are translocated to the outer side of the microvesicle membrane.
[6,7] Consequently, phosphatidylserines can be used as specific microvesicle mark-
ers. Exosomes are formed by externalization of intracellular multivesicular bodies.
[5] Due to their mode of formation, exosomes are not expected to present phos-
phatidylserines on their surface. However, a low amount of exosomes does expose 
surface phosphatidylserines.[5] Hence, it has to be taken into account that also a 
certain amount of exosomes could be comeasured when using phosphatidylserines 
as a microvesicle marker. Additionally, EV represent the molecular pattern of the 
parental cells. Therefore, STBEV are enriched with placental proteins like the en-
zyme human placental alkaline phosphatase (hPLAP), which is a broadly accepted 
specific placenta marker also on the STBEV-surface.[8] 
 There are few methods currently accepted to detect and quantify STBEV. 
The three most common methods are flow cytometry,[9] nanoparticle tracking 
analysis (NTA),[10] and enzyme-linked immunosorbent assay (ELSA).[2] Flow cy-
tometry is a common method to perform multiparametric analysis of cells and 
EV, although being limited by the particle size of the sample.[9,11] As reviewed 
by,[9] microvesicles constitute the lower size boarder for flow cytometric analysis, 
whereas exosomes cannot be analyzed due to their small size. But even the anal-
ysis of microvesicles is limited by high requirements on equipment and is more 
suitable for a characterization of the microvesicles but not for a quantification.
[9,11] NTA was proven to be a suitable way of analyzing size and quantity of diverse 
particle-enriched suspensions. NTA measures and tracks light being scattered by 
particles to follow the Brownian motion of the particles in the sample, and calcu-
lates their size and concentration based on these measured variables. The laser 
beam can also excite fluorescent dyes or quantum dots to emit light, which can 
be captured by a camera. Hence, fluorescence-labeled antibodies could be used 
to specifically label EV like STBEV and track them by NTA. However, the method
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requires the dye to have a very high intensity and half-life. This restricts the appli-
cability of fluorescence-labeled antibodies to specifically detect placenta-derived 
EV. To our knowledge, no marker of this nature is commercially available for NTA 
detection of STBEV. Additionally, the costs of purchase of the machine as well as 
antibodies have to be taken into account. The third widely accepted method to 
quantify STBEV in fluid samples is an ELSA described by the group of Redman and 
Sargent, which is based on an anti-hPLAP-antibody.[2] This antibody specifically 
binds to soluble hPLAP, and also to membranous hPLAP on the surface of the ST-
BEV. Therefore, the antibody can be applied to the ELSA for catching STBEV in fluid 
samples. As hPLAP in fluid samples, such as blood or placenta perfusates, is not ex-
pressed exclusively on STBEV, but may also appear as soluble hPLAP, the ELSA does 
not discriminate between both forms. Consequently, a strict ultra-centrifugation 
protocol has to be followed to avoid contamination by soluble hPLAP.
 Thus, research on STBEV is highly limited by the lack of specific and accept-
ed quantification methods. For this reason, the present work aimed to develop a 
specific method to quantify STBEV taking into account their microvesicle character 
as well as their placental origin. Maternal single-sided ex vivo placenta perfusion 
was performed to produce an STBEV-enriched suspension, which was pre-quan-
tified via flow cytometry. This suspension has been used for preparation of stand-
ard and reference samples for the newly developed enzyme-linked sorbent assay 
(ELSA).
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Materials and methods

Sample Acquisition and Preparation

 Samples were acquired by blood donation or ex vivo placenta perfusion 
after informed consent. Blood samples were collected in 5 mL Coagulation Mon-
ovettes (Sarstedt AG & Co., Nümbrecht, Germany). The blood was centrifuged for 
5 min at 65509 g, and plasma was collected as a supernatant. Placenta perfusion 
samples were collected by maternal single-sided or double-sided ex vivo placenta 
perfusion in a conventional perfusion cabinet (test samples) or by maternal sin-
gle-sided ex vivo placenta perfusion on a slanted plain with spikes (production of 
standard suspension for the ELSA). An intact cotyledon was chosen macroscopically 
and fixed on the perfusion device. The maternal tissue was connected to the system 
by carefully introducing four buttoned cannulae into the decidua. Prior to the main 
perfusion, the maternal side of the tissue was pre-rinsed with perfusion  suspen-
sion for 20 min in an open setup, discarding the perfused suspension containing 
maternal blood residues. During the main perfusion, the perfused suspension was 
returned to the suspension reservoir to establish a circulating setup. Perfusions 
have been performed for up to 120 or 360 min. Samples were taken at the end 
of the perfusions to be quantified with the described ELSA. The whole suspension 
of the perfusion of another placenta was collected after 300 min of perfusion, to 
gather and concentrate the included STBEV via ultra-centrifugation and to use them 
later on as quantification standards for the described ELSA (see flow cytometric 
pre-quantification of STBEV). The perfusion suspension was centrifuged for 5 min 
at 6550x g to pellet cells and large cell debris.
 Perfusion suspension was prepared as follows: 1 L NCTC-135 (with L-glu-
tamine, without phenol red, without vitamin B12, without sodium hydrogen car-
bonate; AppliChem GmbH, Darmstadt, Germany) was supplemented with 0.5 L 
Earl’s buffer, 60 g bovine serum albumin (Bovine Albumin, Fraction V, MP Biomed-
icals LLC, Solon, OH, USA), 15 g Dextran (FP 40; Serva Electrophoresis GmbH, Hei-
delberg, Germany), 2 g D-Glucose (water-free; Merck KGaA, Darmstadt, Germany), 
0.38 g Amoxicillin (Sigma-Aldrich Chemie GmbH, Hamburg, Germany), and 0.75 
mL Heparin (Heparin-Natrium-25.000, 25,000 i.E./5 mL; Ratiopharm GmbH, Ulm, 
Germany). Earl’s buffer consisted of 111.225 mM NaCl (Carl Roth GmbH + Co.KG, 
Karlsruhe, Germany), 5.365 mM KCl (Merck KGaA), 1.015 mM NaH2PO4 (Merck 
KGaA), 26.187 mM NaHCO3 (Merck KGaA), 811.425 µM MgSO47H2O (Merck KGaA), 
1.36 mM CaCl22H2O (Merck KGaA). The pH of the perfusion suspension was adjust-
ed to pH = 7.4 with NaOH (Carl Roth GmbH + Co.KG, Karlsruhe, Germany) prior 
to filtration using a 0.8/0.2 µm filter (AcroPakTM 200 Capsules with Supor Mem-
brane; Pall Corporation, Port Washington, NY, USA) and freezing to  20°C until usage.
 Plasma and perfused perfusion suspension for STBEV standard production 
were processed via ultra-centrifugation in an Optima XL-100 ultra-centrifuge (Beck
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man Coulter GmbH, Krefeld, Germany) using ultra-centrifugation tubes (Thinwall, 
Ultra-ClearTM, 14 mL, 14 x 95 mm; Beckman Coulter GmbH) for 45 min at 100,000 
x g at 4°C. The supernatant was discarded carefully, and tubes were kept inverted 
for 30–60 s, to remove as much supernatant as possible. Pellets were resuspended 
in 500 µL (blood samples) or 6800 µL (STBEV standard) 1% (w/v) BSA in 0.05% (v/v) 
Tween 20 in PBS (Polyoxyethylene(20)-sorbitan-monolaurate, Dulbecco’s phos-
phate buffered saline; both Sigma-Aldrich Chemie GmbH). 

Flow Cytometric Pre-quantification of STBEV 

 Pre-quantification of ultra-centrifuged STBEV standard was performed by 
flow cytometry using a FACS Calibur (BD Biosciences, Heidelberg, Germany) with 
supplementation of FITC-fluorescent BD Flow CountTM Fluorospheres (BD Bio-
sciences) as a quantification marker. The placental origin of the analyzed microve-
sicles was proven by antibody-binding (mouse-anti-human placental alkaline phos-
phatase antibody, conjugated with lynx rapid RPECy5.5 antibody conjugation kit; 
both AbD Serotec, Raleigh, NC, USA). For quantification of the STBEV, the mark-
er for hPLAP-positively stained extracellular vesicles was adjusted to a sample of 
unstained STBEV as a negative control for auto-fluorescence. Based on the known 
concentration of the flow count fluorospheres, the concentration of the STBEV was 
calculated and further adjusted to 6000 STBEV/mL.

Anti-STBEV-Enzyme-linked Sorbent Assay

 Annexin V was immobilized in wells of microtiter plates (Immuno 96 Mi-
croWellTM Solid Plates, MaxiSorp, flat bottom, Nunc; Thermo Fisher Scientific 
Inc., Waltham, MA, USA) by incubation of 200 µL/well 3 µg/mL Annexin V (Sig-
ma-Aldrich Chemie GmbH) in sodium carbonate coating buffer  (pH = 9.6; 15 mM 
Na2CO3, 28.5 mM NaHCO3, both Merck KGaA) for 20 h at 4°C. Unbound Annexin 
V was removed by washing once with 380 µL Tris-buffered saline (TBS; pH = 7.5; 
50 mM Tris-HCl; Sigma-Aldrich Chemie GmbH, 150 mM NaCl, Carl Roth GmbH + 
Co.KG). Wells were blocked with 380 µL 4% milk (powdered milk, blotting grade, 
low fat, Carl Roth GmbH + Co.KG) in TBS for 2 h at room temperature and washed 
three times with 380 µL/well 0.05% Tween 20 in TBS (Polyoxyethylene(20)-sorb-
itan-monolaurate; Sigma-Aldrich Chemie GmbH). A 100 µL sample or standard 
was applied to the respective wells and incubated for 1 h at room temperature. 
The top-standard (6000 STBEV/mL) was generated as described under ‘sample ac-
quisition and preparation’ and pre-quantified by flow cytometry as the number 
of STBEV per mL (STBEV/mL). It was applied in serial dilution of eight standard 
samples of 6000 STBEV/mL, 3000 STBEV/mL, 1500 STBEV/mL, 750 STBEV/mL, 375 
STBEV/mL, 187.6 STBEV/mL, 93.75 STBEV/mL, or a blank of 0 STBEV/mL. Wells were 
washed two times with 400 µL/well 0.05% TBS-T and afterward two times with 400 
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µL/well TBS. Samples were quantified by a colorimetric detection reaction using an 
ELSA amplification system (Invitrogen Corporation, Carlsbad, CA, USA). This system 
contains the alkaline phosphatase substrate nicotinamide adenine dinucleotide 
phosphate (NADPH), which is catalyzed by the hPLAP. For this detection reaction, 
50 µL/well substrate suspension was incubated at 25°C for 1 h and afterward 50 µL/
well amplifier suspension was added and incubated 1 h at 25°C. Color development 
was measured at 495 nm using a SPECTROstar Omega UV/Vis absorption spectrom-
eter (BMG Labtech GmbH, Ortenberg, Germany).

Nanoparticle Tracking Analysis

 Nanoparticle tracking analysis (NTA) was performed on perfusion samples, 
which were also analyzed using the ELSA described in this study. For the comparison 
of NTA and ELSA, the perfusion samples were centrifuged at 10,000 x g for 10 min 
at 4°C to remove pelleted cells and cell debris. The supernatant was further centri-
fuged at 18,900 x g for 30 min at 4°C to pellet microvesicles. The supernatant was 
discarded, and the microvesicle pellet was resuspended in 1% (w/v) BSA in 0.05% 
(v/v) Tween 20 in PBS. For optimal resolution, all samples were analyzed in 1:1000 
dilution in PBS using an LM14 NanoSight (NanoSight Malvern Instruments Compa-
ny, Malvern, Worcestershire, UK) equipped with a violet laser at 405 nm for 60 s.

Statistical Analysis

 SPSS 20 (IBM Deutschland GmbH, Ehningen, Germany) was used to per-
form statistical analysis applying the Mann–Whitney test for comparison of sample 
medians of independent samples.
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Results and discussion

 This work aimed to develop a specific method to detect and quantify STBEV 
in fluid samples based on their microvesicle character (marker: phosphatidylserine) 
and their placental origin (marker: hPLAP). For this approach, an STBEV-enriched 
suspension was produced by 5-h maternal-sided ex vivo perfusion of a human term 
placenta. The concentration of STBEV was analyzed by an established method (flow 
cytometry, Fig. 2), and suspensions of defined STBEV concentrations were pro-
duced to be used as standards for the new ELSA method (Fig. 3a). The validity of 
the described ELSA was then tested by measuring and comparing blood samples 
from healthy pregnant women and non-pregnant female blood donors (Fig. 3b). 
The microvesicle surface marker phosphatidylserine was used to capture STBEV 
by binding them to immobilized Annexin V (see functional scheme of the test in 
Fig. 1). In the detection step, the phosphatase activity of the membranous hPLAP, 
which is located on the surface of the STBEV, was utilized to perform a colorimetric 
quantification reaction. In this reaction, the alkaline phosphatase substrate (NA-
DPH) is cleaved by hPLAP which initiates a cyclic enzyme reaction resulting in the 
formation of the detectable Formazan molecule. Single-sided ex vivo placenta per-
fusion provided an enriched STBEV standard suspension, which was pre-quantified 
via flow cytometry (Fig. 2). For this pre-quantification, the placenta-derived STBEV 
were stained with an hPLAP specific antibody and mixed with commercially avail-
able quantification beads of known concentration. Both the quantification beads 
and the hPLAP-positive STBEV were tracked by flow cytometry. Comparison of the 
amount of both fractions (Fig. 2) allowed the recalculation of the STBEV concen-
tration, which was further adjusted to 6000 STBEV/mL. This top-standard served 
as the starting concentration of the standard samples in all of our tests. It was se-
rially diluted to give standard samples of 6000 STBEV/mL, 3000 STBEV/mL, 1500 
STBEV/mL, 750 STBEV/mL, 375 STBEV/mL, 187.6 STBEV/mL, 93.75 STBEV/mL, or a 
blank of 0 STBEV/mL. In general, common flow cytometry still suffers from accuracy 
and sensitivity problems in regard to microvesicle quantification.[9,11] Because of 
this, the STBEV concentration achieved by flow cytometry has to be regarded as 
relative numbers only, still being sufficient to give a relative STBEV concentration 
for this standard.
 These standard samples were used to plot a curve showing the typi-
cal distribution of standards applied to ELSA or comparable analysis (Fig. 3a). 
The standard curve started with a nearly linear slope in the range of the low-
er concentrations, then increased to a plateau at the higher concentrations. 
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Fig. 1 Functional principle of the anti-STBEV-ELSA. 
In the described enzyme-linked sorbent assay (ELSA), Annexin V is immobilized on the surface of microtiter plates. 
It works as a capturing molecule by binding phosphatidylserine on the surface of the syncytiotrophoblast extracel-
lular vesicles (STBEV). The membranous human placental alkaline phosphatase (hPLAP) on the STBEV catalyzes a 
colorimetric detection reaction.

Fig. 2 Flow cytometric pre-quantification of a STBEV sample. 
Four STBEV samples were independently isolated from the perfusion suspension of one maternal single-sided ex  
vivo placenta perfusion. STBEV were stained with Cy5.5 labeled anti-hPLAP antibodies. The histograms show the 
staining intensity (x-axis) and particle count (y-axis) of hPLAP-positive vesicles (a; overlay of four separate analyses, 
left curve shows unstained STBEV) and of FITC-fluorescent flow count beads (b; overlay of four separate analyses), 
which were used for calculation of the STBEV concentration. Based on these results, the STBEV concentration was 
adjusted for its application as the top-standard of the standard row for the described ELSA.

Fig. 3 Exemplary measurements with the STBEV-ELSA. 
(a) Measurement of the standard series, which was isolated from the perfusion suspension of a maternal sin-
gle-sided ex vivo placenta perfusion. (b) STBEV quantification in control blood of a non-pregnant woman  (negative 
control) and six pregnant women at term. The bars show mean values of duplicates for the samples of pregnant 
women at term. The non-pregnant control was measured 12 times in total (measurement of duplicates on six dif-
ferent plates). Error bars indicate the standard error of the mean. *P < 0.05 (Mann–Whitney test).
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 Test measurements were performed with the plasma of six pregnant do-
nors and a non-pregnant donor as negative control (Fig. 3b). All pregnant women 
could be distinguished significantly (P < 0.05) from the negative control. The sub-
strate for the detection reaction is a potential target for different types of alkaline 
phosphatases. Furthermore, plasma samples include microvesicles from multiple 
cell types [7] that are also phosphatidylserine positive and will compete with STBEV 
for binding to the Annexin V. However, only the samples from pregnant women 
featured a positive signal which underlines the specificity of the test. Even samples 
from ex vivo placenta perfusion (Fig. 4) were successfully analyzed with the de-
scribed method. As expected, samples from ex vivo placenta perfusion turned out 
to be highly concentrated, so dilution of these samples prior to the measurement is 
highly recommended in this assay.
 To confirm the reliability of this ELSA, results acquired by ELSA were com-
pared to those acquired by NTA analysis of the same samples. The results obtained 
by the anti-STBEV-ELSA could be verified by NTA (Fig. 4). The differences observed 
in the results of these methods may be due to the differences in the test systems. It 
is known that a very high proportion of microvesicles in blood originates from plate-
lets and endothelial cells.[7] Thus, it also can be expected that placenta perfusates 
are not only enriched with placental extracellular vesicles, but also with extracel-
lular vesicles derived from endothelial or other cells residing in the placenta (e.g., 
decidual cells) or residual circulatory cells (e.g., blood cells). In contrast to the NTA, 
the ELSA is more specific and measures only the placental vesicle fractions. This 
explains the discrepancies in the results of the two tests.
 The test described here is comparable to a conventional ELSA, but works 
without the immune-active component. Therefore, our assay represents an en-
zyme-enhanced sorbent assay (ELSA). The exclusion of the immune-active compo-
nent can reduce the susceptibility for disturbances of the test because it reduces 
the working steps in the assay.
 There are some limitations to this method. One may argue that also oth-
er EVs, but not exclusively STBEVs, may have an phosphatase activity. As shown 
in Fig. 3, in non-pregnant plasma, the detected EV concentration is comparatively 
low, which indicates low activity of EVs other than STBEVs. The standard suspension 
which was applied here was produced by perfusion of only one placenta, but the 
distribution of hPLAP and PS on the surface of STBEV might vary between sam-
ples from diverse patients. Thus, it may be advisable to collect perfusion material 
of more placentae and to mix the suspensions to produce a more representative 
standard suspension. For this reason, the ascertained values should be regarded 
only as relative values and not as total vesicle counts. Also the pre-quantification 
of the standard via flow cytometry gives only relative STBEV quantities due to ac-
curacy and sensitivity problems of the method regarding microvesicle analysis.[11] 
Furthermore, it is advisable to prepare the standard and samples, which shall be 
analyzed, following the same preparation protocol. If both specimens are isolat
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ed with the same centrifugation speeds, the quantification of the samples based 
on the standard will be even more reliable. Nevertheless, the test presented here 
revealed its usefulness for the purpose of quantifying STBEV, especially in lower ST-
BEV concentration ranges. This test will also be very beneficial in functional STBEV 
analysis by providing a rapid, simple, and cost-efficient quantification method. The 
ELSA will facilitate studying STBEV and thereby also support preeclampsia research 
in general.
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Fig. 4 Comparison of the STBEV quantification achieved via ELSA and the total microvesicle quantification 
achieved via NTA. 
Samples from ex vivo placenta perfusion were analyzed with ELSA and NTA. As the ELSA is based on measurement 
of the placenta-specific hPLAP activity on captured extracellular vesicles, it provides STBEV concentrations (x-axis). 
In contrast, the NTA (y-axis) measures all microvesicles, not only the ones derived from syncytiotrophoblast. The 
linear fit line of the comparison of the ELSA and the NTA values and the 95% confidence interval are  indicated by 
the line and the two ambient curves.
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Abstract

 The pregnancy-complication preeclampsia (PE) affects 2-8 % of pregnancies 
and causes approximately 16 % of maternal death worldwide. A reliable prediction 
of PE is limited by suitable markers and currently based on abnormal uterine ar-
tery Doppler ultrasound due to an impaired remodeling of maternal spiral arteries 
during placentation in PE compared to normal pregnancy. During pregnancy, the 
placenta secretes a plethora of factors into the maternal circulation. Especially the 
release of syncytiotrophoblast extracellular vesicles (STB EV) by the placenta has 
been associated to the pathophysiology of PE and it has been described that the 
concentration of STB EV in the maternal plasma is increased in late pregnancy in 
PE compared to normal pregnancy. In this study, we aimed to evaluate the usability 
of the peripheral plasma STB EV concentration as an accessory tool to uterine ar-
tery Doppler velocimetry for the prediction of PE. We identified women at high-risk 
for PE by abnormal uterine artery Doppler ultrasound and included 78 patients of 
which 16 developed PE or the associated hemolysis, elevated liver enzymes and 
low platelet count (HELLP) syndrome. Women in the high-risk group who did not 
develop PE served as control group. We compared the STB EV concentration prima-
ry at the 20th gestational week and additionally at the 28th and 36th gestational 
weeks. Secondary interest was on the association between STB EV and severity of 
the symptoms of PE and associated complications (HELLP, intrauterine growth retar-
dation, intrauterine fetal demise, placental abruption, preterm delivery). We found 
a slight increase of the STB EV concentration over the time of pregnancy, but no 
significant difference between PE cases and control patients. Therefore, we have 
to conclude that the peripheral plasma STB EV concentration is not suitable as an 
accessory tool to uterine artery Doppler velocimetry for the prediction of PE.
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Introduction

 Preeclampsia (PE) is a placenta-related complication that occurs in 2–8 % of 
all pregnancies, and is a potentially mortal syndrome accounting for approximately 
16 % of maternal deaths worldwide.[1,2] With termination of pregnancy the only 
known causal therapy, PE is also a leading motive for induced preterm birth, making 
PE a major contributor also to neonatal mortality and morbidity.[3,4] 
 Although the overall cause of PE remains elusive, for over a decade a pre-
dominantly accepted hypothesis describes that abnormal placentation secondary 
to inadequate trophoblast invasion leads to impaired remodeling of maternal deep 
spiral arteries of the uterus (reviewed in [2,5,6]). Deep trophoblast invasion into 
the myometrial arteries is believed to guarantee a decrease in uterine vascular re-
sistance thus improving uteroplacental circulation.[7,8] Failure to accomplish this 
would lead to suboptimal perfusion of the placental bed, resulting in a cascade of-
ten described as follows: (a) oxidative stress to parts of the placenta [9] and thus (b) 
shedding of placental, syncytiotrophoblast extracellular vesicles (STB EV) into the 
maternal circulation [10], eventually (c) harming maternal endothelium through in-
flammatory processes that ultimately lead to endothelial dysfunction [8]. Endothe-
lial dysfunction is thought to cause hypertension, but also either proteinuria, liver 
swelling, thrombocytopenia, and neurological symptoms or a combination of these 
problems depending upon which endothelial bed is the mother’s point of weakness 
(kidney, liver, vessels, brain).[5] These PE symptoms present during the 2nd half of 
pregnancy (mostly at or near term), during which the concentration of STB EV in 
the maternal circulation rise due to the size of the growing placenta.[8] This corre-
sponds with the general definition of PE as the development of hypertension and 
proteinuria after the 20th gestational week in a previously normotensive woman.
[11] 
 When all fails, the reduced distribution of nutrition and oxygen to the fe-
tus can lead to , a much feared complication that often accompanies severe cases 
of PE.[5] Interestingly, intrauterine growth retardation is also an independent syn-
drome that can develop without the presence of PE.[12,13]
The idea of monitoring the impedance of the uterine arteries with ultrasound, 
which would reflect the flow of blood through these vessels, originates from the 
acceptance of the above mentioned hypothesis.[14,15] Uterine artery Doppler ve-
locimetry at midgestation is a readily available, non-invasive, broadly utilized and 
accepted technique that detects pregnancies at risk for developing PE and relat-
ed adverse pregnancy outcomes.[14–17] Several reviews have reported somewhat 
conflicting evidence toward the accuracy of this method.[15,18–21] All in all, it is 
recognized that uterine artery Doppler velocimetry measurements, as well as most 
other diagnostic tests, reach rather high specificity, but low sensitivity.[22]
 Considering this, a further and more sensitive test marker would be high-
ly valuable to the clinician, since the patient who is likely to develop symptoms 



42 Microparticle Orientated Risk Evaluation for Preeclampsia 
Prediction Among Risk graviDas - the MORE PrePARd Study

3 3

could thus be distinguished early and opportunely managed and monitored. Pres-
ently, the identification of such an accessory biomarker is the focus of highly volatile 
research. Some of the most promising candidates include angiogenic factors (e.g. 
soluble vascular endothelial growth factor receptor-1, placental growth factor as 
reviewed in [23,24]). Aside from the sometimes conflicting evidence, these markers 
also harbor disadvantages, since these are usually identifiable only weeks before 
symptoms occur, because these markers are produced only after or while damage 
transpires, plus these markers often overlook a large percentage of women who 
develop PE (as reviewed in [23–25]).
 A newer hypothesis indicates that alterations of trophoblast differentiation, 
and not hypoxia, may lead to STB EV-shedding, while failure of trophoblast cells 
in transforming maternal spiral arteries may lead to intrauterine growth retarda-
tion.[25,26] And indeed, we showed that preeclamptic placentae show an altered 
expression pattern of stem cell and differentiation factors compared to normal or 
intrauterine growth retardation placentae.(Weber et al., accepted for publication 
in Cell Adhesion & Migration, see publication list of the PhD candidate) Accepting 
this hypothesis, evidence of excess STB EV-shedding would serve as a precursor to 
the PE syndrome. And indeed, STB EV are found in large amounts in women suffer-
ing from especially early-onset PE, but measured in concentrations comparable to 
healthy controls in pregnancies with pure intrauterine growth retardation.[27]
 In light of this background, the aim of this project was to elucidate whether 
STB EV are a suitable candidate as an accessory marker to midgestational uterine 
artery Doppler velocimetry in predicting the development of PE, especially among a 
high risk population. Our secondary interest is centered on the association between 
STB EV and severity of the symptoms and complications associated with PE: syndrome 
of hemolysis, elevated liver enzymes and low platelet count (HELLP); intrauterine 
growth retardation; intrauterine fetal demise; placental abruption; and necessity of 
preterm delivery. Therefore, we measured the peripheral plasma STB EV concentra-
tion in high risk women for PE, who have been identified by uterine artery Doppler 
velocimetry, primarily at the 20th (+/- 1) gestational week and additionally at the 
28th (+/-1) and 36th (+/-1) gestational week. Next, we compared the STB EV concen-
tration of women within the risk group who did not develop PE with that of women 
who developed PE and further looked for associated complications in the PE group.
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Methods

Objectives and Study Design

 The trial is a multi-center, prospective, blinded, prognostic marker study 
(ISRCTN 92923842). The primary objective was to elucidate whether maternal plas-
ma STB EV concentrations within a group of pregnant women at high risk of PE as 
identified via abnormal uterine perfusion measured at the 20th(+/-1) gestational 
week can discriminate between women who will develop PE (case group) and those 
who will not (control group).
 The secondary objetives were (1) to compare intra-individual changes in 
plasma STB EV concentrations in controls and cases in which PE developed after 28 
(+/-1) or 36 (+/-1) gestational weeks, respectively, (2) to determine a cut-off point 
and estimation of sensitivity and specificity for risk-assessment of PE, provided 
that STB EV concentrations differ significantly and (3) to examine maternal STB EV 
concentrations in further subgroups with PE-associated complications (HELLP syn-
drome, intrauterine growth retardation, intrauterine fetal demise, preterm birth). 
The study protocol was approved by the local ethics committees of the participating 
study sites.

Patient Recruitment

 Pregnant females between the 19th and 21st gestational week were re-
ferred on a regular basis to all study centers for the purpose of prenatal ultrasound 
screening. All study centers are tertiary referral hospitals fulfilling Level III Perinatal 
Standards. The recruiting process was accomplished consecutively. Pregnant wom-
en fulfilling inclusion criteria were offered participation in this diagnostic study. Af-
ter receiving patient information brochures and counselling by a physician, signed 
patient consent forms were collected when applicable. 
 The patient fulfilled the inclusion criteria when an abnormal uterine 
artery Doppler ultrasound was measured in a 19+0 to 21+0 gestational week 
singleton pregnancy with an appropriate-for-gestational-age fetus in an oth-
erwise healthy and normotensive gravida between 18-40 years of age. Ab-
normal uterine artery Doppler ultrasound was defined as the presence of bi-
lateral notching, mean RI > 0,7 (or > 95th percentile of reference group) or 
unilateral notch and average RI > 0,65 (or > 90th percentile of reference group). 
Appropriate-for-gestational age was defined as a fetus measured within the 
10th and 90th percentile according to the standardized values of Hadlock.[28]
 Experienced sonographers performed Doppler ultrasound of uterine ar-
teries using real-time ultrasound equipment with a 3.5 MHz or a MHz curvilinear 
probe. The right and left uterine arteries are identified in an oblique plane of the 
pelvis at the crossover with the external iliac arteries, and the Doppler signals are
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sampled. When three similar consecutive waveforms are obtained, the pulsatility 
and resistance indexes of the two vessels and their means are calculated. The pres-
ence of an early diastolic notch was determined according to the criteria proposed 
by Bower et al..[29,30]
 Exclusion criteria were defined when the patient was participating in an 
interventional clinical study or when the pregnancy fulfilled any of the following 
criteria at inclusion: multiple pregnancy, premature rupture of membrane (PROM), 
suspected/diagnosed amnion infection syndrome (AIS), signs of pre-term labor/cer-
vical incompetence, fetal genopathia, suspected major fetal defects, pre-existing 
maternal disease, e.g. diabetes mellitus, cardiovascular or renal disease and expect-
ed non-compliance (e.g. drug or substance abuse, residence of patient).

Determination of outcomes

 Diagnosis of PE was based on the guidelines as recommended by the Ger-
man Society of Obstetrics and Gynecology (DGGG): hypertension, as measured by 
systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg 
measured twice at an interval between 6 hours and 1 week, or singular measure-
ment ≥ 150 / 100 mmHg; and proteinuria as measured by a urine dipstick test ≥ 1+ 
or ≥ 300 mg total protein in 24 hour urine collection.
 Severe PE has occurred when any of the following parameters apply: systol-
ic blood pressure > 160 mmHg or diastolic blood pressure > 110 mmHg on any two 
occasions measured > 6 hours apart, proteinuria as measured by a urine dipstick 
test of 3+ or ≥ 5 g total protein in 24 hour, oliguria < 500 cc / 24 hours, cerebral or 
visual symptoms, epigastric or right upper quadrant pain, pulmonary edema or cy-
anosis, occurrence of HELLP-syndrome, early onset PE < 32 gestational weeks.
 Mild PE is diagnosed as any PE that is not considered severe (according to 
criteria listed above) or late onset PE > 34 gestational weeks.
 Several laboratory parameters were monitored during the study visits to iden-
tify the HELLP syndrome, which was defined as the simultaneous occurrence of patho-
logical values for haptoglobin (< 0.3 g/l); for the liver enzymes aspartat-aminotrans-
ferase (ASAT > 0.52 µmol/l*s), alanine aminotransferase (ALAT > 0.56 µmol/l*s) and 
lactate dehydrogenase (LDH > 4.12 µmol/l*s); and thrombocytopenia < 100 Gpt/l.
 intrauterine growth retardation was defined as a birthweight of below the 
10th percentile for gestational age at birth according to the national birthweight 
distribution.
 Intrauterine fetal demise was diagnosed when no fetal heart rate could be 
measured through conventional cardiotocography (CTG) or ultrasound. 
 Preterm birth was defined as birth before 36 + 0 gestational weeks.
All necessary criteria for the diagnosis of PE are visible either in the “Mutter-
pass”, which is a German “pregnancy passport” that is issued by the attending 
physician and which contains all results of pregnancy-relevant tests, or in hospital
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documentation. Definitive diagnosis was made on the basis of the four following 
options: (1) a physician during a study visit; (2) a physician outside of the study 
center e.g. the patients’ regular gynecologist, who advised the patient into the 
study center hospital; (3) within a peripheral hospital setting if immediate medi-
cal attention was necessary; or (4) if the patient experienced a healthy pregnancy 
and birth took place at term (control group). In the last two settings, standardized 
outcome reports, which were miniaturized versions of the study center outcome 
reports and which were placed in the “Mutterpass” of all patients were filled out by 
the respective physician and delivered to study centers.
 All diagnosis have been reviewed by one of the authors, JSF, to guarantee 
compliance with the before mentioned diagnosis criteria. In one instance, diagnosis 
was divergent which resulted in an equivocal case-control status and led to exclu-
sion of that specimen.

Work schedule

 Patients were recruited as described above upon which the baseline exam 
was taken, in which a basic physical examination, as well family, patient and case his-
tory was recorded (baseline visit). The patient was followed at two visits taking place 
at (1) 26 (+/-1) gestational weeks and (2) 36 (+/-1) gestational weeks. During all vis-
its, uterine artery Doppler velocimetry, fetal growth scan, blood samples for STB EV 
quantification and routine measure ments (e.g. measurement of HELLP syndrome 
parameters), blood pressure and urine dipstick test measurements were registered.
 All physicians attending the patient and the patient herself were instruct-
ed which line of action should be taken when PE-relevant symptoms occur (please 
refer to Figure 1), namely that the patient should preferentially be admitted to a 
study center hospital or, if physically not possible, to any hospital after informing 
the study center. This might take place either before (via regular pregnancy exams 
accomplished by the patients’ regular gynecologist) or during study visits (by a 
study center physician). Definitive diagnosis of PE was made again at the hospital. If 
the patient was within a study center hospital, then a further blood sample for STB 
EV measurement was collected either before or at the latest 24 hours after delivery.  
When no symptoms occurred, the patient proceeded to accept regular pregnancy 
exams through her usual health care provider until the next visit, at which all study 
measurements were made at the study center.
 A standardized outcome report was filled out by the delivery room doctor 
(often a study center physician) and submitted to the study center. The study par-
ticipation for patients ended upon report of delivery of infant. All necessary subse-
quent treatment(s) remained in the hands of the responsible physician. 
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STB EV measurement

 To obtain plasma samples for STB EV measurement, venous blood was with-
drawn from a cubital vein using a 20 G cannula and minimal tourniquet. The first 3 
ml were discarded and the next 9 ml were collected in a monovette (Sarstedt AG & 
Co., Nümbrecht, Germany) containing 1 ml of 0.106 mol/l sodium citrate solution. 
The blood sample was centrifuged within 30 min for 5 min at 5,000 x g. The plasma 
supernatant was carefully removed by a pipette and stored at -80 °C until further 
analysis. Specimens were collected at each study center and labeled according to 
registration and center ID number. Specimens were transported to the reference 
laboratory immersed in dry ice and re-stored at -80 °C immediately. 
 Specimens were unfrozen carefully over night at 4 °C, pre-diluted in PBS 
(Dulbecco’s phosphate buffered saline; Sigma-Aldrich Chemie GmbH, Hamburg, 
Germany), STB EV were pelleted by ultra-centrifugation at 100,000 x g for 45 min

 

 

 

 

 

Healthy normotensive pregnant women 
at risk for preeclampsia

Eligible: n=78

Dropout: n=5

* Violation of inclusion/exclusion criteria (n=3)
* Missing outcome data (n=2)

Analysis population

Eligible: n=73

Equivocal case-
control status: n=1

Controls: n=56Cases: n=56

* Preeclampsia only  n=9
* Preeclampsia and HELLP n=5
* HELLP only  n=2

Onset 
* Early <32 GW  n=6
* Intermediate  n=2
* Late >34 GW  n=8

Valid STB EV data available

Baseline:   n=15  n=56   n=1
1st visit:   n=14*  n=49   n=0
2nd visit:   n=7*  n=39   n=0

* blood sampling before diagnosis of preeclampsia and/or HELLP

Figure 1: Flow chart of patient characteristics
GW – gestational week
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at 4 °C and STB EV were re-suspended in 1 % BSA in 0,05 % Tween20/PBS. STB 
EV were quantified using the enzyme-linked sorbent assay described by Göhner et 
al..[31]Briefly, 200 µL/well 3 µg/mL Annexin V in sodium carbonate coating buffer 
(15 mM Na2CO3, 28.5 mM NaHCO3, both Merck KGaA, Darmstadt, Germany; pH 
= 9.6) were immobilized in microtiter plates (Immuno 96 MicroWell™ Solid Plates, 
MaxiSorp, flat bottom, Nunc, Thermo Fisher Scientific Inc., Waltham, MA, USA) 
for 20 h at 4 °C. Wells were washed once with 380 µL Tris-buffered saline (TBS, 
50 mM Tris-HCl, Sigma-Aldrich Chemie GmbH; 150 mM NaCl, Carl Roth GmbH + 
Co.KG, Karlsruhe, Germany; pH = 7.5) at RT. Free binding positions were blocked 
by incubation of 380 µL/well 4 % milk (powdered milk, blotting grade, low fat, Carl 
Roth GmbH + Co.KG) in TBS for 2 h at RT. Wells were washed three times at RT 
with 380 µL/well 0.05 % Tween®20 in TBS. 100 µL sample/standard was incubat-
ed for 1 h at RT. Standards represented concentrations from 6000 STB EV/mL to 
93.75 STB EV/mL and 0 STB EV/mL as blank. Wells were washed at RT two times 
with 400 µL/well 0.05 % Tween®20 in TBS and afterwards two times with 400 µl/
well TBS. STB EV were detected due to their membranous human placental alka-
line phosphatase using the kit ELISA amplification system (Invitrogen Corporation, 
Carlsbad, CA, USA) with incubation of substrate for 1 h at 25 °C and amplifier for 
15 min at 25 °C. Detection was performed at 495 nm using a SPECTROstar Ome-
ga UV/Vis absorption spectrometer (BMG LABTECH GmbH, Ortenberg, Germany). 
All measurements were accomplished in duplicates and averaged for the analysis.

Statistical analysis

Considering the pilot nature of the study a sample size of 80 to 100 was planned. 
Assuming an incidence of PE of 20% to 25%, about 16 to 25 cases were expected 
with this sample size. In a balanced design, a sample size of 20 cases and 20 controls 
would have 80% power to detect a probability of 0.76 that STB EV concentration in 
controls is less than in cases using a Wilcoxon-Mann-Whitney test with a two-sided 
significance level of 5 %. The final analysis set consisting of 16 cases and 56 con-
trols had 91 % power to detect the defined effect in an unbalanced design (SAS 
Macro ROCPOWER Single Reader, www.bio.ri.ccf.org/doc/rocpower.sas; download 
09.02.2010). 
Characteristics of patients were described by adequate statistical measures. STB EV 
measures were presented with descriptive statistics by visit. The Receiver Operat-
ing Characteristics (ROC) for baseline STB EV was displayed and Area Under Curve 
(AUC) was estimated including 95 % confidence levels. Group difference was analyz-
ed by means of two sided Wilcoxon-Mann- Whitney test on significance level of 5 %. 
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Results

 78 patients were recruited in three centers between June 2009 and May 
2011. The analysis population consisted of 73 patients with valid inclusion- and ex-
clusion criteria and appropriate outcome data (please refer to Figure 1). 16 patients 
with PE or HELLP were identified as cases, of which 9 had PE, 2 had HELLP, and 5 had 
PE and HELLP. One patient with inconsistent PE evaluation was assigned neither to 
controls nor to cases.
 The demographic characteristics of the control versus the case group can 
be seen in Table I. Compared to controls, women of the case group were older 
(mean 30 vs. 26.8 years) and more obese (mean 75.1 kg vs. 67.0 kg). They had high-
er systolic (mean 123.3 vs. 108.2 mmHg) and diastolic (80 vs. 63.3 mmHg) blood 
pressure. The relative frequency of PE, intrauterine growth retardation and intrau-
terine fetal demise during an earlier pregnancy was higher in cases than in controls. 
Furthermore, the pregnancy length was shorter, the birth weight was lower and the 
percentage of intrauterine growth retardation and premature placental abruption 
were higher in the cases compared to controls.
 In Figure 2, the distribution of maternal STB EV concentration was displayed 
by case-control status and gestational week. Quartiles of STB EV which define the 
boxes in Figure 2 are presented in Table II. Except for cases at gestational week 36 
(+/-1) (n=7) there was low variation in medians and interquartile ranges between 
cases and controls. However, the spread of data above the third quartile deserves 
further exploration. Due to technical problems during the measurement, several 
samples had to be excluded from the analysis. This effects controls and cases as well 
as all three times of sample collection (gestational week 20 (+/-1), 28 (+/-1) and 36 
(+/-1)) to the same extend

 Maternal STB EV concentration at the 20th gestational week does not 
predict PE or is associated with complications

 Concerning the primary endpoint of this study, the STB EV concen-
tration at the 20th (+/-1) gestational week, displayed by median (1st - 3rd 
quartile), was not statistically different (p=0.588) between cases (2.50 (2.17–
2.81) STB EV/ml) and controls (2.44 (2.12–2.76) STB EV/ml). An AUC of 0.54 
with 95% confidence interval of (0.35, 0.73) was estimated based on a com-
parison of 12 cases and 47 controls after exclusion of the mentioned cases.  
 Similar findings were seen in the secondary endpoints: HELLP (7 patients; 
2.26 versus 2.52 STB EV/ml), intrauterine growth retardation (16 patients, 2.67 ver-
sus 2.39 STB EV/ml), placental abruption (2 patients; 2.34 versus 2.52 STB EV/ml) 
and preterm delivery (20 patients; 2.39 versus 2.52 STB EV/ml). No cases of intrau-
terine fetal demise were reported. Also, there was no significant difference of the 
median (1st - 3rd quartile) plasma STB EV concentration between cases and controls 
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at the 28th (+/-1) gestational week (2.83 (2.33–2.94) STB E/ml in cases versus 2.51 
(2.18–2.70) STB EV/ml in controls) and at the 36th (+/-1) gestational week (2.63 
(2.61–3.2) STB E/ml in cases versus 2.52 (2.15–3.00) STB EV/ml in controls). 
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Figure 2: Boxplot of the maternal plasma syncytiotrophoblast extracellular vesicle concentration (STB EV/ml) by 
case-control status and gestational age (for cases only measurements before preeclampsia/HELLP were included)
GW - gestational week

Figure 3: Receiver operating characteristics (ROC) of the syncytiotrophoblast extracellular vesicle concentration
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Table I: Characteristics of study population at baseline (gestational week 19-21)

Cases
(n=16)

Controls
(n=56)

Total
(n=73)

Maternal age [years], mean (SD) 30.0 (3.8) 26.8 (6.4) 27.5 (6.0)

Maternal weight [kg], mean (SD) 75.1 (11.6) 67.0 (13.2) 69.5 (14.6)

Systolic blood pressure [mmHg], mean (SD) 123.3 (10.2) 108.2 (11.6) 112.0 (13.2)

Diastolic blood pressure [mmHg], mean (SD) 80.0 (11.4) 63.3 (10.7) 67.2 (12.9)

Number of earlier pregnancies, mode (min-
max)

1 (0 - 6) 1 (0 - 5) 1 (0 - 6)

Number of children, mode (min-max) 0 (0 - 2) 0 (0 - 4) 0 (0 - 4)

Having at least one earlier pregnancy, n (%) 15 ( 94) 51 (91) 67 (92)

History of preeclampsia, n (% of ever preg-
nant)

1 (7) 2 (4) 3 (4)

History of IUGR, n (% of ever pregnant) 3 (20) 3 (6) 6 (8)

History of IUFD, n (% of ever pregnant) 5 (33) 3 ( 6) 8 (11)

Alcohol consumption during pregnancy, n (%)

     None 16 (100) 55 (98) 72 (99)

     Occasional 0 (0) 1 (2) 1 (1)

Smoking during pregnancy, n (%)

     None 16 (100) 46 (82) 62 (85)

     ≤15 cigarettes / day 0 (0) 10 (18) 10 (14)

     >15 cigarettes / day 0 (0) 0 (0) 1 (1)
* Including one patient with equivocal case-control-status
IUGR – intrauterine growth retardation, IUFD – intrauterine fetal demise

Table II: Summary statistics of maternal STB EV concentration (STB EV/ml) by case-control status and gestational 

age

Cases* Controls

Gestational 
Week n STB EV/ml Me-

dian (IQR) n STB EV/ml Me-
dian (IQR)

19-21 15 2.50
(2.17–2.81) 56 2.44

(2.12–2.76)

27-29 14 2.83
(2.33–2.94) 49 2.51

(2.18–2.70)

35-37 7 2.63
(2.61–3.2) 39 2.52

(2.15–3.00)
* Considering only STB EV measurements before preeclampsia/HELLP 
IQR – Interquartile range (1st quartile – 3rd Quartile)
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Discussion

 In our study, we show a slight, but not significant, slope elevation in ma-
ternal plasma STB EV-concentrations among high-risk pregnancies, regardless of 
whether they developed PE or associated complications. In contrast, it has been 
demonstrated in the literature that maternal STB EV-concentrations rise during nor-
mal, healthy, low-risk pregnancies.[27,32] Additionally, we did not find a significant 
difference of the plasma STB EV concentration between women who developed PE 
or associated complications and women who did not – neither at the primary meas-
uring point in the 20th gestational week nor later in the 28th or 36th gestational 
week – although other studies have shown a significant increase of the plasma STB 
EV concentration in cases of early onset PE.[10,27] This difference may result from 
the differences in study design between our study and the other studies. We aimed 
to clarify whether the plasma STB EV concentration may assist PE prediction before 
development of the actual symptoms. Therefore, we included measurements only 
when specimens were collected before diagnosis of PE or associated complications. 
In the other studies, blood sampling was performed after diagnosis of the compli-
cation and not earlier than the 24th gestational week. [10,27] Since we analyzed 
specimens only before PE symptoms or associated symptoms appeared, it may be 
possible that the plasma STB EV concentration was not elevated yet in the PE cases. 
That suggests that an increase of the plasma STB EV concentration in PE only ac-
companies the appearance of PE symptoms and not precedes them. As discussed 
in the following chapters of this thesis, it might not be an elevated plasma STB EV 
concentration which causes PE. Rather it might be an altered functionality of STB EV 
from preeclamptic compared to STB EV from normal placentae which is involved in 
the development of preeclamptic symptoms.
 Our findings are in line with the findings of a similar study by Salomon et 
al. [33], in which a secondary analysis of prospectively collected sera from pregnant 
women in the 24th gestational week was conducted. Here, the concentration of all 
general microparticles, regardless of origin (e.g. platelets, endothelium, lympho-
cytes, etc.), was measured by flow cytometry. Trophoblastic microparticles were 
not specifically measured; instead the non-platelet and non-endothelial microparti-
cles were loosely hypothesized to stem from the trophoblast. None of the micropar-
ticles measured in that study could predict the development of pregnancy compli-
cations, including PE and its associated complications. Although many components 
of  Salomon’s and our study are differing, such as gestational week, main outcome 
measurement and measurement method, the main conclusions are similar. For this 
reason, the results of both studies reciprocally reinforce the conclusion that ma-
ternal plasma STB EV concentrations may not predict PE at midgestation or later.
 The possibility that our enzyme-linked sorbent assay method is not yet sen-
sitive enough to pick up the very low concentration of STB EV during mid-gestation 
should be considered. Although we regard our method to be more exact and more 
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specific than all methods introduced in the past, there is as yet no gold standard 
available to validate our measurements. Especially the group around Sargent and 
Redman at the University of Oxford, but also others, are involved in the promotion 
of a nanoparticle tracking analysis method (NanoSight) capable of measuring small 
particles in the nano area in fluids.[34,35] This method tracks light which is scat-
tered from particles crossing a laser beam and follows the Brownian motion of the 
particles, which allows calculation of size and concentration of these particles.[36] 
Progress in immune-labeling of particles based on e.g. origin-specific markers even 
hold out the prospect of a reliable specific detection of particles from certain origin, 
such as the placenta, in the near future.[34]
 In conclusion, we showed that the peripheral plasma concentration of STB 
EV slightly increases over the time of pregnancy, but found no significant difference 
between PE cases and controls. Thus, the peripheral plasma concentration of STB 
EV does not seem to be a suitable accessory tool for early PE prediction. Further-
more, we hypothesize that an increase in STB EV plasma concentration potentially 
does not precede PE symptoms but accompanies them. 
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Abstract

 Pregnancy is characterized by a systemic inflammatory state of the mater-
nal body. Amongst others, this state features an increase of numbers and activation 
of monocytes and granulocytes as well as a shift of CD16- classical monocytes to-
wards CD16+ intermediate monocytes. During the pregnancy-complication preec-
lampsia, this inflammatory state is exaggerated, monocytes and granulocytes are 
even more activated, and the shift of CD16- classical monocytes towards CD16+ 
intermediate monocytes partially goes further to CD16++ non-classical monocytes. 
Syncytiotrophoblast extracellular vesicles (STB EV) are secreted from the placen-
ta during the whole pregnancy and their plasma concentration is even elevated 
during preeclampsia. It is believed, that syncytiotrophoblast exosomes are rather 
tolerance-inducing while syncytiotrophoblast microvesicles (STB MV) are rather 
activating and therefore are triggering preeclampsia. However, their functional in-
volvement in the inflammatory state of pregnancy and preeclampsia remains par-
tially elusive. Therefore, in this study, we aimed to study the effects of STB EV from 
normal and preeclamptic placentae on monocytes and granulocytes and compared 
the function of STB MV and exosomes to each other. STB EV from normal placentae 
induced activation of monocytes and granulocytes and monocyte maturation into 
CD16+ intermediate monocytes. Also, STB EV from preeclamptic placentae induced 
activation of monocytes and granulocytes and monocyte maturation, but only at 
a similar level than STB EV from normal placentae did. STB MV and exosomes had 
similar effects, but the effect of exosomes was stronger. Therefore, we concluded 
that STB EV may be involved in mediating the activation of monocytes and granu-
locytes, and therefore the systemic inflammatory state during normal pregnancy. 
Other factors may be responsible for the exaggerated inflammatory state during 
preeclampsia. Furthermore, the stronger effect of exosomes compared to STB MV 
may be based on a differential molecular load of both STB EV fractions.
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Introduction

 The placenta has an important function in pregnancy, not only in the ex-
change of nutrition, gasses and waste products between mother and fetus, but 
also in adapting the maternal physiology to pregnancy.[1,2] To do so, the placenta 
produces various factors, such as hormones, cytokines and syncytiotrophoblast ex-
tracellular vesicles (STB EV). STB EV are membrane-coated vesicles released from 
the syncytiotrophoblast into the maternal blood, where they can reach their target 
maternal cells.[1,3] In general, extracellular vesicles can be subdivided into several 
classes [4,5]], but placental STB EV are mainly subdivided into syncytiotrophoblast 
microvesicles (STB MV), and exosomes. 
 STB MV are 200 nm to 1000 nm in size and are shed from the apical plasma 
membrane of the syncytiotrophoblast. Exosomes are nanovesicular structures of 
30 nm to 100 nm in size and are formed in intracellular multivesicular bodies and 
released by fusion with the syncytiotrophoblast plasma membrane.[3,6] Both STB 
MV and exosomes carry a molecular load representative for the their placental or-
igin, with which they can affect the function of maternal cells. They share a large 
portion of this molecular load, however, both vesicle fractions also show distinct 
markers which suggests that a part of their proteome is unique to either STB MV or 
exosomes.[3,6,7] Therefore, STB MV and exosomes are thought to have different 
functions.
It has been shown, that the release of STB EV is increased during pregnancy-com-
plications such as preeclampsia (PE).[8] PE is a symptom complex affecting 2 – 5 % 
of pregnancies and causing the death of approximately 76,000 women and 500,000 
infants per year worldwide.[9] PE is characterized by new-onset hypertension and 
proteinuria in the second half of pregnancy.[10] A shallow placentation and insuf-
ficient remodeling of spiral arteries may cause hypoxia and reperfusion injury in 
the placenta which is thought to increase the secretion of diverse placental factors, 
such as STB EV, that in turn lead to an activation and dysfunction of the endotheli-
um and systemic inflammation in the maternal body.[10] Not only the number of 
STB EV is increased in preeclampsia, it has also been suggested that the molecular 
load of STB EV from preeclamptic placentae differs from that of STB EV from normal 
placentae,[11] which may indicate an altered function of STB EV during PE. 
 The immune response is one of the physiological functions that is largely 
altered in pregnancy and even more in PE. Changes have been shown in both the 
adaptive and the innate immune response.[12–15] Monocytes and granulocytes 
are a part of the innate immune response and have been shown to be both in-
creased in number and phenotypically activated during pregnancy, characterized 
by upregulation of activation markers such as CD11b.[13,16] According to their ex-
pression of the lipopolysaccharide receptor (CD14) and of the low affinity Fc re-
ceptor (CD16), monocytes can be subdivided into classical (CD14++ CD16-), inter-
mediate (CD14++CD16+) and non-classical (CD14+CD16+).[17] During pregnancy, 
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a shift from the classical towards the intermediate subsets has been observed.[12] 
In PE, these effects have been described to be even more pronounced than in nor-
mal pregnancy. Here, intermediate monocytes are even more increased compared 
non-pregnant status and normal pregnancy [12] and monocytes and granulocytes 
are activated stronger than in normal pregnancy [13]. It is believed, that placental 
factors or direct contact of monocytes with the placenta are responsible for the 
activation during pregnancy and PE.
 In the present study, we questioned whether STB EV from healthy pregnant 
women are able to activate monocytes and granulocytes in vitro and to induce a 
shift from classical monocytes towards intermediate monocytes. Since STB MV and 
exosomes may have different functions, we studied the effect of STB MV and ex-
osomes separately. Secondly, we tested the hypothesis that STB MV and exosomes 
from preeclamptic placentae have a different function from normal pregnant STB 
MV and exosomes.
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Materials Methods

Ex vivo placenta perfusion

 Experiments with placental tissue were approved by the ethics committee 
of the University Hospital Jena, Germany. Four placentae from healthy pregnan-
cies and two placentae from preeclamptic women were collected after informed 
consent immediately after vaginal delivery or elective caesarian section. A proper 
cotyledon was chosen macroscopically and ex vivo double-sided placenta perfusion 
commenced within 20 min after receipt of the placenta. Perfusion suspension was 
composed of 1 l NCTC-135 (with L-glutamine, without phenol red, without vitamin 
B12, without sodium hydrogen carbonate, AppliChem GmbH) with 0.5 l Earl’s buffer, 
60 g bovine serum albumin (MP Biomedicals LLC), 15 g Dextran (FP 40, SERVA elec-
trophoresis GmbH), 2 g D-Glucose (water-free, Merck KGaA), 0.38 g Amoxicillin (Sig-
ma-Aldrich Chemie GmbH) and 0.75 ml Heparin (Heparin-Natrium-25.000, 25,000 
i.E./5 ml, Rathiopharm GmbH). Earl’s buffer contained 111.225 mM NaCl (Carl Roth 
GmbH + Co.KG), 5.365 mM KCl (Merck KGaA), 1.015 mM NaH2PO4 (Merck KGaA), 
26.187 mM NaHCO3 (Merck KGaA), 811.425 µM MgSO4*7 H2O (Merck KGaA), 
1.36 mM CaCl2*2 H2O (Merck KGaA). The perfusion suspension was filtered using 
a 0.8/0.2 µm filter (AcroPak™ 200 Capsules with Supor® Membrane, Pall Corpora-
tion), adjusted to pH = 7.4 with NaOH (Carl Roth GmbH + Co.KG) and frozen to -20 
°C until ex vivo perfusion of an isolated placental cotyledon. 
 To perfuse the fetal circulation, cannulas were introduced into the fetal 
main vein and artery of the cotyledon and perfusion started with 0.3 mL/min per-
fusion speed, using perfusion suspension, which was purged with 95 % nitrogen / 
5 % carbon dioxide. After connecting the maternal circulation, the flow was slowly 
increased to its final speed at 3 mL/min to avoid pressure peaks. To perfuse the 
maternal circulation, the cotyledon was put into a perfusion chamber and cannulas 
were introduced into the intervillous space by cautious penetration of the decid-
ua. The maternal circuit was perfused at 12 mL/min and perfusion suspension was 
purged with technical air. After a 30 min rinsing period, perfusion was performed 
for 120 min, the perfusion suspension was collected and centrifuged for 10 min at 
380 g at room temperature (RT) to pellet cells. The supernatant was frozen at -80 °C 
until separation of STB MV and exosomes. 

Quantification of STB EV

 We aimed to stimulate blood samples with STB MV and exosomes with 
a concentration present in plasma from late pregnant women (36 +/-1 weeks of 
gestation). Recently, we quantified the peripheral STB EV concentration (consisting 
of STB MV and exosomes) in plasma from women at 36 (+/-1) weeks of gestation 
(manuscripts in preparation, see chapter 3 of this thesis) using the enzyme-linked
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sorbent assay as previously described.(31) We assume that the ratio of STB MV to 
exosomes is similar in plasma from late pregnant women and the perfusion suspen-
sion. STB EV were quantified in the supernatant of the perfusion suspension using 
the enzyme-linked sorbent assay as previously described.(31). The concentration of 
STB EV was adjusted to the concentration in late pregnant plasma for the stimula-
tion of whole blood with perfusion-derived STB MV or exosomes.

Separation of syncytiotrophoblast microvesicles and exosomes from perfused per-
fusion suspension

 To pellet cell debris, 38 ml of the perfusion suspension was centrifuged for 
10 min at 10.000 g at 4 °C (Figure 1). All following centrifugations were performed 
in ultra-clear centrifuge tubes (Beckman Coulter, Krefeld, Germany). STB MV were 
pelleted for 30 min at 18.900 g at 4 °C and the supernatant was filtered with a 
0.8/0.2 µm double filter (Acrodisc PF 32 mm Syringe Filter with 0.8/0.2 µm Supor 
Membrane, Pall Corporation, Port Washington, NY, USA). Exosomes were pelleted 
from the filtrate by ultra-centrifugation for 70 min at 100.000 g at 4 °C to pellet 
exosomes. The STB MV pellet and exosome pellet were each washed in 1 % BSA 
(Fraction V, MP Biomedicals LLC, Solon, OH, USA) in 0,05 % Tween20-PBS (Polyox-
yethylene(20)-sorbitan-monolaurate, Dulbecco’s phosphate buffered saline; both 
Sigma-Aldrich Chemie GmbH, Hamburg, Germany) and pelleted again for 30 min at 
18.900 g at 4 °C or for 70 min at 100.000 g at 4 °C, respectively. Pellets were re-sus-
pended in 200 µl of 1 % BSA in 0,05 % Tween20-PBS (pH = 7,4 Gibco, Thermo Fisher 
Scientific Inc., Waltham, MA, USA), aliquoted and stored at -80 °C until usage.

Perfusion suspension

Supernatant

Supernatant

Filtrate

Exosome pellet

Exosome pellet

STB MV pellet

STB MV pellet Filtration 0.2/0.8 µm

10,000 g, 10 min

18,900 g, 30 min

Wash step
100,000 g, 70 min

cell debris

Wash step
18,900 g, 30 min

100,000 g, 70 min

Figure 1: Centrifugation protocol for the isolation of STB MV and exosomes from suspension after ex vivo pla-
centa perfusion
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Blood stimulation and flow cytometric analysis

 This study was approved by the medical ethical committee of the University 
Medical Centre Groningen. Blood samples for stimulation were collected after in-
formed consent at day 5, 6 or 7 of the current cycle from healthy nulligravida between 
18 and 40 years of age, with a body-mass-index between 18 and 30. Exclusion criteria 
were smoking, usage of an intra-uterine device, infertility, immune-related disorders, 
flu-like symptoms within four weeks before blood donation, and use of medication 
other than folic acid or oral contraceptives. The blood was collected in lithium-heparin 
tubes (Lithium-Heparin, BD Vacutainer, LH 170 I.U., BD, Plymouth, United Kingdom).
 STB MV and exosomes from each placenta were used to stimulate blood 
from 3 different donors for 24 h at 37 °C, 5 % CO2. Blood was aliquoted into 12 well 
plates at 3 ml per well and stimulated with STB MV or exosomes adjusted to the 
peripheral plasma concentration in late pregnancy (see Quantification of STB EV). 
Since STB MV and exosomes were re-suspended in 1 % BSA (Sigma-Aldrich Chemie 
GmbH) in 0,05 % Tween20-PBS (Phosphate-buffered saline, pH = 7,4 Gibco, Thermo 
Fisher Scientific Inc., Waltham, Massachusetts, United States of America) equiva-
lent volumes of 1 % BSA in 0,05 % Tween20-PBS were applied as control.
 After the stimulation, whole blood was diluted in an equivalent volume 
of RPMI 1640 medium (Gibco, Thermo Fisher Scientific Inc., Waltham, Massachu-
setts, United States of America) and red blood cells were lysed by two times incu-
bation in ammonium chloride buffer (155.17 mM NH4Cl, 9.99 mM KHCO3, 0.56 
mM C10H18N2Na2O10, Clinical Pharmacy, University Medical Center Groningen, 
Groningen, The Netherlands) at 10 mL per 1 mL whole blood for 10 min at 4 °C. All 
centrifugation steps were performed for 4 min at 4 °C at 560 g. Cells were re-sus-
pended in wash buffer (PBS with 2 % fetal calf serum, Greiner Bio One International 
GmbH, Alphen a/d Rijn, The Netherlands), filtered (Falcon® 5mL Round Bottom Pol-
ystyrene Test Tube, with Cell Strainer Snap Cap, 35 µm nylon mesh, Corning, Corn-
ing, NY, USA) and counted with a TC20™ Automated Cell Counter (BioRad, Hercules, 
California, United States of America). Per staining, 1,000,000 cells were blocked in 
wash buffer with 20 % rat serum (Normal Rat Serum, Jackson ImmunoResearch 
Laboratories, Inc., West Grove, Pennsylvania, United States of America) for 20 min 
at 4 °C. Next, cells were stained in the dark for 30 min at 4 °C in 50 µL of the an-
tibody mix or an isotype mix at the same antibody concentration: 2.5 µL anti-hu-
man-CD14 eFlour450 (clone 61D3, isotype mouse IgG1k), 5 µL anti-human-CD16 
PE (clone eBioCB16, isotype mouse IgG1k), 3 µL anti-human-CD115 PE-Cy7 (clone 
12-3A3-1B10, isotype rat IgG2ak), 1 µL anti-human-CD66b APC (clone G10F5, iso-
type mouse IgM), 1 µL anti-human-CD11b FITC (clone ICR44, isotype mouse IgG1k) 
(all eBioscience, Affymetrix, San Diego, California, United States of America) in wash 
buffer with 5 % rat serum. Unstained control was incubated in wash buffer with 
5 % rat serum only. Flow cytometric analysis was performed on a BD FACSVERSE 
flow cytometer (BD Biosciences, Franklin Lakes, New Jersey, United States of 
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America). The gating strategy for flow cytometric analysis was as shown in Figure 2. 

Statistics

 STB EV from each placenta were used to stimulate blood from 3 different 
donors. Donors differed within the group of healthy placentae (nplacenta = 4, ndonor = 
12) and within the group of PE placentae (nplacenta = 2, ndonor = 6). To compare the 
effects of STB MV and exosomes to control and to each other, the non-parametric 
Friedman test for related samples was run first. Groups (% of gated cells or expres-
sion intensity), which reached p<0.05 in the Friedman test were reanalyzed with the 
non-parametric Wilcoxon signed rank test for two related samples to compare the 
treatments: control versus STB MV, or control versus exosomes, or STB MV versus 
exosomes. P-values below 0.05 were considered significant. Outliers were identified 
based on their standard score following the rules for critical values of the Grubbs 
test.
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Figure 2: Gating strategy for the flow cytometric analysis of monocytes and granulocytes after stimulation with 
normal syncytiotrophoblast extracellular vesicles
Based on the size (FSCA) and granularity (SSCA), lymphocytes, monocytes and granulocytes have been identified. 
Monocytes and granulocytes have been gated together (Monocytes&Granulocytes) and further subdivided accord-
ing to the expression of the granulocyte marker CD66b and monocyte/ macrophage marker CD115. Monocytes 
have been further subgrouped into classical, intermediate and non-classical monocytes according to their expres-
sion of CD14 and CD16. Granulocytes, classical monocytes, intermediate monocytes and non-classical monocytes 
have been further gated according to their expression of the activation marker CD11b.
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Results

 STB MV and exosomes from normal placentae affect numbers of 
monocyte subpopulations.

 In control stimulation of whole blood, we observed about 80 % of classical 
monocytes, about 10 % of intermediate monocytes and about 5 % of non-classical 
monocytes (Figure 3). The stimulation of whole blood with either STB MV or ex-
osomes from normal placentae induced a significant reduction of the percentage 
of classical monocytes (Figure 3). Moreover, both STB MV and exosomes increased 
the number of intermediate monocytes, with no effect on non-classical monocytes. 
Also, the percentage of granulocytes remained stable after stimulation with STB MV 
or exosomes from normal placentae compared to control (Figure 3).
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Figure 3: Percentage of monocytes subsets, granulocytes and activated cells after stimulation with normal syn-
cytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with normal syncytiotrophoblast microvesicles (STB MV) or exosomes and 
the percentage of classical monocytes (CM), intermediate monocytes (IM), non-classical monocytes (NCM) and 
granulocytes (G) was analyzed flow cytometric. Wilcoxon Signed Rank test: * p<0,05, ** p<0,01

 STB MV and exosomes from normal placentae increase the granularity of 
monocyte subpopulations and granulocytes.

 In control stimulation of whole blood, the monocyte subpopulations and 
granulocyte population formed a distinct population of cells (Figure 4). In contrast, 
the stimulation with either STB MV or exosomes from normal placentae induced 
a shift in the side scatter characteristics of classical and intermediate monocytes 
and granulocytes (Figure 4). The side scatter characteristics of the monocyte sub-
populations and granulocytes following incubation with STB MV and exosomes is 
shown in Figure 5. STB EV from normal placentae significantly increased the side 
scatter of classical and intermediate monocytes and granulocytes. Additionally, the
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stimulation with normal exosomes increased the side scatter of classical, intermedi-
ate and non-classical monocytes and granulocytes (Figure 5). While the side scatter 
was increased following stimulation with STB MV or exosomes, the forward scatter 
remained unaffected by the stimulation. Also, the side scatter of the granulocytes 
was significantly increased after stimulation with either STB MV or exosomes from 
normal placentae (Figure 5). With respect to the increase of the side scatter, the 
effect of exosomes from normal placentae was significantly stronger than the effect 
of STB MV from normal placentae. This increased granularity may suggest an in-
creased activation of monocytes and granulocytes, which was tested next. 
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Figure 4: Forward (FSC) and sideward scatter (SSC) dot plots of classical, intermediate and non-classical mono-
cytes and granulocytes after stimulation with normal syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with normal syncytiotrophoblast microvesicles (STB MV) or exosomes and 
analyzed flow cytometric. The stimulation induced a shift of the populations of classical, intermediate and non-clas-
sical monocytes as well as granulocytes due to an increase of the side scatter(SSC).
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 STB EV from normal placentae activate classical and intermediate mono-
cytes and granulocytes.

 In control stimulations, about 96 % of classical monocytes, about 90 % of 
intermediate and about 11 % of non-classical monocytes were CD11b+ (Figure 6). 
The stimulation of whole blood with STB MV from normal placentae did not affect 
the percentage of CD11b positive monocytes. However, stimulation with exosomes 
led to a significant reduction of the percentage of CD11b+ intermediate monocytes 
compared to control and STB MV (Figure 6). The expression intensity of CD11b+ was 
increased on classical and intermediate monocytes after stimulation with both STB 
MV or exosomes from normal placentae while non-classical monocytes remained 
unaffected. Furthermore, stimulation of whole blood with STB MV and exosomes 
from normal placentae increased the percentage of CD11b+ granulocytes and the 
expression intensity of CD11b on granulocytes significantly (Figure 6). With respect 
to CD11b expression intensity, the effect of exosomes from normal placentae was 
significantly stronger than the effect of STB MV from normal placentae. 

 STB MV and exosomes from preeclamptic placentae affect numbers of 
monocyte subpopulations.

 The stimulation of whole blood with exosomes from preeclamptic placen-
tae induced a significant reduction of the percentage of classical monocytes (Fig-
ure 7). Also, the stimulation with either STB MV or exosomes from preeclamptic 
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Figure 5: Forward (FSC) and sideward scatter (SSC) of classical, intermediate and non-classical monocytes and 
granulocytes after stimulation with normal syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with normal syncytiotrophoblast microvesicles (STB MV) or ex-
osomes and the FSC and SSC of classical monocytes (CM), intermediate monocytes (IM), non-classi-
cal monocytes (NCM) and granulocytes (G) were analyzed flow cytometric. Wilcoxon Signed Rank test:
* p<0,05, ** p<0,01
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placentae significantly increased the percentage of intermediate monocytes but did 
not have an effect on the percentage of non-classical monocytes. The percentage of 
granulocytes was also not affected by stimulation with either STB MV or exosomes 
from preeclamptic placentae (Figure 7). 

 STB MV and exosomes from preeclamptic placentae increase the granu-
larity of monocyte subpopulations and granulocytes.

 The stimulation of whole blood with either STB MV or exosomes from preec- 
lamptic placentae significantly increased the side scatter of classical and interme-
diate monocytes (Figure 8), but the forward scatter remained unaffected. Also, the 
stimulation with exosomes from preeclamptic placentae  significantly increased the 
side scatter of non-classical monocytes and granulocytes (Figure 8). With respect to 
the increase of the side scatter, the effect of exosomes from preeclamptic placentae 
was significantly stronger than the effect of STB MV from preeclamptic placentae.

 
 STB MV and exosomes from preeclamptic placentae activate monocytes.

 Although the percentage of CD11b+ classical and intermediate monocytes 
were not affected by either STB MV or exosomes from preeclamptic placentae, 
stimulation of whole blood with STB MV from preeclamptic placentae slightly, but 
significantly increased the percentage of CD11b+ non-classical monocyte (Figure 9). 
The CD11b expression intensity was significantly increased on classical monocytes 
after stimulation with STB MV and exosomes from preeclamptic placentae and on 
intermediate monocytes after stimulation with exosomes from preeclamptic pla-
centae. No effect of STB MV or exosomes from preeclamptic placentae was seen 
on CD11b expression intensity on non-classical monocytes. Additionally, the stimu-
lation with exosomes from preeclamptic placentae significantly increased the per-
centage of CD11b+ granulocytes as well as the CD11b expression intensity on those 
granulocytes (Figure 9). With respect to CD11b expression intensity, the effect of 
exosomes from preeclamptic placentae was significantly stronger than the effect of 
STB MV from preeclamptic placentae.
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Figure 6: Expression intensity of CD11b on monocytes and granulocytes after stimulation with normal syncyti-
otrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with normal syncytiotrophoblast microvesicles (STB MV) or exosomes. The 
percentage of CD11b+ cells as well as the expression intensity of CD11b+ was analyzed by flow cytometry on gated 
classical monocytes (CM), intermediate monocytes (IM), non-classical monocytes (NCM) and granulocytes (G). 
Wilcoxon Signed Rank test: * p<0,05, ** p<0,01

Figure 7: Percentage of monocytes subsets, granulocytes and activated cells after stimulation with preeclamptic 
syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with preeclamptic syncytiotrophoblast microvesicles (STB MV) or exosomes 
and the percentage of classical monocytes (CM), intermediate monocytes (IM), non-classical monocytes (NCM) 
and granulocytes (G) was analyzed flow cytometric as. Wilcoxon Signed Rank test: * p<0,05, ** p<0,01
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Figure 8: Forward (FSC) and sideward scatter (SSC) of classical, intermediate and non-classical monocytes and 
granulocytes after stimulation with preeclamptic syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with preeclamptic syncytiotrophoblast microvesicles (STB MV) or exosomes. 
The percentage of CD11b+ cells as well as the expression intensity of CD11b+ was analyzed by flow cytometry on 
gated classical monocytes (CM), intermediate monocytes (IM), non-classical monocytes (NCM) and granulocytes 
(G). Wilcoxon Signed Rank test: * p<0,05, ** p<0,01

Figure 9: Expression intensity of CD11b on monocytes and granulocytes after stimulation with preeclamptic 
syncytiotrophoblast extracellular vesicles 
Whole blood was stimulated for 24 h with preeclamptic syncytiotrophoblast microvesicles (STB MV) or exosomes 
and the FSC and SSC of classical monocytes (CM), intermediate monocytes (IM), non-classical monocytes (NCM) 
and granulocytes (G) were analyzed flow cytometric. Wilcoxon Signed Rank test: * p<0,05, ** p<0,01
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Discussion

 Based on their different mode of formation and molecular load, it has been 
suggested that microvesicles and exosomes have different functions.[6] In the pres-
ent paper, we studied the effects of placental microvesicles (STB MV) and exosomes 
on the activation of monocytes and granulocytes. To our knowledge, we are the first 
to directly compare the effects of STB MV and exosomes derived from the same 
placentae. We incubated whole blood samples of non-pregnant women with phys-
iological levels of STB MV or exosomes in uncomplicated pregnancies and studied 
the effect of these vesicles on monocytes and granulocytes. 
 Our data show that both STB MV and exosomes from normal placentae de-
crease the number of classical monocytes and increase the number of intermediate 
monocytes in blood samples of non-pregnant women to a similar extend. As we in-
cubated blood samples with the STB MV or exosomes, the increase in intermediate 
monocytes cannot be accounted for by recruitment from the bone marrow. There-
fore, our data are in line with the suggestion that classical monocytes can mature 
into intermediate and possibly non-classical monocytes in the peripheral circula-
tion [17]. We suggest that our recent finding of monocyte maturation from classical 
monocytes to intermediate monocytes during healthy pregnancy [12] may be, at 
least partly, due to STB MV and placental exosomes. The mechanism, however, by 
which the STB MV and exosomes affect monocyte maturation cannot be deduced 
from the present study and remains to be investigated. Nevertheless, other groups 
showed that STB MV may not only bind to monocytes but even are phagocytosed 
by monocytes, which is related to the induction of e.g. the expression of diverse cy-
tokines, both type-1 and type-2 but with a dominance of pregnancy-favoring type-2 
immunity.[18,19]
 Not only monocyte maturation was affected, but also monocyte subpop-
ulations were activated differentially by both normal STB MV or exosomes. We 
showed that STB MV increased the side scatter of both classical and intermediate 
monocytes. Increased side scatter characteristics indicate increased granulation of 
the cells, which is a sign of activation and differentiation of monocytes into mac-
rophages.[20] Indeed, STB MV increased the expression of the activation marker 
CD11b on these subpopulations of monocytes. Also in vivo, increased expression 
of CD11b and other activation markers, such as CD14 and CD64, have been de-
scribed on peripheral monocytes of pregnant women compared to non-pregnant 
women.[13,16] CD11b is known to be an important mediator of leucocyte adhe-
sion, enabling leucocyte migration into specific tissues and in the case of mono-
cytes also initiates differentiation into macrophages.[21] Monocytes have been de-
scribed to refresh the pool of tissue macrophages by invading into specific tissues 
where they can differentiate into macrophages upon activation, with and without 
an intermediate differentiation step into dendritic cells.[17,22] During differenti-
ation into macrophages, monocytes usually start expressing CD16 but lose their 
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 CD14 expression and it has been suggested, that predominantly CD14+CD16+ 
non-classical monocytes differentiate into macrophages.[17,20] However, a large 
percentage of decidual macrophages has been shown to be strongly positive for 
CD14 [23], suggesting that especially CD14++ monocytes are recruited to differen-
tiate into decidual macrophages. Based on this hypothesis, the increased CD11b 
expression and granularity of CD14++ classical and intermediate monocytes in re-
sponse to the stimulation with STB EV suggests an increased adhesion, migration 
and differentiation potential of classical and intermediate monocytes. In combina-
tion with the described data, our experiments indicate that the placenta may di-
rectly stimulate these monocyte subsets with STB EV to initiate differentiation into 
pregnancy-supportive anti-inflammatory decidual macrophages.
 STB MV and exosomes from normal placentae also induced an increase of 
the side scatter and CD11b expression in granulocytes. It has been described by 
Sacks et al. that in healthy pregnancy, granulocytes are activated [13], characterized 
by, amongst others, increased CD11b expression [13,24]. Our results thus suggest, 
that STB MV and exosomes from normal placentae may also play a role in the granu-
locyte activation (like with monocytes) and thus, modulate granulocytes to support 
the tolerant state during pregnancy. The mechanism of activation remains obscure, 
however, a study by Lampé et al. suggests that neutrophils might be involved in the 
phagocytosis of STB EV and therefore in STB EV clearance from the maternal blood 
[25]. This could additionally lead to activation of the granulocytes. However, to our 
knowledge, a direct interaction of STB EV with granulocytes has not been shown 
yet. In a murine model, granulocytes have been shown to interact with lung-derived 
exosomes [26], indicating that an interaction with STB EV is highly possible. 
 Our data show that both STB MV and exosomes from normal placentae 
activate monocytes and granulocytes, however the effect of exosomes seems to be 
stronger. Unique markers for microvesicles and exosomes are existing [3,6], indicat-
ing that the molecular load of STB MV and exosomes might be partially unique to 
either fraction. This may explain the increased effects of exosomes. The ratio of STB 
MV over exosomes in healthy pregnancy is unknown at this moment. However, our 
own unpublished data (using NanoSight analysis) on STB MV and exosomes indicate 
that, at least from the perfused placenta, the ratio of secreted STB MV over exosomes 
is about 1. Therefore in our study, it is unlikely that differences in numbers between 
STB MV and exosomes can explain the different effects of these types of vesicles. 
Despite the fact that the molecular load of STB EV from preeclamptic placentae is 
different from that of STB EV from normal placentae [11], our data do not indicate 
a functional difference of STB EV from preeclamptic placentae versus STB EV from 
normal placentae. STB EV from preeclamptic placentae decreased the number of 
classical monocytes and increased the number of intermediate monocytes to the 
same extend as STB EV from healthy placentae. Moreover, exosomes from preec-
lamptic placentae induced an increase in granularity of all three monocyte subsets 
and granulocytes as well as increased CD11b expression on classical and interme
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diate monocytes and granulocytes, also to the same extend as exosomes from 
healthy placentae did. However, during PE, our group recently observed in vivo a 
decrease in classical monocytes and an increase in intermediate monocytes as com-
pared to healthy pregnancy [12]. Moreover, others found an increased activation of 
monocytes in PE as compared with healthy pregnancy.[13,24] Therefore, our data 
suggest that during healthy pregnancy STB EV may induce the pregnancy-associat-
ed monocyte and granulocyte activation, but that during PE the STB EV are not in-
volved in the further activation of monocytes and granulocytes. Other mechanisms 
may be involved. One of these mechanisms may be the increased number of STB 
EV in preeclamptic pregnancies versus normal pregnancies.[8,27] In our study, we 
compared the effects of equal amounts of normal and preeclamptic STB EV. The 
effects of different numbers of STB EV remain to be established. However, also the 
secretion of other factors (e.g. proteins like Soluble fms-like tyrosine kinase-1) may 
be involved in the induction of the exaggerated inflammatory response during PE.
 In conclusion, we showed that STB MV and exosomes from normal pla-
centae have an immune-regulatory function by inducing a monocyte subset shift 
from classical to intermediate monocytes and an activation of monocyte and 
granulocytes. Although it is assumed that microvesicles and exosomes might 
show different functions due to their divergent mode of formation and mo-
lecular load, STB MV and exosomes exhibited a similar effect on monocytes 
and granulocytes in our study. However, STB MV and  exosomes from preec-
lamptic placentae were not able to induce the exaggerated phenotypical alter-
ations in monocytes and granulocytes which have been observed during PE. 
Other factors must be responsible for this effect and need further research. 
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Syncytiotrophoblast extracellular vesicles mediate a 
tolerance-inducing phenotype in lymphocytes

Abstract

 Extracellular vesicles are produced by a plethora of cells during health and 
disease. In pregnancy, extracellular vesicles might be involved in the immune ad-
aptation of the maternal body towards the semi-allogenic fetus, but they are also 
under suspicion of being engaged in the pathophysiology of the pregnancy-com-
plication preeclampsia. In this study, we examined the influence of syncytiotroph-
oblast microvesicles and exosomes on human lymphocytes to shed light on their 
potential immune involvement in normal and preeclamptic pregnancy. We stimu-
lated whole blood of healthy, nulliparous women with physiologic peripheral plas-
ma concentrations of syncytiotrophoblast microvesicles or exosomes from normal 
and preeclamptic placentae. The stimulation with syncytiotrophoblast extracellular 
vesicles from normal placentae induced an activation (increased CD69 expression) 
of CD8- and CD8+ T cells, regulatory (FoxP3) and memory (CD45RO) T cells as well 
as an activation (perforin, granzyme B) of natural killer T cells and CD16+CD56++ 
natural killer cells. Syncytiotrophoblast microvesicles and exosomes induced similar 
effects, but the effect of exosomes was significantly stronger. This may be due to a 
partially different molecular load of the two extracellular vesicle subtypes. Syncyti-
otrophoblast extracellular vesicles from preeclamptic placentae failed to induce the 
tolerant phenotype in lymphocytes compared to the vesicles from normal placen-
tae. We suggest that the normal placenta uses syncytiotrophoblast microvesicles 
and exosomes to induce a fetus-tolerant state in the maternal immune system and 
a protection by memory Treg cells. The preeclamptic vesicles might have lost this 
protective function, causing a deficit of regulatory cells and therefore the exagger-
ated inflammatory state in the maternal organism during preeclampsia.



79

5 5

Syncytiotrophoblast extracellular vesicles mediate a 
tolerance-inducing phenotype in lymphocytes

Introduction

 Extracellular vesicles (EV) are small membrane-coated particles which are 
formed by diverse cells, such as endothelial cells, platelets or tumor cells, and are 
present during health and disease in all body fluids.[1–3] Definitions of EV vary be-
tween researchers, but usually they are subdivided into several groups according 
to their size and way of formation.[4] Often, EV are subdivided into three groups: 
1. relatively large macrovesicles or apoptotic bodies, 1 to 5 µm in size; 2. microve-
sicles (MV) 100 to 1000 nm in size and budding from the plasma membrane; and 
3. small nanovesicular exosomes, 30 to 100 nm in size and mostly formed inside 
intracellular multivesicular bodies which fuse with the plasma membrane to re-
lease the exosomes.[5,1] As discussed in several reviews [1–3,5], EV fulfill diverse 
functions related to angiogenesis, cell survival, coagulation, waste management, 
cell communication and immune adaptation. It is expected that macrovesicles, MV 
and exosomes have individual functions, differing from each other.[5,1] Particularly 
interesting is their immunologic function. It has been shown, that tumor-derived 
MV may contribute to the establishment of an immune-privileged side to protect 
the tumor from the hosts immune system by upregulation of regulatory T (Treg) 
cells.[6] Furthermore, exosomes might provide an immune regulatory advantage 
for recipients of organ transplants by mediating allograft tolerance.[7] Also during 
pregnancy, EV are believed to be involved in the immune adaptation of the mater-
nal body to the semi-allogenic fetus and placenta.[3]
 During pregnancy, diverse immune changes can be observed in the ma-
ternal body which ensure the successful establishment and maintenance of preg-
nancy. These adaptations of the maternal immune system lead to changes in the 
immune balance during pregnancy, with an increased systemic inflammatory state 
of the maternal body, while at the local, placental level immune suppression is 
induced.[8–10] In peripheral blood, it has been shown that the number and ac-
tivation of monocytes and granulocytes is increased in pregnancy [8,11] and that 
the phenotype of monocytes is shifted from CD14++CD16- classical monocytes to 
CD14++CD16+ intermediate and CD14+CD16++ non-classical monocytes [12]. As a 
sign of immunoregulation, Treg have been found to be increased during pregnancy, 
both in peripheral blood and locally at the placenta, mediating tolerance towards 
the fetus in human [13] and mice [14]. T helper (Th) cells show a shift of the Th1/
Th2 ratio towards Th2 cells.[15] In contrast, natural killer (NK) cells are reduced in 
pregnancy, but together with natural killer T (NKT) cells also show a shift to the 
production of Type2 cytokines.[16–18] The syncytiotrophoblast (STB), as the outer 
fetal layer of the placenta facing the maternal blood, secretes STB macrovesicles, 
MV and exosomes which enter the maternal blood to reach their target cells, e.g. 
maternal immune cells.[3,19] The number of STB EV increases during the course of 
pregnancy [20], suggesting that these STB EV may involve in immune adaptation to 
pregnancy.
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 STB EV are strongly associated with the pathophysiology of preeclampsia 
(PE), a severe pregnancy-complication occurring in 3-5% of the pregnancies.[21,22] 
PE is characterized by its major symptoms hypertension and proteinuria; but also 
by a shallow placentation associated with reduced blood flow to the placenta and 
oxidative stress as well as local hypoxia in the placenta; endothelial dysfunction and 
an exaggerated inflammatory state in the maternal body.[23] For example, mono-
cytes are further activated compared with normal pregnancy. The numbers of Treg 
cells are reduced peripherally [24] and locally in the decidua [25] and the immunity 
is affected by a type 1 shift in Th, NK and NKT cells as compared to normal preg-
nancy.[12,16,26] It has been shown that the amount of STB EV is increased during 
PE compared to normal pregnancy [27] and that the molecular load of STB EV from 
normal and preeclamptic placentae differs from each other.[28] 
 In this study, we analyzed the impact of STB EV on peripheral lymphocyte 
subpopulations to shed light on whether STB EV might be involved in the immune 
adaptations as apparent both in normal and preeclamptic pregnancy. We compared 
the function of STB MV and exosomes gathered separately from the same placen-
tae to each other to assess a potentially different functional profile of both STB EV 
groups. Since STB EV seem to have a functional involvement in the pathophysiol-
ogy of PE, we also compared STB EV from normal and preeclamptic placentae to 
each other to clarify a potential change of function from normal to diseased STB 
EV. Therefore, whole blood of non-pregnant female volunteers was incubated with 
or without STB MV or exosomes from normal placentae or from preeclamptic pla-
centae. Using flow cytometry, we measured the percentual distribution of CD8- and 
CD8+ T cells (CD3+), Treg cells (FoxP3+), Th cells (Th1 - T-bet+, Th2 - CD294+ and 
Th17 - RoRgt+), NKT cells (CD3+CD56+) and NK cells (CD16++CD56+, CD16+CD56++). 
Additionally, we measured the activation (CD69) and memory function (CD45RO) of 
T cells, and, as it has been described that NK and NKT cells express perforin and 
granzyme B to mediate their functions [29,30], the expression of perforin and gran-
zyme B on NK and NKT cells.
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Materials and Methods

Ex vivo placenta perfusion

 Experiments with placental tissue were approved by the ethics committee 
of the University Hospital Jena, Germany and informed consent was obtained from 
women involved. Four normal and two preeclamptic placentae were collected after 
vaginal delivery or elective caesarian section and ex vivo placenta perfusion began 
within 20 min after delivery. Perfusion suspension was composed as follows: per 1 
l NCTC-135 (with L-glutamine, without phenol red, without vitamin B12, without 
sodium hydrogen carbonate, AppliChem GmbH) 0.5 l Earl’s buffer, 60 g BSA (MP 
Biomedicals LLC), 15 g dextran (FP 40, SERVA electrophoresis GmbH), 2 g D-glu-
cose (water-free, Merck KGaA), 0.38 g Amoxicillin (Sigma-Aldrich Chemie GmbH) 
and 0.75 ml heparin (Heparin-Natrium-25.000, 25,000 i.E./5 ml, Ratiopharm GmbH) 
were added. Earl’s buffer contained 111.225 mM NaCl (Carl Roth GmbH + Co.KG), 
5.365 mM KCl (Merck KGaA), 1.015 mM NaH2PO4 (Merck KGaA), 26.187 mM NaH-
CO3 (Merck KGaA), 811.425 µM MgSO4*7 H2O (Merck KGaA), 1.36 mM CaCl2*2 
H2O (Merck KGaA). The pH of the perfusion suspension was adjusted to pH = 7.4 
with NaOH (Carl Roth GmbH + Co.KG), the suspension was filtered using a 0.8/0.2 
µm filter (AcroPak™ 200 Capsules with Supor® Membrane, Pall Corporation) and 
frozen at -20 °C until ex vivo perfusion of an isolated cotyledon. A proper cotyledon 
was chosen macroscopically and cannulas were introduced into the fetal main vein 
and artery of the cotyledon to perfuse as during fetal circulation. Perfusion start-
ed with 0.3 mL/min perfusion speed, using perfusion solution purged with 95 % 
nitrogen/5 % carbon dioxide. The cotyledon was put into a perfusion chamber and 
cannulas were introduced into the intervillous space by cautious penetration of the 
decidua to perfuse the maternal circulation. The maternal circuit was perfused at 
12 mL/min with perfusion suspension purged with technical air. After connecting 
the maternal circulation, the fetal flow was slowly increased to its final speed at 3 
mL/min to avoid pressure peaks. After a 30 min rinsing period, perfusion was per-
formed for 120 min, the perfusion suspension was collected and centrifuged for 10 
min at 380 g at room temperature (RT) to pellet cells. The supernatant was frozen 
at -80 °C until separation of STB MV and exosomes.

Quantification of STB EV

 In this study, we aimed to perform stimulation experiments of blood sam-
ples with STB MV and exosomes at a plasma STB EV concentration in late pregnan-
cy. We quantified the peripheral STB EV plasma concentration (consisting of STB MV 
and exosomes) in women at 36 (+/-1) weeks of gestation (manuscripts in prepara-
tion, see chapter 3 of this thesis) recently, using the enzyme-linked sorbent assay as 
previously described.[31] STB MV and exosomes were isolated from suspension of 
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ex vivo placenta perfusion, and we assumed that the ratio of STB MV to exosomes is 
similar in plasma from late pregnant women and the perfusion suspension. STB EV 
(consisting of STB MV and exosomes) were quantified in the supernatant of the per-
fusion suspension using the enzyme-linked sorbent assay as previously described.
[31]. For stimulation of whole blood with perfusion-derived STB MV or exosomes, 
the concentration of STB EV was adjusted to the plasma STB EV concentration in 
late pregnancy. 

Separation of syncytiotrophoblast microvesicles and exosomes from perfused per-
fusion suspension

 To isolate STB MV and exosomes from the perfusion suspension, the sus-
pension was slowly thawed at 4 °C. Cell debris was pelleted in 38 ml of the per-
fusion suspension by centrifugation for 10 min at 10.000 g at 4 °C. All following 
centrifugations were performed in ultra-clear centrifuge tubes (Beckman Coulter, 
Krefeld, Germany). STB MV were pelleted for 30 min at 18.900 g at 4 °C and the 
supernatant was filtered with a 0.8/0.2 µm double filter (Acrodisc PF 32 mm Sy-
ringe Filter with 0.8/0.2 µm Supor Membrane, Pall Corporation, Port Washington, 
NY, USA). Exosomes were pelleted from the filtrate by ultra-centrifugation for 70 
min at 100.000 g at 4 °C to pellet exosomes. The STB MV pellet and exosome pellet 
were each washed in 1 % BSA (Fraction V, MP Biomedicals LLC, Solon, OH, USA) in 
0,05 % Tween20-PBS (Polyoxyethylene(20)-sorbitan-monolaurate, Dulbecco’s phos-
phate buffered saline; both Sigma-Aldrich Chemie GmbH, Hamburg, Germany) and 
pelleted again for 30 min at 18.900 g at 4 °C or for 70 min at 100.000 g at 4 °C, re-
spectively. Pellets were re-suspended 200 µl of 1 % BSA in 0,05 % Tween20-PBS (pH 
= 7,4 Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA), aliquoted and stored 
at -80 °C until usage. 

Blood stimulation and flow cytometric analysis

 Stimulation experiments with human whole blood (Lithium-Heparin, BD 
Vacutainer, LH 170 I.U., BD, Plymouth, United Kingdom) were approved by the 
medical ethical committee of the University Medical Center Groningen, the Neth-
erlands and informed consent was obtained from respective women. Peripheral 
venous blood samples were collected between days 5 to 7 from the start of the 
current cycle from healthy nulligravida. Inclusion criteria were: 18 to 40 years of 
age, body-mass-index between 18 and 30. Exclusion criteria were: smoking, use 
of an intra-uterine device, diagnosed infertility, immune-related disorders, flu-like 
symptoms within four weeks before blood donation, medication other than folic 
acid or oral contraceptives. 
 STB MV and exosomes from each placenta were used to stimulate blood 
from 3 different donors for 24 h at 37 °C, 5 % CO2. Blood was aliquoted into 12 well- 
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plates at 3 ml per well and stimulated with STB MV or exosomes adjusted to the 
peripheral plasma concentration in late pregnancy (see Quantification of STB EV). 
As STB MV and exosomes were re-suspended in 1 % BSA (Sigma-Aldrich Chemie 
GmbH) in 0,05 % Tween20-PBS, equivalent volumes of 1 % BSA in 0,05 % Tween20-
PBS were applied as control stimulation.
 After the stimulation, whole blood was diluted in an equivalent volume of 
RPMI 1640 medium (Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA) and 
red blood cells were lysed twice in 10 mL ammonium chloride buffer (155.17 mM 
NH4Cl, 9.99 mM KHCO3, 0.56 mM C10H18N2Na2O10, Clinical Pharmacy, University 
Medical Center Groningen, Groningen, The Netherlands) per 1 mL whole blood for 
10 min at 4 °C. All centrifugation steps were performed for 4 min at 4 °C at 560 g 
and all incubations were performed in the dark. Cells were re-suspended in wash 
buffer (PBS with 2 % Fetal calf serum, Greiner Bio One International GmbH, Alphen 
a/d Rijn, The Netherlands), filtered (Falcon® 5mL Round Bottom Polystyrene Test 
Tube, with Cell Strainer Snap Cap, 35 µm nylon mesh, Corning, Corning, NY, USA) 
and counted with a TC20™ Automated Cell Counter (BioRad, Hercules, CA, USA). Per 
staining, 1,000,000 cells were blocked in wash buffer with 20 % rat serum (Normal 
Rat Serum, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 
20 min at 4 °C. Next, cells were stained for 30 min at 4 °C in 50 µL of the extracellu-
lar antibody mix (table 1) in wash buffer with 5 % rat serum. Afterwards, cells were 
washed three times with wash buffer, fixed with 200 µL BD FACS Lysing Solution (BD 
Biosciences, Franklin Lakes, NJ, USA) for 30 min at room temperature and perme-
abilized by three times washing in 200 µL BD Perm/Wash (BD Biosciences). Next, 
cells were stained for 30 min at 4 °C in 50 µL of the intracellular antibody mix (table 
1) in Perm/Wash with 5 % rat serum. Isotype controls were used at the same anti-
body concentration. Unstained controls were incubated in wash buffer and Perm/
Wash with 5 % rat serum only. Flow cytometric analysis was performed on a BD 
FACSVERSE flow cytometer (BD Biosciences) with gating as shown in Figure 1.

Statistics

 STB EV from each placenta were used to stimulate blood from 3 different 
donors. Donors differed within the group of healthy placentae (nplacenta = 4, ndo-
nor = 12) and within the group of PE placentae (nplacenta = 2, ndonor = 6). To 
compare the effects of STB MV and exosomes to control and to each other, the 
non-parametric Friedman test for related samples was done first. Groups (% of 
gated cells) which reached p<0.05 in the Friedman test were reanalyzed with the 
non-parametric Wilcoxon signed rank test for two related samples to compare the 
treatment effects: control versus STB MV, or control versus exosomes, or STB MV 
versus exosomes. P-values below 0.05 were considered significant. Outliers were 
identified based on their standard score following the rules of the Grubbs test for 
critical values. 
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Table I: Antibody panels for flow cytometric analysis

Panel 1 Panel 2 Panel 3

Antigen Clone/ 
isotype

V
[µL] Antigen Clone/ 

isotype
V

[µL]
Anti-
gen

Clone/ 
isotype

V
[µL]

Ex
tr

ac
el

lu
la

r

CD3
Pacific
Blue#

UCHT1/
mouse
IgG1k

2
CD3

Pacific
Blue#

UCHT1/
mouse
IgG1k

2
CD3

Pacific
Blue#

UCHT1/
mouse
IgG1k

2

CD8
FITC*

SK1/
mouse
IgG1k

2 CD8
FITC*

SK1/
mouse
IgG1k

2 CD8
FITC*

SK1/
mouse
IgG1k

2

CD45Ro
PE*

UCHL1/
mouse
IgG2ak

4 CD16
PeCy7*

eBioCB16/
mouse
IgG1k

4
CD294
APC-
Cy7#

BM16/
rat

IgG2ak
1.2

CD69
PeCy7*

FN90/
mouse
IgG1k

1
CD56
APC

eFlour780*

CMSSB/
mouse
IgG1k

3

In
tr

ac
el

lu
la

r

Perforin
PerCP-
Cy5.5#

dG9/
mouse
IgG2k

5
Perforin
PerCP-
Cy5.5#

dG9/
mouse
IgG2k

5 T-bet
PeCy7*

eBio4B10/
mouse
IgG1k

0.3

FoxP3
APC*

PCH101/
rat

IgG2ak
2

Granzyme 
B

PE*

GB11/
mouse
IgG1k

2.5 RoRgt
PE*

B2D/
rat

IgG1k
1

The table shows the antigens which were targeted in every panel, the clone in which the respective antibody was 
produced, the isotype of the respective antibody and the antibody volume (V) used to stain 1,000,000 cells in 50 
µL. * eBioscience, Affymetrix, San Diego, CA, USA; # ITK Diagnostics BV, Uithoorn, The Netherlands
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Figure 1: Gating strategy for the flow cytometric analysis of T cells, NKT cells and NK cells after stimulation with 
syncytiotrophoblast extracellular vesicles
Based on the size (FSCA) and granularity (SSCA), lymphocytes have been distinguished from monocytes & granu-
locytes. Gated lymphocytes have been further subdivided to CD8- T cells (CD3+CD8-), CD8+ T cells (CD3+CD8+), 
NKT cells (CD3+CD56+) and NK cells (CD16++CD56+ and CD16+CD56++). In panel 1, CD8- and CD8+ T cells have 
been analyzed for FoxP3 expression as a marker for Treg cells. Following, CD8- T cells and CD8+ T cells as well as 
CD8- Treg and CD8+ Treg were analyzed for activation (CD69+) and memory function (CD45RO+). In panel 2, CD8- T 
cells, CD8+ T cells, NKT cells, CD16++CD56+ NK cells and CD16+CD56++ NK cells have been analyzed regarding their 
expression of Perforin and Granzyme B as marker for activity/cytotoxicity of these cells. In panel 3, CD8- T cells 
have been further subdivided down for analysis of their Th cell composition into Th1 (T-bet), Th2 (CD294) and Th17 
(RoRt) cells and also in these subsets have been analyzed for Perforin expression.
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Results

STB MV and exosomes from normal placentae activate T cell populations.
 
 In control stimulation of whole blood with BSA-Tween20-PBS, we observed 
48 % of CD8- T cells of which 7 % were Treg cells (FoxP3+), and 24 % of CD8+ T cells 
of which 1.4 % were Treg cells (FoxP3+) in the lymphocyte gate (Figure 2). Addi-
tionally, we observed 5.2 % Th1, 1.7 % Th2 and 0.7 % Th17 cells in the CD8- T cell 
gate (data not shown). Stimulation of whole blood with either STB MV or exosomes 
from normal placentae neither significantly altered the percentage of CD8- T cells 
or CD8- Treg cells nor the percentage of CD8+ T cells or CD8+ Treg cells (Figure 2) 
or Th cells (data not shown). However, staining for CD69 revealed that stimulation 
with STB MV or exosomes from normal placentae increased the percentage of ac-
tivated CD8- T cells, activated CD8- memory T cells, and activated CD8+ memory T 
cells (Figure 2). Moreover, normal exosomes increased the percentage of activated 
CD8- memory Treg cells and activated CD8+ memory Treg cells, and decreased the 
percentage of CD8+ T cells (Figure 2). Additionally, stimulation with either normal 
STB MV or exosomes induced an increased perforin expression in overall CD8- and 
CD8+ T cell, but not in CD8- and CD8+ Treg cells (data not shown). In the activation 
of CD8- and CD8+ T cells and Treg cells, the effect of exosomes from normal placen-
tae was significantly stronger than the effect of STB MV from normal placentae.

STB MV and exosomes from normal placentae activate NKT cells and CD16+CD56++ 
NK cells by induction of the expression of perforin and granzyme B.

 In control stimulation of whole blood with BSA-Tween20-PBS, we observed 
about 5 % NKT cells, 13 % CD16++CD56+ NK cells and 0.6 % CD16+CD56++ NK cells 
(Figure 3) in the lymphocyte gate. All NKT cell and NK cell populations were found 
to express perforin and granzyme B in control stimulations (NKT cells: 36 % perfor-
in+, 36 % granzyme B+; CD16++CD56+ NK cells: 91 % perforin+, 90 % granzyme B+; 
CD16+CD56++ NK cells: 54 % perforin+, 35 % granzyme B+) (Figure 3). The stimula-
tion with either STB MV or exosomes from normal placentae significantly increased 
the percentage of NKT cells and the percentage of perforin+ NKT cells (Figure 3). 
Additionally, the stimulation with exosomes from normal placentae significantly in-
creased the percentage of perforin+ CD16+CD56++ NK cells and of granzyme B+ 
CD16+CD56++ NK cells (Figure 3). Regarding the increase of the percentage of per-
forin+ and granzyme B+ cells, the effect of exosomes from normal placentae was 
significantly stronger than the effect of STB MV from normal placentae.
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STB MV and exosomes from preeclamptic placentae activate CD8+ memory T cells.
 
 In comparison to control stimulation of whole blood with BSA-Tween20-
PBS, stimulation of whole blood with either STB MV or exosomes from preeclamp-
tic placentae did not significantly affect the percentage of CD8- and CD8+ T cells, 
CD8- and CD8+ Treg cells (Figure 4) or Th1, Th2 or Th17 cells (data not shown). It 
also neither significantly activated CD8- T cells, CD8- Treg or CD8+ Treg (Figure 4) 
nor induced perforin expression in CD8- and CD8+ T cells or CD8- and CD8+ Treg 
cells (data not shown). However, stimulation with either STB MV or exosomes from 
preeclamptic placentae induced a significant increase of activated CD8+ memory T 
cells (Figure 4).
 
STB MV and exosomes from preeclamptic placentae induce perforin expression in 
NKT cells and reduce CD16++CD56+ NK cells.

 In comparison to control stimulation of whole blood with BSA-Tween20-
PBS, stimulation of whole blood with either STB MV or exosomes from preeclamp-
tic placentae did not significantly affect the expression of perforin and granzyme 
B in CD16++CD56+ NK cells or CD16+CD56++ NK cells (Figure 5). However, stimu-
lation with either STB MV or exosomes from preeclamptic placentae significantly 
increased the percentage of perforin+ NKT cells (Figure 5). Additionally, stimulation 
with exosomes from preeclamptic placentae significantly reduced the percentage 
of CD16++CD56+ NK cells (Figure 5).
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Figure 2: Percentage of activated and memory CD8- and CD8+ T cells after stimulation with normal
syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with normal syncytiotrophoblast microvesicles (STB MV) or exosomes and the 
percentage of CD8- and CD8+ T cells as well as CD8- and CD8+ Treg cells was analyzed flow cytometric (whole gated 
population labeled with “all”). Further, it has been analyzed which percentage of these cells are activated (CD69+), 
show a memory function (CD45Ro+) or are activated memory cells (CD69+ and CD45RO+). Wilcoxon Signed Rank 
test: * p<0,05, ** p<0,01

Figure 3: Expression of Perforin and Granzyme B by NKT cells and NK cells after stimulation with normal
syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with normal syncytiotrophoblast microvesicles (STB MV) or exosomes and 
analyzed flow cytometric. The percentage of the whole populations of NKT cells, CD16++CD56+ NK cells and 
CD16+CD56++ NK cells is labeled with “all”, respectively. The percentage of Perforin+ and Granzyme B+ cells has 
been assessed within the whole populations. Wilcoxon Signed Rank test: * p<0,05, ** p<0,01
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Figure 5: Expression of Perforin and Granzyme B by T cells, NKT cells and NK cells after stimulation with
preeclamptic syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with preeclamptic syncytiotrophoblast microvesicles (STB MV) or exosomes 
and analyzed flow cytometric. The percentage of the populations of NKT cells, CD16++CD56+ NK cells and 
CD16+CD56++ NK cells is labeled with “all”, respectively. The percentage of Perforin+ and Granzyme B+ cells has 
been assessed within the whole populations. Wilcoxon Signed Rank test: * p<0,05, ** p<0,01

Figure 4: Percentage of activated and memory CD8- and CD8+ T cells after stimulation with preeclamptic
syncytiotrophoblast extracellular vesicles
Whole blood was stimulated for 24 h with preeclamptic syncytiotrophoblast microvesicles (STB MV) or exosomes 
and the percentage of CD8- and CD8+ T cells as well as CD8- and CD8+ Treg was analyzed flow cytometric (whole 
gated population labeled with “all”). Further, it has been analyzed which percentage of these cells are activated 
(CD69+), show a memory function (CD45Ro+) or are activated memory cells (CD69+ and CD45RO+). Wilcoxon 
Signed Rank test: * p<0,05, ** p<0,01
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Discussion

 In this study, we aimed to assess the effect of STB MV and exosomes from 
normal and preeclamptic placentae on the distribution and cytotoxicity of periph-
eral lymphocyte populations. We showed that both CD8- and CD8+ T cells, and the 
memory T cell fraction, became activated by stimulation with normal STB EV as ap-
parent by an increased percentage of CD69+ cells. Furthermore, the percentages of 
perforin+ NKT cells and CD16+CD56++ NK cells and the percentages of granzyme B+ 
CD16+CD56++ NK cells were increased after stimulation with normal STB EV which 
indicates an increased activity of also these cells. The percentages of Th1, Th2 and 
Th17 cells were not significantly altered by stimulation with normal STB EV.
In accordance with our hypothesis, the stimulation of whole blood with normal STB 
MV or exosomes induced an activation (CD69) and increased cytotoxicity (perforin) 
of CD8- and CD8+ T cells. The activation of T cells was especially apparent in mem-
ory cells (CD69+CD45RO+) and memory Treg cells (FoxP3+CD69+CD45RO+). From 
the present study, it is unknown why especially memory T cell became activated, 
but it could be related to the fact that predominantly CD8+ memory cells are re-
cruited to the decidua to protect the fetus from harmful infection.[32,33] Addition-
ally, Treg cells have been described to be essential for the successful maintenance 
of pregnancy and for the tolerance induction towards the semi-allogenic fetus while 
showing an activated memory-like phenotype.[9,34] Induction of memory Treg cells 
by STB EV may be a mechanism to sustain protective regulatory memory to fetal 
antigens, which may be important for future pregnancy.[35] 
 This tolerance-inducing phenotype of Treg cells by STB EV might be sup-
ported by NKT and NK cells, which increasingly produce perforin and granzyme B in 
response to the stimulation with STB EV from normal placentae. NKT and NK cells 
use, amongst others, perforin and granzymes to kill their target cells, e.g. tumor 
cells.[29,36,37] Within the NK cell subpopulations, the peripheral CD16+CD56++ NK 
cells are described to be rather regulatory and tolerance inducing [30], and in our 
experiments especially this NK cell population was influenced by normal STB EV. We 
suggest that the increased activity (in terms of perforin and granzyme B production) 
of regulatory NKT and NK cells might support Treg cells in regulating the immune 
response during pregnancy and thus preventing an immune reaction against the 
semi-allogenic fetus by suppressing effector cells. 
 Based on the differing modes of formation and molecular load of MV and 
exosomes, it is generally expected that these EV types also have different functions, 
with MV being rather activating, and exosomes being rather tolerance-inducing.[3] 
Comparison of the effects of STB MV and exosomes from normal placentae matched 
from the same placentae revealed that both STB EV subtypes seem to work similar-
ly in modulating the maternal immune response. However, the effect of exosomes 
was significantly more pronounced than the effect of STB MV. The stronger effect 
of the exosomes might be based on a specific molecular load different from that of 
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STB MV. Unfortunately, to our knowledge, no studies have been published yet which 
compare the molecular load of STB MV and exosomes. We performed nanoparticle 
tracking analysis on our samples of STB MV and exosomes from ex vivo placenta 
perfusion suspension (unpublished data), and the results indicate that the ratio of 
STB V to exosomes is about 1 in perfusion suspension. Thus, it is unlikely that the 
number of exosomes was higher than the number of STB EV in our study and a dif-
ference in numbers of STB MV and exosomes cannot be the cause of the stronger 
exosomal effect.
 We assumed that the functionality of STB EV might be altered from healthy 
to preeclamptic pregnancies. Compared to the results of stimulation with STB EV 
from normal placentae, STB EV from preeclamptic placentae failed to activate 
(memory) CD8- and CD8+ T cells and Treg cells or to induce perforin+ and gran-
zyme B+ CD8- T cells, CD8+ T cells and CD16+CD56++ NK cells. Also, STB EV from 
preeclamptic placentae did not induce a shift of Th cells towards Th1 immunity. 
The pregnancy-complication PE is, amongst others, characterized by an exaggerat-
ed inflammatory state, a shift from type 2 to type 1 immunity and reduced numbers 
of peripheral and local Treg cells.[15,16,23,24] STB EV are believed to be involved 
in the pathophysiology of PE. It has been shown that the number of STB EV is in-
creased in PE compared to normal pregnancy and that also the molecular load of 
STB EV from preeclamptic placentae is altered compared to STB EV from normal 
placentae.[27,28] In our study, STB EV from preeclamptic placentae seem to have 
lost the regulative function of STB EV from normal placentae to induce activation 
regulatory cells such as of Treg, NKT and CD16+CD56++ NK cells. This might cause a 
deficit of regulatory cells and therefore may allow an increased inflammatory state 
in the preeclamptic pregnancy. Therefore, STB EV may not actively induce the exag-
gerated inflammatory response in PE (see chapter 4), but rather favor the develop-
ment of these symptoms by not inducing regulatory Treg, NKT and NK cells. 
 As reviewed several times, the risk of developing PE is increased under sev-
eral circumstances.[23,38] Especially striking is the fact that the risk of developing 
PE is increased in nulliparous women and even more in multiparous women who 
developed PE in a previous pregnancy.[39] Our data suggest that STB EV from nor-
mal placentae may induce a tolerance-mediating memory-like phenotype in Treg 
cells of nulliparous women. STB EV from preeclamptic placentae failed to induce 
this phenotype in Treg cells of nulliparous women. We speculate that STB EV from 
preeclamptic placentae might not be able to establish a memory function in Treg 
cells, which under physiological conditions may provide a beneficial protection to 
the maternal organism with respect to a further pregnancy. Since this memory pro-
tection is not established, women might be predisposed to experience PE again in a 
following pregnancy.
 In conclusion, we showed that STB EV from normal placentae may be in-
volved in the induction of immunologic tolerance of the semi-allogenic fetus nec-
essary for maintaining pregnancy by especially influencing memory T cells and
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memory Treg cells. In contrast to the initial expectations, STB MV and exosomes did 
not show opposite functions but rather mediated similar effects. However, STB EV 
from preeclamptic placentae seem to lose the regulatory and protective function 
of STB EV from normal placentae, which in the end might provoke the exaggerated 
inflammatory response during PE. To better understand the described processes, 
a deeper understanding of the molecular mechanisms of the interaction of STB EV 
with their target cells and a comprehensive comparison of the molecular load and 
functionality of STB EV from normal and preeclamptic placentae is essential. 
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Abstract

During pregnancy, the coagulation system adapts to prevent premature bleeding 
or excessive post-partum bleeding. Especially the pregnancy-associated disease 
pre-eclampsia features a worsened pro-coagulant state, which might be triggered 
by the release of placental factors, such as placental cell debris, syncytiotropho-
blast microvesicles, exosomes and soluble factors. This study focused on the in-
fluence of those placental factors on thrombin formation and platelet aggregation 
and on the identification of the mediating factor. Normoxic or low oxygen ex vivo 
placenta perfusion was used to acquire placental factors. In contrast to normoxic ex 
vivo placenta perfusion, low oxygen perfusion led to significantly increased syncy-
tiotrophoblast extracellular vesicle concentrations and increased thrombin forma-
tion. Normoxic perfusion samples reduced maximum platelet aggregation signifi-
cantly at very individual aggregation rates while low oxygen perfusion samples led 
to a strong deregulation of platelet aggregation. Furthermore, syncytiotrophoblast 
microvesicles, but not placental cell debris, exosomes or soluble factors, were iden-
tified as the main mediator of these pro-coagulant effects of low oxygen perfusion 
samples. This study shows that the oxygen level in the placenta has a huge impact 
on the amount and functionality of placental factors shed into the maternal or-
ganism during pregnancy. We suggest, that the lack of oxygen induces phenotypic 
changes of the syncytiotrophoblast microvesicles, which are comparable to the sit-
uation during pre-eclampsia.
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Introduction

 During pregnancy, the female circulatory system adapts to its new circum-
stances by, amongst others, decreasing blood pressure and adjusting coagulation. 
The coagulation is modified to prevent premature bleeding or excessive post-par-
tum bleeding by increasing pro-coagulant factors in the blood of pregnant women.
[1,2] Thrombin and fibrin concentrations are increased, whereas levels of anticoag-
ulant substances, like anti-thrombin, remain at non-pregnant levels,[3] and do not 
compensate for the high coagulation capacities during pregnancy. At postpartum, 
however, anticoagulant substances rise to balance the increased coagulation po-
tential.[1,3] Furthermore, the systemic fibrinolytic activity is reduced during preg-
nancy, and returns to non-pregnant levels soon after delivery.[3] The fact that the 
increased coagulation potential returns to normal soon after birth, suggests an as-
sociation of increased pro-coagulant factors to pregnancy-related circumstances, 
for example the presence of the placenta.[1,3,4] Indeed, it is known that the pla-
centa secretes various factors into the maternal circulation, such as tissue factor, 
plasminogen activator inhibitor-2 and syncytiotrophoblast extracellular vesicles 
(STB EV).[5–7] 
 The pregnancy-associated disease pre-eclampsia (PE) occurs in 2 – 8 % of 
all pregnancies world-wide [8] and is life-threatening for both mother and child.
[9,10] The major symptoms of PE, which are high blood pressure and proteinuria, 
are used to diagnose this severe pregnancy complication.[11] Since the placenta 
is crucial in the pathogenesis of PE [12], the only known effective cure to PE is the 
delivery of the placenta, which causes a high percentage of preterm birth. PE often 
is associated with immune disorders or worsened blood flow in the placenta con-
nected to decreased nutrient supply, hypertension and coagulopathies. [9,11,13] It 
is commonly accepted that PE coincides with impaired placentation (especially in 
early onset PE) [14], oxidative stress in the placenta [15] and placental infarcts [16]. 
This results in an increased secretion of placental factors, such as STB EV, into the 
maternal circulation [17,18], which are thought to contribute to the pathogenesis 
of PE.[19] 
 STB EV are associated with disturbed immune reactions [20] and en-
dothelial dysfunction [21] during PE. Based on their size, function and origin, ex-
tracellular vesicles can be subdivided in several groups.[22,23] Three groups are 
mostly described (also for the placenta[5,24]): (1) macrovesicles/apoptotic bod-
ies which are relatively large vesicles of 1 to 5 µm in size and formed by blebbing 
from the plasma membrane or cellular fragmentation of apoptotic cells [22,25]; 
(2) microvesicles (MV) are 100 to 1000 nm in size and are budding directly from 
the apical side of the plasma membrane of activated cells [26]; (3) exosomes 
are small particles of 30 to 100 nm in size and then formed in early endosomes 
turning into intracellular multivesicular bodies and released by fusion of the mul-
tivesicular bodie’s membrane with the plasma membrane [22,27]. Exosome-like
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nanovesicles can bud directly from the plasma membrane, but it is not clear yet 
how comparable they are to regular exosomes.[22,27]  Placental macrovesicles are 
most-likely cleared quickly in the maternal lungs and therefore not further topic of 
this study.[28]
 Evidence emerges that STB EV also affect coagulation. Indeed, vesicles from 
the human placental chorioepithelial brush border membrane and basal plasma 
membrane were shown to inhibit platelet aggregation.[29] Others, however, de-
scribed a tissue factor-like activity on the surface of STB MV and an increase in 
tissue factor-dependent thrombin formation in presence of STB MV.[7] Interesting-
ly, the latter was even higher when using STB MV from pre-eclamptic placentae.
[7] In the present study, we focused on the coagulation capabilities of STB EV, and 
discriminated between the effects of STB MV, exosomes, and soluble factors from 
placental tissue. We collected placentae from healthy pregnancies and perfused 
them ex vivo with oxygen and without oxygen (as a model for the preeclamptic pla-
centa). Perfusates were fractioned to be free of cell debris, STB MV and exosomes 
by centrifugation and ultra-centrifugation and analyzed for their impact on throm-
bin formation and platelet aggregation.
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Materials and methods

Ex vivo placenta perfusion

 Human placentae were collected from healthy term pregnancies after writ-
ten informed consent. Experiments were approved by the ethics committee of the 
University Hospital Jena. Placentae were obtained after natural delivery or elective 
caesarian section and perfusion commenced within 20 min after delivery of the 
placenta. Perfusion suspension was composed as described in Göhner et al. [30].
 The method of ex vivo placenta perfusion was originally described by Pani-
gel et al. [31] and further improved by Schneider et al. [32]. Our perfusion system is 
based on this method, but was adjusted to two different setups. In the first setup, 
standard double-sided ex vivo placenta perfusion was performed (Figure 1 A). Here, 
the maternal and the fetal circuit were connected separately to valves and perfused 
with perfusion suspension. The maternal circuit was oxygenated with technical air 
yielding an oxygen partial pressure of ≈18 kPa and perfused at 12 mL/min, while the 
fetal circuit was purged with 95 % nitrogen / 5 % carbon dioxide and perfused at 3 
mL/min. In the second setup, to create low oxygen conditions as a model for the 
preeclamptic placenta, only the maternal circuit was perfused without oxygenation 
(Figure 1 B). Perfusion was performed for up to 360 min, and samples were taken at 
three phases during the perfusion of the same placentae: in early phase between 
60 min and 75 min; in middle phase at 240 min; in late phase between 315 min 
and 360 min of perfusion. Based on the technical demand of the ex vivo placenta 
perfusion, it was not possible to take the samples at exactly the same time during 
the early and late phase of perfusion. Ten placentae were perfused under regular 
conditions with oxygenation (setup 1) and while five placentae have been perfused 
under low oxygen conditions (setup 2). 
 Medium control samples were produced by pumping blank perfusion sus-
pension through the perfusion system without actually connecting to a placenta 
(sample name: control, +O2 / -O2). Similar to the real perfusions, medium controls 
were collected in both perfusion setups and have been enriched with oxygen or 
perfused without oxygen, respectively, over the time of a regular ex vivo placenta 
perfusion. Samples were collected at 75 min, 240 min or 360 min of perfusion.
 
Sample fractioning

 To discriminate between STB MV, exosomes and soluble factors, samples of 
perfused perfusion suspension were processed by centrifugation and ultra-centrif-
ugation (Figure 2) for three low-oxygen perfused placentae. The first centrifugation 
step was performed at 380 g for 10 min to exclude cells enriched after placenta per-
fusion; the supernatant was collected as so called “perfused suspension” samples. 
The second centrifugation step of the “perfused suspension” was performed at
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10,000 g for 10 min at 4 °C to exclude cell debris; the supernatant was collected as 
“minus cell debris” samples. During the third centrifugation, the “minus cell debris” 
sample was centrifuged at 18,890 g for 30 min at 4 °C, and the supernatant was fil-
tered with a 0.2 µm/0.8 µm filter (Acrodisc PF 32 mm Syringe Filter with 0.8/0.2 µm 
Supor Membrane, Pall Corporation, Port Washington, New York, United States of 
America) to further exclude relatively large vesicles. The filtrate is referred to as the 
sample “minus STB MV”. The “minus STB MV” sample was further ultra-centrifuged 
at 100,000 g for 70 min at 4 °C to exclude exosomes. The supernatant was collected 
as the sample “minus exosomes”.

37 °C

pump 
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pump 
maternal 

artery

pump 
fetal 

artery

backflow fetal 
vein

pump 
maternal 

vein

pump 
maternal 

artery

37 °C

perfusion 
chamber

perfusion 
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pressure sensor

bubble trap
gas exchanger

O2

N2

bubble trap

A B

Figure 1: Schematic setup of the ex vivo placenta perfusion systems applied
A: Double-sided standard ex vivo placenta perfusion with oxygenation of the maternal circuit and de-oxygena-
tion of the fetal circuit
In the maternal circuit, medium is pumped through an arterial valve from the reservoir to an oxygenator, were it 
is enriched with oxygen. After the oxygenator, the medium passes a bubble trap where potential air bubbles are 
removed before the medium reaches the placental tissue in the perfusion chamber. Here, it enters the intervillous 
space through cannulae penetrating the decidua. After passing the intervillous space, the medium accumulates in 
the upper part of the perfusion chamber, where it is collected by a venous valve and gets fed back to the reservoir.
In the fetal circuit, medium is pumped through an arterial valve from the reservoir to a gas exchanger, where it is 
purged with nitrogen to substitute naturally dissolved oxygen in the medium. After the gas exchanger, the medium 
passes a bubble trap and afterwards a pressure sensor, which allows online monitoring of the fetal arterial pres-
sure during the perfusion, before the medium reaches the placental tissue in the perfusion chamber. The medium 
enters the fetal compartment of the cotyledon through a cannula, which is directly connected to an artery of the 
cotyledon. The venous valve is directly connected to the corresponding vein of the cotyledon. The backflow in 
the venous valve is not driven by a pump but by the internal pressure of the fetal vessel system in the cotyledon.
B: Maternal single-sided ex vivo placenta perfusion without oxygenation
In the maternal circuit, medium gets pumped through an arterial valve from the reservoir directly to a bubble trap 
where potential air bubbles are removed before the medium reaches the placental tissue in the perfusion chamber. 
Since the medium is not enriched with oxygen in this set-up, it does not pass a oxygenator before it reaches the 
bubble trap. The medium enters the intervillous space through cannulae penetrating the decidua. After passing the 
intervillous space, the medium accumulates in the upper part of the perfusion chamber, where it is collected by a 
venous valve and gets fed back to the reservoir.
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Anti-STB EV-ELSA

 STB EV concentration in the ‘perfused suspension’ was measured using an 
enzyme-linked sorbent assay (ELSA) as originally published in Göhner et al. [30]. All 
samples have been quantified in duplicates.

Thrombin formation

 Thrombin formation induced by the different samples was measured us-
ing the tests ACTICHROME® Microparticle Activity (American Diagnostica GmbH, 
Pfungstadt, Germany) and ZYMUPHEN MP-Activity (Hyphen Biomed, Neuville-sur-
Oise, France) according to manufacturer’s instructions. All measurements were per-
formed in duplicates. Results are given in nM phosphatidylserine on the micropar-
ticle surface as equivalent for microparticle activity and thrombin formation.

Platelet aggregation

 Adenosine diphosphate (ADP)-induced platelet aggregation was analyz-
ed in platelet rich plasma (PRP). Blood was donated by two healthy non-pregnant 
volunteers both using hormonal contraceptives after informed consent. Venous 
blood was collected in sodium citrate-containing tubes (S-Monovette Coagula-
tion, pre-dosed 0.106 M sodium citrate, Sarstedt AG & Co., Nümbrecht, Germany). 
PRP was collected after centrifugation of whole blood at 420 g for 12 min at RT. 
Platelet poor plasma (PPP) was produced by subsequent centrifugation at 4 700 
g for 12 min at RT. Platelets were counted in PRP using a PocH-100iV Diff (Sysmex 
Europe GmbH, Norderstedt, Germany) or Z2 Coulter counter analyzer (Beckman 
Coulter GmbH, Krefeld, Germany). PRP was adjusted to a final concentration of

Figure 2: Protocol of the successive (ultra-)centrifugation of ex vivo placenta perfusion samples for the produc-
tion of exclusion samples without cell debris, STB MV and exosomes (protocol adjusted from [44])
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2.5*108 platelets/mL by dilution in PPP. PRP was kept in polypropylene tubes at 
RT during experiments. Aggregation tests were performed in a PAP-4 aggregom-
eter (Biodata Corporation, Horsham, USA) applying donor-conform PPP to adjust 
the 100 % baseline aggregation. Tests were performed in non-siliconized test tubes 
(MöLab GmbH, Langenfeld, Germany). Prior to the test, 400 µl PRP was pre-heat-
ed to 37 °C for 10 min. Fractioned perfusion samples (50 µL) were added 30 sec 
before the measurement. Test tubes were placed to the measuring position and 
measured for 10 min. After 1 min of measurement, aggregation was induced by 
adding of 50 µL ADP (Adenosine 5′-diphosphate sodium salt bacterial, ≥95% (HPLC), 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany). ADP was added either at a final 
concentration of 2.5 µM to analyze the rate of aggregation defined as slope in ∆OD/
min; or at a final concentration of 25 µM to analyze the maximum aggregation de-
fined by absorption based on initial aggregation in percent of PPP baseline. All tests 
were measured in duplicates per blood donor.

Statistics

 Statistical analysis was performed using SPSS 20 (IBM, Ehningen, Germany). 
For all analysis, samples have been pre-grouped according to sample type, phase of 
perfusion and oxygen supply. All data sets have been tested for normal distribution 
(P > 0.05) with the Shapiro-Wilk test. Not all data sets were normally distributed, 
thus all sample medians have been compared with the Mann-Whitney-U test. Sig-
nificance was assumed for P < 0.05. Furthermore, all sample sets have been tested 
for outliers within the sample groups based on their standard score following the 
rules for critical values of the Grubbs test. In case of the STBMV quantification, 
two values from the perfused suspension-low oxygen-middle phase-group and two 
values from the perfused suspension-oxygenation-early phase-group have been 
identified as outliers. Comparison of sample medians was performed with or with-
out exclusion of the outliers but yielded the same results by terms of significance.  
Additionally, we checked for correlation between thrombin formation and STB VE 
concentration as well as aggregation and STB EV concentration based on the Pear-
son’s correlation coefficient. A possible correlation was judged to be significant for 
related p-values below 0.05.
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Results

 To investigate the effects of placental factors on the coagulation system, 
placentae were perfused with or without oxygen and compared to medium control 
samples. We collected various fractions of the placental perfusates to study the 
effects of STB MV, exosomes and soluble placental factors (Figure 2).

Low oxygen levels in the placenta elevated STB EV release, which worsens over 
time

 Both placentae exposed to normoxic conditions and placentae exposed to 
low oxygen conditions produced STB EV throughout the whole duration of ex vivo 
placenta perfusion (Figure 3). Normoxic perfusion resulted in a stable STB EV count 
over perfusion duration (Figure 3). In contrast, low oxygen perfusions resulted in a 
significantly increased STB EV release over the time of perfusion. At late perfusion, 
the lack of oxygen led to a significantly higher STB EV count compared to “normox-
ic” placentae. 

Perfused suspensions from “low oxygen” placentae elevated thrombin formation 
in a time-dependent manner

 While medium control samples did not induce any thrombin formation, 
‘perfused suspension’ samples from “normoxic” placentae induced low thrombin 
formation unaffected by perfusion duration (Figure 4 A). In contrast, ‘perfused sus-
pension’ samples from “low oxygen” placentae induced an increased thrombin for-
mation, which significantly increased over perfusion time. During late perfusion, 
thrombin formation was significantly increased in comparison to ‘perfused suspen-
sion’ from “normoxic” placentae (Figure 4 A). Regarding the correlation of throm-
bin formation and STB EV concentration, the correlation coefficient was 0.007 (p = 
0.973) for ‘perfused suspension’ from “normoxic” placentae, and the correlation 
coefficient was 0.506 (p = 0.006) for ‘perfused suspension’ from “low oxygen” pla-
centae.

STB MV mediated the elevated thrombin formation induced by perfused suspen-
sions of “low oxygen” placentae

 To investigate which of the placental factors induced the observed effects 
in the ‘perfused suspension’ samples of the “low oxygen” placentae, the perfused 
suspensions of the “low oxygen” placentae were processed by centrifugation and 
ultra-centrifugation to create exclusion samples. To better observe the evolution of 
the discovered effects over perfusion duration, we used samples taken at all three 
time points during the perfusion experiment. Compared to ‘perfused suspension’
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samples, thrombin formation was significantly reduced with ‘minus cell debris’ 
samples only for the early phase of perfusion (Figure 4 B). ‘Minus STB MV’ samples 
reduced thrombin formation as compared to perfused suspension at all perfusion 
times (Figure 4 B). ‘Minus exosomes’ samples did not significantly reduce thrombin 
formation compared to ‘minus STB MV’ samples (Figure 4 B). 

Perfused suspensions from normal and “low oxygen” placentae affected ADP-in-
duced maximum platelet aggregation and the rate of platelet aggregation in an 
adjustable manner

 In platelet aggregometry, medium control samples, enriched with oxygen 
or not, were used to analyze the impact of the oxygen level towards platelet ag-
gregation. Both medium controls induced a high, constant maximum platelet ag-
gregation (Figure 5 A) and a low, constant rate of aggregation (Figure 6 A) showing 
that oxygen alone does not inflict any changes. ‘Perfused suspension’ samples from 
normoxic placentae significantly reduced the maximum aggregation to stable, low 
levels (Figure 5 A) and significantly increased the rate of aggregation to elevated, 
but highly variable levels (Figure 6 A). In contrast, ‘perfused suspension’ samples 
from “low oxygen” placentae induced a highly variable maximum aggregation sig-
nificantly different from the normoxic samples (Figure 5 A). However, the aggre-
gation rate was significantly reduced compared to ‘perfused suspension’ samples 
from normoxic placentae (Figure 6 A) and similar to the medium control levels. 
Regarding the correlation of maximum platelet aggregation and STB EV concen-
tration, the correlation coefficient was 0.007 (p = 0.966) for ‘perfused suspension’ 
from “normoxic” placentae, and the correlation coefficient was -0.165 (p = 0.403) 
for ‘perfused suspension’ from “low oxygen” placentae. Regarding the correlation 
of rate of platelet aggregation and STB EV concentration, the correlation coefficient 
was 0.018 (p = 0.914) for ‘perfused suspension’ from “normoxic” placentae, and the 
correlation coefficient was -0.076 (p = 0.702) for ‘perfused suspension’ from “low 
oxygen” placentae.

STB MV mediated the deregulation of platelet aggregation induced by perfused 
suspensions of “low oxygen” placentae 

 Compared to ‘perfused suspension’ samples of “low oxygen” placentae, 
‘minus cell debris’ samples significantly increased the maximum aggregation only 
for the early phase of perfusion (Figure 5 B) while the rate of aggregation was re-
duced for the late phase of perfusion (Figure 6 B). ‘Minus STB MV’ samples signifi-
cantly increased maximum platelet aggregation compared to ‘perfused suspension’ 
samples for the middle and late phase of perfusion (Figure 5 B), while the rate of 
aggregation was not significantly different compared to ‘perfused suspension’ sam-
ples (Figure 6 B). ‘Minus exosomes’ samples did not significantly increase maximum 
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platelet aggregation nor rate of aggregation compared to ‘minus STB MV’ (Figure 
5 B and 6B). Yet, the rate of aggregation was significantly reduced with ‘minus ex-
osomes’ samples compared to ‘perfused suspension’ samples in all phases of per-
fusion (Figure 6 B).
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Figure 3: Quantification of STB EV in perfused suspension from ex vivo placenta perfusion by ELSA technique
Perfusion was performed with oxygenation (+O2) or without oxygenation (-O2) to investigate the impact of oxygen 
towards the production of STBEV. The concentration of STB EV is given over the time of perfusion at which the 
perfusion samples were taken. Ten placentae were perfused with oxygenation and further five placentae were 
perfused at low oxygen levels. Every sample was quantified in duplicates. Mann-Whitney-U, P < 0.05

Figure 4: Influence of placental factors on the thrombin formation
The thrombin formation is indicated by the concentration of phosphatidylserines (PS) [nM] over the time of per-
fusion at which the perfusion samples were taken. Ten placentae were perfused with oxygenation and further five 
placentae were perfused at low oxygen levels. Depletion of cell debris, STB MV and exosomes was performed for 
three of the low oxygen perfusions. Every sample was analyzed in duplicates. Mann-Whitney-U, P < 0.05
A: Comparison of the impact of perfused suspension produced with (+O2) or without (-O2) oxygenation on the 
thrombin formation.
B: Stepwise exclusion of cell debris, STB MV and exosomes from the perfused suspension without oxygenation 
(-O2) alters the induction of thrombin formation. 
For clarity and facilitated comparison, the values of the samples “control, -O2” and “perfused suspension, -O2” are 
shown in parts A and B of this figure. “Control, +O2” and “control, -O2” samples did not induce thrombin formation. 
Thus, the respective boxes are not visible in the graphs.
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Figure 5: Influence of placental factors on the maximum platelet aggregation
The maximum aggregation is given as % of baseline aggregation (adsorption of platelet free plasma) in relation to 
the time of perfusion at which the perfusion samples were taken. Ten placentae were perfused with oxygenation 
and further five placentae were perfused at low oxygen levels. Depletion of cell debris, STB MV and exosomes was 
performed for three of the low oxygen perfusions. Every sample was analyzed in plasma of two donors in dupli-
cates, each. Mann-Whitney-U, P < 0.05
A: Comparison of the impact of perfused suspension produced with (+O2) or without (-O2) oxygenation on the 
maximum platelet aggregation.
B: Stepwise exclusion of cell debris, STB MV and exosomes from the perfused suspension without oxygenation 
(-O2) reverts the altered maximum platelet aggregation back to control level.
For clarity and facilitated comparison, the values of the samples “control, -O2” and “perfused suspension, -O2” are 
shown in parts A and B of this figure.

Figure 6: Influence of placental factors on the platelet aggregation rate
The rate of aggregation is given by ΔOD/min in relation to the time of perfusion at which the perfusion samples 
were taken. Ten placentae were perfused with oxygenation and further five placentae were perfused at low oxygen 
levels. Depletion of cell debris, STB MV and exosomes was performed for three of the low oxygen perfusions. Every 
sample was analyzed in plasma of two donors in duplicates, each. Mann-Whitney-U, P < 0.05
A: Comparison of impact of perfused suspension produced with (+O2) or without (-O2) oxygenation on the plate-
let aggregation rate.
B: Stepwise exclusion of cell debris, STB MV and exosomes from the perfused suspension without oxygenation 
(-O2) has no large influence on the platelet aggregation rate.
For clarity and facilitated comparison, the values of the samples “control, -O2” and “perfused suspension, -O2” are 
shown in parts A and B of this figure.
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Discussion

 This study showed that healthy placentae produced STB EV during perfusion 
and the oxygen level in the placenta had a huge impact on the amount and func-
tionality of placental factors shed into the perfusion suspension. The low shedding 
of STB EV and the low, regulated coagulant impact of the “normoxic” samples sug-
gest that the healthy placenta regulates coagulation on a controlled level. This accu-
rate adjustment of coagulation might be another feature of maternal physiology to 
regulate coagulation and to prevent premature bleeding or excessive post-partum 
bleeding [1,2,4], but also excessive clotting, infarction and thrombosis within the 
placenta as apparent by the down-regulation of maximum platelet aggregation by 
“normoxic” samples.[16,33] Compared to normoxic ex vivo placenta perfusion, low 
oxygen perfusion led to an increased concentration of STB EV produced by the pla-
centa over perfusion duration. Moreover, samples from low oxygen ex vivo placenta 
perfusion led to a significantly increased thrombin formation, while platelet aggre-
gation became highly deregulated. By fractioning the perfusates, we demonstrated 
that STB MV are the main mediator of these effects in the “low oxygen” samples.
 STB EV are formed by the placenta and shed into the maternal circulation 
starting from the end of the first trimester of pregnancy.[24,34] Their concentration 
increases throughout pregnancy and is even elevated in PE.[19] In this respect, the 
“low oxygen” perfusion of normal placentae in our study seems to mimic the PE 
placenta, since we also observed an increased STB EV release from “low oxygen” 
placentas. The different formation mechanisms of the STB EV subtypes, i.e. STB MV 
and exosomes, indicate that both subtypes have different functions.[24] Indeed, 
our study suggests different effects of STB MV and exosomes on coagulation pa-
rameters. PE is, amongst others, characterized by coagulopathies and deregulation 
of hemostasis.[9] Our study demonstrates that mainly the STB MV are mediating 
the observed effects of the ‘perfusion suspension’ samples of the “low oxygen” pla-
centae on thrombin formation and ADP-induced coagulation. This appears to be in 
line with a study of Heijnen et al. [27,35], although other studies found coagulation 
effects of exosomes [27]. 
 The question remains why STB MV of “low oxygen” placentae affect coag-
ulation differently compared with “normoxic” placentae. It is commonly accepted 
that PE is associated with placental infarction, acute atherosis [36] and low oxygen 
levels in the placenta, although it remains unclear whether to expect low oxygen 
levels in the whole placenta or hypoxic areas surrounding tissue infarcts [37]. There-
fore, we used the “low oxygen” placenta perfusion as a model for the preeclamptic 
placenta [38] In our study, we found a correlation between the thrombin forma-
tion and the STB EV concentration. Since it has been described, that PE features 
an increased STB EV release compared to normal pregnancy [19,34], this might be 
related to the increased coagulant potential in PE. However, there might also be 
functional differences between STB MV from “low oxygen” placentae and normal
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placentae due to phenotypical alterations of the STB MV in reaction to the lack of 
oxygen. The molecular load of STB EV from preeclamptic placentae has been shown 
to be altered compared to normal placentae [39], e.g. they expose more tissue fac-
tor [7], which could also initiate an increased thrombin formation. The effects of 
placental factors from our model hypoxic placentae are consistent with the coagu-
lopathy and deregulation of hemostasis observed in PE.
 As far back as 1994, it was shown that healthy placental chorioepithelial 
brush border membrane vesicles and basal plasma membrane vesicles are capable 
of reducing platelet aggregation.[29] Also in our study, we saw that factors released 
by normal placentae reduced platelet aggregation. In addition, factors from “low 
oxygen” placentae strongly de-regulated the platelet aggregation, suggesting that 
a sufficient oxygen supply to the placenta has an impact on the functionality of STB 
EV. None of the described effects on platelet aggregation were significantly correlat-
ed to the STB EV concentration. Therefore, we assume that STB EV from “low oxy-
gen” perfusions feature an altered molecular load just as STB EV from preeclamptic 
PE do [39], and that this may be related to the deregulation of platelet aggregation. 
For example placental alkaline phosphatase is present in the placenta and STB EV 
and might be even increased during PE. Alkaline phosphatases can be involved in 
the hydrolysis of ADP [40]. Thus, placental alkaline phosphatase might hydrolyze 
ADP, which was used as initiator of platelet aggregation in our study. Future studies 
may focus on the influence of STB EV on platelet aggregation which was initiated by 
other molecules, e.g. thromboxane analogues, to further clarify the pro-coagulant 
potential of STB EV.
 We identified the fraction of STB MV as the causing agent of the observed 
effects. A possible mode of influencing platelet aggregation is described in a study 
on the interaction of monocyte membrane vesicles with activated platelets.[41] The 
monocyte membrane vesicles fuse with the membrane of activated platelets based 
on phosphatidylserines on the vesicle surface.[41] A similar mode of membrane fu-
sion might explain how STB MV interact with platelets. Also, membrane vesicle-in-
duced thrombin formation was found in other studies on STB MV [7] or in cancer re-
search [42,43]. Membrane vesicles shed by the breast cancer cell line MDA-MB-231 
were found to feature a high tissue factor-mediated pro-coagulant activity.[43] In 
contrast to our study, the pro-coagulant activity was affiliated to membrane vesicles 
smaller than 100 nm. This implies that, although similarities occur between the 
function of placental and tumor-derived membrane vesicles, the role of the distinct 
subgroups might differ during pregnancy and cancer. 
 To better understand the function of STB MV during pregnancy and espe-
cially in PE, it is necessary to further investigate the phenotype of STB EV in healthy 
pregnancy compared to PE. For this purpose, it is important to remember that 
PE is a multifactorial syndrome, which is not limited only to impaired hemostasis, 
but also features, amongst others, deregulated immune reactions and endotheli-
al dysfunction. To improve our understanding of the underlying mechanisms, it is
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necessary to also focus on the immunogenic influence of the different STB EV phe-
notypes. It is essential to look for intersections of those fields and to place them in 
perspective to the disease PE. 
 In conclusion, we showed that placental factors interact directly with he-
mostasis and that the oxygen supply to the placenta has a huge impact on these 
interactions. Furthermore, we illustrated that the impairment of the pro-coagulant 
activity under low oxygen conditions is mediated by STB MV. We suggest that the 
lack of oxygen during perfusion results in phenotypic, and therefore functional, al-
terations of the STB MV and that a comparable process might alter the STB MV in 
actual PE as well.
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 During pregnancy, diverse types of extracellular vesicles (EV) can be found 
in the maternal circulation originating from, amongst others, blood cells and en-
dothelial cells, but interestingly also from the outer fetal layer of the placenta, the 
syncytiotrophoblast (STB).[1] The placenta produces a plethora of factors, espe-
cially syncytiotrophoblast extracellular vesicles (STB EV), which enter the maternal 
circulation and can perform physiologic systemic functions.[2–4] In general, it has 
been described that EV show diverse functions related to angiogenesis, cell surviv-
al, coagulation, waste management, cell communication and immune adaptation.
[3,5–7] Also the placental fraction, the STB EV, is believed to be involved especially 
in the immunologic and hemostatic adaptation of the maternal body during preg-
nancy.[8–10] The plasma concentration of STB EV increases during pregnancy, prob-
ably due to the increasing size of the placenta.[1] However, STB EV are also believed 
to be involved in the pathophysiology of the pregnancy-complication preeclampsia 
(PE), and it has been shown that the STB EV concentration is increased in PE com-
pared to normal pregnancy.[11] 
 The purpose of this thesis was a comparative investigation of the function 
of two groups of STB EV, syncytiotrophoblast microvesicles (STB MV) and exosomes 
in normal and preeclamptic pregnancies. Though secreted from the same cell, the 
STB, STB MV and exosomes are formed by different mechanisms and may have a (at 
least partially) different molecular load.[3,5,7,12] Therefore, it is believed that they 
mediate different functions, although direct comparisons of the functionality of STB 
MV and exosomes have, to our knowledge, never been made. In theory, STB MV are 
thought to be immune activating [3,13] e.g. by inducing the expression of inflamma-
tory cytokines in peripheral blood mononuclear cells [14]. They are also thought to 
be anti-angiogenic and pro-coagulant.[15] STB MV also have been associated with 
the pathophysiology of PE, partially because of the increased plasma concentration 
of STB MV during PE.[11,14,16] In contrast, placental exosomes are thought to be 
immune suppressive/tolerance-inducing e.g. by reducing cytotoxicity of NK cells, 
CD8+ T cells and gamma delta T cells.[17] However, especially most studies on STB 
MV function and concentration worked either with total plasma samples or EV from 
pellets after ultracentrifugation at 150,000 g, and thus experiments and measure-
ments were most likely performed with a mixture of STB MV and exosomes. There-
fore it cannot clearly be stated which vesicle fraction was causing the observed 
effects. As especially the immune system and the hemostasis are of extraordinary 
importance for a healthy pregnancy [14,18–22] and shown to be impaired during 
PE [23–28], we aimed to systematically compare the immune-modulatory and co-
agulant functions of STB MV and exosomes. And indeed, the results of this thesis 
suggest that the general classification of the function of STB MV and exosomes into 
activating (bad) and tolerance-inducing (good), respectively, may be too simplistic.
 One of the problems in research on EV is the fact that it is very difficult 
to quantify the vesicles. Three methods are often used - flow cytometry [29], na-
noparticle tracking analysis [30] and protein quantification [2]. Flow cytometry
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is a common method to perform multiparametric analysis of cells and EV.[29,31,32] 
However, flow cytometry relies on the forward scatter and side scatter of particles 
crossing a laser beam and these parameters are strongly dependent of the size and 
granularity of the particles themselves. It has been reviewed that MV constitute 
the lower detectable size boarder for flow cytometric analyses and that exosomes 
are actually too small to be analyzed via flow cytometry. [29,31,32]. As with flow 
cytometry, also nanoparticle tracking analysis relies on light scattering of particles 
crossing a laser beam. However, in this method, the scattered light is tracked to 
follow the Brownian motion of the particles in a liquid sample, which allows calcu-
lation of the particle size and concentration. Technical improvements during the last 
years even allow the application of fluorescence-/quantum dot-labeled antibodies 
to label EV, e.g. based on origin-specific markers, and to track them by nanoparticle 
tracking analysis.[30] However, the method requires the dye to have a very high in-
tensity and half-life, restricting the applicability of fluorescence-labeled antibodies. 
In several studies, the total protein concentration of EV has been used as a relative 
measurement of the EV concentration.[2,33] However, it has been described that 
the molecular load of EV differs during health and disease and may also influence 
the total protein concentration and thus impedes a comparable quantification of 
EV. For STB EV, an enzyme-linked immunosorbent assay (ELISA) has been described 
by the group of Redman and Sargent in Oxford, based on human placental alkaline 
phosphatase.[11] This method immobilizes STB EV from fluid samples, based on 
their expression of human placental alkaline phosphatase, but the results may be 
affected by free human placental alkaline phosphatase in the sample if the vesicles 
are not carefully separated from the sample by centrifugation on beforehand.
 Due to the difficulties in quantifying EV, we developed a reliable but simple 
and quick method to quantify STB EV in fluid samples such as plasma or suspension 
from ex vivo placenta perfusion. As described in chapter 2, we managed to de-
velop an enzyme-linked sorbent assay based on the well-known ELISA-technique, 
but working without an actual immune component. In this enzyme-linked sorbent 
assay, STB EV are captured from fluid samples by binding of immobilized annexin V 
in a microtiter plate to phosphatidylserines on the surface of STB EV. A colorimetric 
detection reaction is catalyzed by human placental alkaline phosphatase exposed 
on STB EV. Since our method is using annexin V to immobilize EV based on the 
phosphatidylserines exposure, it is most likely less sensitive to disturbances in the 
detection reaction by e.g. soluble human placental alkaline phosphatase in the fluid 
sample. However, it has been described that not only MV but also a certain amount 
of exosomes exposes phosphatidylserines on their surface.[34] Thus, we cannot 
completely rule out that results from our ELSA might be influenced by exosomes 
and we also recommend a strict centrifugation protocol to separate MV from ex-
osomes.
 To reach a better understanding of the influences of STB EV in healthy and 
preeclamptic pregnancy, we next aimed to quantify the peripheral STB EV plasma
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concentration in normal pregnancy and PE. Equipped with our enzyme-linked sorb-
ent assay, we performed the MORE PrePARd study (Microparticle Orientated Risk 
Evaluation for Preeclampsia Prediction Among Risk graviDas -the MORE PrePARd 
Study) as described in chapter 3. This multi-center, prospective, blinded, prognostic 
marker study explored the usability of the peripheral plasma STB EV concentration 
as an accessory marker to mid-gestational uterine artery Doppler velocimetry in 
the prediction of the development of PE in a high risk population. We compared 
the peripheral plasma STB EV concentration of women who developed PE to that of 
women (within the high risk group) who did not develop PE. 
 We observed an increase of the STB EV concentration over the time of preg-
nancy in the PE group and the control group, but did not detect an significant dif-
ference between the two groups. This is in contrast to other studies, that found a 
significant increase of STB EV in PE [11,16]. The primary outcome of our study was 
a comparison of the peripheral plasma STB EV concentration at the 20th week of 
gestation as an accessory tool for PE prediction before PE symptoms occur. There-
fore, we included only STB EV concentrations of specimens to our study before PE 
was diagnosed, while other groups measured the STB EV concentration after PE 
symptoms had occurred. Although STB EV are secreted from the placenta during 
nearly the whole pregnancy [2], it may be possible that the PE-related increase of 
the STB EV concentration only accompanies PE symptoms, but does not precede 
them. Therefore, we might have not been able to find a significant difference in 
the STB EV concentration before appearance of PE symptoms. Furthermore, more 
than half of the patients in our PE group (8 out of 15) had to be excluded from the 
analysis between the 20th and 36th week of gestation because of the appearance 
of PE-symptoms and associated complications. Therefore, we potentially lost statis-
tical power at our 36 weeks samples and it may be possible that we did not see an 
increased concentration. 
 Since we did not find increased STB EV levels during PE in our study, while 
STB EV are suggested to be involved in the pathophysiology of PE [3,4], we hypoth-
esized that the pathophysiological effects of STB EV in PE might be due to their 
differences in molecular load in preeclamptic STB EV versus normal STB EV [35] and 
therefore a different functionality. 

The immunologic function of STB MV and exosomes in normal pregnancy and 
preeclampsia

 In chapters 4 and 5, we stimulated whole blood samples from non-preg-
nant women with STB EV from normal and preeclamptic placentae to analyze the 
potential immunologic function of STB EV. We stimulated the blood samples with 
physiological late pregnancy concentrations of STB EV as measured in the MORE 
PrePARd study (36th week of gestation, chapter 3). We used STB EV from preec-
lamptic women at similar concentrations, which allowed us to focus on potential
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differences in functionality between STB EV from healthy placentae and preeclamp-
tic placentae. 
 In chapter 4, we focused on the effects of STB EV on two of the most abun-
dant innate immune cell types, monocytes and granulocytes. Both STB MV and ex-
osomes from normal placentae induced a shift from CD16— classical monocytes 
towards CD16+ intermediate monocytes. They also activated classical monocytes, 
intermediate monocytes and granulocytes. Although STB MV and exosomes from 
normal placentae induced similar effects on monocytes and granulocytes, the ex-
osomal effect was more pronounced. Also STB EV from preeclamptic placentae in-
duced a shift from classical to intermediate monocytes and an activation of classical 
and intermediate monocytes and granulocytes. The effect of STB EV from normal 
placentae and STB EV from preeclamptic placentae appeared to be similar.
 Chapter 5 describes the effects of STB EV on lymphocyte subpopulations, 
namely CD8- and CD8+ T cells, natural killer (NK) cells and natural killer T (NKT) cells. 
STB EV from normal placentae induced an activated phenotype in T cells and mem-
ory T cells, especially regulatory T (Treg) cells, as well as the production of perforin 
and granzyme B by NK and NKT cells. STB EV from normal placentae did not signifi-
cantly alter the percentage of T helper (Th) cell subsets 1, 2 and 17. In contrast, STB 
EV from preeclamptic placentae neither induced an activated phenotype in T cells, 
memory T cells and Treg cells, nor the expression of perforin and granzyme B by NK 
and NKT cells. Like STB EV from normal placentae, also STB EV from preeclamptic 
placentae had no significant effect on Th cell subsets. 
 In our experiments, STB EV from normal placentae induced monocyte mat-
uration and an activation of monocytes, granulocytes, CD8- and CD8+ T cells, NK 
cells and NK T cells. Especially Treg cells and regulatory CD16+CD56++ NK cells were 
shown to be activated. Our study is in line with the conclusions from other studies, 
showing that both normal STB MV and exosomes affected the phenotype and ac-
tivity of monocytes [9,36,37], and showing that cell culture supernatants from pla-
cental explants increased the number and suppressive phenotype of Treg cells [38]. 
Normal pregnancy has been associated with a systemic inflammatory state [14,18], 
characterized by an increased number of peripheral monocytes, granulocytes and 
an increased activation of these cells.[39] Also, the number of Treg cells are in-
creased in normal pregnancy, next to a predominant type-2 immunity based on a 
decreased Th1/Th2 ratio and type-2 cytokine production by NK cells and NKT cells.
[23–26,40–43] However, also Th1 and especially Th17 cells are active, but strongly 
regulated during normal pregnancy.[26,44] Our data thus suggest that this pheno-
type (i.e., monocyte and granulocyte activation and increased numbers of Treg) is 
partly induced by STB EV from normal placentae. Interestingly, the STB EV did not 
affect the distribution of Th1, Th2 and Th17 cells in lymphocytes. Therefore, other 
factors may be involved in the pregnancy-induced Th2 skewing and decreased Th17 
response. Our data suggest that STB EV from normal placentae support the estab-
lishment of a tolerant environment by boosting the abilities of Treg, NK cells and
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 NKT cells to regulate effector cells by an inflammatory-like phenotype. This sugges-
tion is in line with the general idea of a physiological secretion of EV into the blood 
stream as a mode of communication with target cells.[3–5]
 Already the endometrium and early placenta are enriched with maternal 
leucocytes, especially uterine NK cells and macrophages, but their origin is not fully 
revealed yet – they might be recruited from the periphery or differentiate locally.
[39,45] While invading the maternal endometrium, extravillous trophoblasts are 
getting into contact with the maternal endometrial leucocytes and are protected 
from an immune attack by the expression of MHC class I molecules.[46–48] Since 
the villous trophoblast does not have this protection through MHC class I mole-
cules [47], it has been discussed that the secretion of factors such as STB EV might 
mediate protection of the villous trophoblasts from the maternal immune system. 
However, in our experiments monocytes did not only get activated by STB EV but 
also showed signs of differentiation into macrophages (increased granularity and 
CD11b expression, chapter 4). This indicates that STB EV might recruit monocytes 
to migrate into the decidua and to refresh the pool of placental macrophages. Ad-
ditionally, especially CD16+CD56++ NK cells became activated by STB EV and those 
cells are potential precursors of CD56++ uterine NK cells.[49] That suggests that 
STB EV also have a potential role for the local immune reactions in the placental 
bed and support local tolerance towards the semi-allogenic fetus. However, to our 
knowledge, there are no studies investigating a direct local function of STB EV in the 
decidua so far.
 STB EV from preeclamptic placentae induced activation of monocytes and 
granulocytes and monocyte maturation nearly to the same extend than STB EV 
from normal placentae did. However, STB EV from preeclamptic placentae failed 
to activate T cells, NK cells and NKT cells. Especially the STB MV from preeclamptic 
placentae seemed to reveal a reduced function compared to STB EV from normal 
placentae, but there was no significant difference between preeclamptic and nor-
mal STB MV. In earlier studies, STB EV have been associated with the disturbed 
immune reactions [14] and endothelial dysfunction [16] during PE. PE features an 
exaggeration of the pregnancy-related inflammatory state, apparent by a strong-
er activation of monocytes and granulocytes, downregulation of Treg cells, and an 
increase of the Th1/Th2 ratio combined with a stronger activity of Th17 cells and 
type-1 cytokine production by NK cells and NKT cells.[23–26] Although PE features 
a pathologic increase of inflammatory signs, STB EV from preeclamptic placentae 
did not have significantly different effects on inflammatory cells compared with STB 
EV from normal placentae in our studies. However, the STB EV from preeclamp-
tic placentae also did not induce the regulatory, protective phenotype in lympho-
cytes which was induced by STB EV from normal placentae. They were not able 
to induce immunoregulation, especially by Treg and regulatory CD16+CD56++ NK 
cells, to the same level than STB EV from normal placentae did. Also, despite the 
fact that the inflammatory cells are more activated during PE, the STB EV from
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preeclamptic placentae did not induce more activation in monocytes and granulo-
cytes. We stimulated whole blood of non-pregnant women with similar amounts 
of STB EV from normal and preeclamptic placentae, since we were interested in 
functional differences, although some studies showed an increased number of STB 
EV during PE [11].Therefore, from the present study, we cannot rule out an effect of 
the increased number of STB EV in PE. However, we speculate that the exaggerated 
inflammatory state in PE might not be induced by a direct effect of STB EV on mono-
cytes and granulocytes. Rather it results from an indirect effect of the function loss 
of STB EV from preeclamptic placentae, especially STB MV, which are not able to 
induce the protective immunoregulation (especially on Treg and CD16+CD56++ NK 
cells) anymore. This may then result in activation of monocytes and granulocytes.
 The direct comparison of the immunologic effects of STB MV and exosomes 
from normal placentae in chapters 4 and 5 revealed that both STB EV subtypes have 
similar immunologic functions, and are not necessarily opponents. In our experi-
ments, STB MV and exosomes were isolated from placental perfusates. The ratio 
of the concentrations of the STB MV and exosomes that we used for stimulation 
was similar to the STB MV/exosome ratio produced by the placenta. Our own pre-
liminary, unpublished data suggest that the STB MV/exosome ratio is nearly 1 in 
suspensions from ex vivo placenta perfusion. We assume that this ratio also reflects 
the physiologic STB MV/exosome ratio in plasma during pregnancy. In contrast to 
what has been thought about the function of STB MV and exosomes, we found 
that STB MV and exosomes did not perform different functions. Both STB MV and 
exosomes from normal placentae activated monocytes, granulocytes, T cells, NK 
cells and NK cells, and induced an activated phenotype in T cells, memory T cells 
and Treg cells. Based on the phenotypes of the immune cell subsets observed in this 
thesis, we suggest that both STB MV and exosomes from normal placentae have 
similar immunologic functions, engage in the systemic inflammatory state during 
normal pregnancy, and support the establishment of a regulatory, tolerance-induc-
ing phenotype in immune cells. Although mediating similar effects, the effect of 
exosomes was more prominent than the effect of STB MV. This might be a feature 
of a (partially) different molecular load of STB MV and exosomes. To our knowledge, 
no study has been published so far which directly compares the molecular load of 
STB MV and exosomes. However, it has been shown that specific markers exist for 
MV (exposure of phosphatidylserines, selectins, integrins) and for exosomes (e.g. 
CD9, CD63, CD81).[3,5,7,50] Therefore, it is reasonable to assume that the molecu-
lar load of both vesicle types differs also in further parts. As the STB MV/exosomes 
ratio in our perfusion suspensions was about 1, a potential superior number of 
STB exosomes over STB MV cannot be the cause of the stronger exosomal effect. 
Also for the vesicles of preeclamptic placentae, STB MV and exosomes appeared 
to have similar effects on the various immune cells, although the effects of the ex-
osomes appeared more pronounced. Potentially, STB MV from preeclamptic pla-
centae are more effected by the described loss of function than STB exosomes from
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 preeclamptic placentae.
 The mode in which STB EV mediate their effects on immune cells has not 
been completely clarified yet. It has been shown earlier that monocytes phagocyt-
ize STB MV, while this has been barley shown for the other immune cell subsets.
[7,27] In our studies, only whole blood stimulations have been performed to mimic 
physiologic conditions as close as possible. We got an impression of how immune 
cells may respond to STB EV. However, we cannot judge whether all identified cell 
subsets actually directly interact with STB EV or some effects are merely down-
stream consequences of the influences on other cells. It has been shown that STB 
EV induce cytokine production in monocytes [9], and these could be potentially 
involved in a further activation of lymphocytes. Especially dendritic cells are a major 
player in the adaptive immune system and very important for the regulation of T 
cell responses.[51] In pregnancy, dendritic cell function seems to be suppressed to 
avoid an activation of the T cell response against the fetus.[51] The exact mode of 
the suppression of dendritic cells during pregnancy is not fully clarified yet. How-
ever, since we observed activation of T cells in response to STB EV stimulation of 
whole blood, an involvement of dendritic cells cannot be ruled out and may be an 
interesting subject for future studies.

The pro-coagulant function of STB MV and exosomes in normal pregnancy and 
preeclampsia

 In chapter 6, we assessed the pro-coagulant function of STB EV by analyz-
ing the effects of suspension from ex vivo placenta perfusion on thrombin forma-
tion and platelet aggregation. We showed that perfusion suspension from normal 
placentae induced a low thrombin formation and a low platelet aggregation at a 
variable, individual aggregation rate. As an artificial model for PE [52], we perfused 
normal placentae with low oxygen contents. Suspension from these low-oxygen 
perfusions induced a high thrombin formation and a strongly dysregulated platelet 
aggregation at a low aggregation rate. By stepwise exclusion of cell debris/macrove-
sicles, STB MV and exosomes from the low-oxygen perfusion suspension, we could 
ascribe the described effects to STB MV and not to exosomes.
 In this study, we used a different approach to identify the placental factor 
that induced thrombin formation and platelet aggregation. (1) To study the pro-co-
agulant activity from healthy and preeclamptic placentae we used a placental mod-
el for PE: i.e. the hypoxic placenta. As described by Jain et al., the perfusion of 
normal placentae with low oxygen contents induces a PE-like reaction of the placen-
tal tissue with increased levels of inflammatory cytokines.[52] Since preeclamptic 
placentae are rare (PE occurs only in 2-8 % of pregnancies worldwide, even less 
in developed countries [53]), we thus decided to use this model for the placenta 
of PE patients. Normal placentae were ex vivo perfused with low oxygen contents 
to investigate the coagulant impact of preeclamptic placental factors. (2) We first 
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analyzed the coagulant impact of total suspension after normoxic and low oxygen 
ex vivo placenta perfusion. After we saw that the suspension from low oxygen per-
fusion features a very different coagulant impact than the suspension from normox-
ic perfusion, we wanted to figure out which factor in the solution is actually causing 
the observed effects. The placenta is known to produce a plethora of factors, not 
only STB EV, but also soluble molecules like the pro-coagulant proteins plasmino-
gen activator inhibitor type 2 or tissue factor [21]. In contrast to our immunologi-
cal studies, we decided not to test the coagulant effects of isolated STB MV or ex-
osomes, but rather to stepwise exclude the single STB EV fractions (STB cell debris/
macrovesicles, STB MV and STB exosomes) from the perfusion suspension and to 
test the effect of the remaining suspension. Since we already knew the effect of 
the whole mixture of placental factors, we wanted to see whether the stepwise ex-
clusion of the single factors could partially or completely reverse the effects of the 
complete perfusion suspension. This way, we assumed to get a better impression of 
the effect of the single STB EV fractions and of a potentially complementary effect 
of the single factors.
 Samples of suspension from ex vivo perfusion of normal placentae induced 
low thrombin formation and high platelet aggregation. Normal pregnancy is char-
acterized by hypercoagulability represented by an increase of pro-coagulant factors 
(e.g. thrombin, fibrin, von Willebrand factor) without compensation by anti-coag-
ulant factors (e.g. anti-thrombin III).[19–22] This hypercoagulability is most likely 
induced to avoid premature bleeding.[19,20] Our data suggest that the placenta 
supports the controlled hypercoagulability of normal pregnancy. STB EV might en-
gage in this hypercoagulable state by inducing coagulation based on the exposure 
of phosphatidylserines or tissue factor on their surface to regulate coagulation on a 
controlled level during pregnancy.[7,54,55] Due to the relative low effects of STB EV 
from healthy placentae we did not perform stepwise exclusion of cell debris/mac-
rovesicle, STB MV and exosomes in the samples of the healthy placentae. Therefore 
we cannot affiliate the observed effects to any subtype of STB EV.
 In contrast to normal placenta perfusion suspension, the low-oxygen pla-
cental perfusion suspension induced a strong thrombin formation and deregula-
tion of platelet aggregation. With stepwise exclusion of cell debris/macrovesicles, 
STB MV and exosomes from this low-oxygen suspension, the strong pro-coagulant 
effects disappeared after exclusion of STB MV. Since the perfusion suspension de-
pleted from STB MV still included exosomes and soluble placental factors, we as-
cribed the pro-coagulant function of PE-like STB EV mainly to the STB MV fraction, 
and not to the exosome fraction. Potentially, STB MV also may have induced the 
pro-coagulant effect in the normoxic perfusion suspension, but the lack of oxygen 
during the ex vivo placenta perfusion altered the functionality of the STB MV low 
oxygen perfusion suspension compared to normal perfusion suspension. PE is as-
sociated with a deregulation of hemostasis, represented for example by coagulopa-
thies or thrombocytopenia.[53] Our data suggest that preeclamptic STB MV might 
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contribute to the impaired hemostasis during PE, although we used an artificial 
model of PE to obtain our data. In PE, the placenta suffers from oxidative stress [56] 
which may activate the STB and influence the secretion of STB MV. 
 The different effects of STB MV and exosomes on coagulation may be ex-
plained by a different molecular load of STB MV and exosomes (e.g. tissue factor 
or phosphatidylserine). Since the release of phosphatidylserine-exposing MV is a 
feature of activated or apoptotic cells [5], the release of MV from the oxidative-
ly stressed preeclamptic STB may lead to an increased exposure of phosphatidyl-
serines due to a stronger turnover of the membranes during STB MV formation. 
Furthermore, predominantly STB MV expose phosphatidylserines on their surface, 
while only a little fraction of exosomes exposes phosphatidylserines.[7,54] The ex-
posure of phosphatidylserines encourages coagulation by binding to coagulation 
factors, and supports activation of coagulation factors (e.g. thrombin as shown in 
our experiments) and platelet aggregation.[15,57] Also tissue factor, which may 
play a role in coagulation, was discovered on STB EV.[55] However, this study was 
performed on a 150,000 g fraction of EV after centrifugation of suspension from 
ex vivo placenta perfusion.[55] At 150,000 g both MV and exosomes are pelleted 
together and thus it is not clear whether the tissue factor was exposed on both STB 
MV and exosomes or only STB MV. Additionally, our data are in line with earlier 
studies that described an inhibition of platelet aggregation by normal chorioepi-
thelial brush border membrane vesicles and basal plasma membrane vesicles, but 
these studies also did not identify which EV type caused these effects.[58,59] The 
described hemostatic effects of STB MV but not exosomes also support the hypoth-
esis of a different, maybe even opposite function of STB MV and exosomes.

How can the functions of syncytiotrophoblast microvesicles and exosomes in nor-
mal pregnancy and preeclampsia be aligned?

 As discussed before, the overall impression of the function of STB MV and 
exosomes in normal pregnancy and PE appears to be very static. Often, STB MV are 
believed to be rather activating and strongly related to the pathogenesis of PE, while 
exosomes are believed to be rather tolerance-inducing. The results of this thesis 
suggest that this view is too simplistic. The functional similarities and differences of 
STB MV and exosomes seem to be strongly dependent on the physiologic compart-
ment in which they are assessed, e.g. on immune cells or hemostasis. While STB MV 
and exosomes seem to have a similar effect on the immune system, only STB MV 
seem to have a strong regulatory effect on the coagulation compared to exosomes. 
Furthermore, the functionality of STB EV from normal and preeclamptic placentae 
indeed seems to differ from each other. STB EV from normal placentae seem to in-
duce a regulated, tolerance-inducing immune reaction and the inflammatory state 
of normal pregnancy. They also appear to support the regulated hypercoagulable 
state of pregnancy, which prevents premature bleeding or excessive post-partum
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bleeding. In contrast, STB EV from preeclamptic placentae seem to have lost some 
of the functions of STB EV from normal placentae. In our studies, STB EV from 
preeclamptic placentae failed to induce a regulated, potentially protective, immune 
reaction and even caused a strong deregulation of coagulant functions. The results 
of this thesis may offer new perspectives on the function of STB MV and exosomes 
in normal pregnancy and PE and initiate novel approaches to the topic.

Future perspectives

 We neither completely understand yet how the maternal immune system 
tolerizes fetal antigens nor how disturbances in the maternal immune system are 
triggered in PE. However, it is generally agreed that STB EV are associated with the 
pathophysiology of PE and evidence is rising that they are also more important 
in normal pregnancy than expected earlier. This is also apparent by the results 
achieved in this thesis, i.e. the STB EV from the normal placenta induce immuno-
logical changes in whole blood of non-pregnant women which are also seen during 
pregnancy. To further the understanding of the differential functions of STB MV 
and exosomes and the effects of STB EV from normal and PE placentae, a deeper 
understanding of the molecular mechanisms underlying the interaction of STB EV 
with their target cells is needed. 
 This thesis and other studies indicate an interaction of STB EV with certain 
immune cell subsets and the hemostatic system. However, especially in the case of 
immune cells, it is not clear whether STB EV directly attach to or are phagocytized 
by the affected cells or if the activation of the influenced cells is just a consequence 
of the signaling of other immune cell subsets. Thus, an identification of cell subsets 
which actually take-up STB EV and the way of the uptake (e.g. clathrin-mediated 
or caveolin-dependent endocytosis, micropinocytosis, phagocytosis, lipid rafts or 
cell surface membrane fusion [60]) may improve our understanding of the mecha-
nisms by which STB EV affect other cells. In this thesis, cell stimulations have been 
performed in whole blood to align as close as possible to physiologic conditions. 
Based on these results, cell types which were affected by STB EV might be isolated 
and their direct interaction with STB EV may be investigated in more depth in future 
studies. Furthermore, it may be advisable to also analyze the effects of STB MV and 
exosomes together and to compare them to the separate investigations of this the-
sis to assess a potentially synergistic effect of STB MV and exosomes. Additionally, a 
systematic comparison of the molecular load of STB MV and exosomes and of STB 
EV from normal and preeclamptic placentae may explain differences in their func-
tionalities. 
 When comparing the effects of STB MV and exosomes, it is necessary to 
reflect on difficulties in the separation of these vesicle types from each other. The 
isolation of MV and exosomes from fluid samples via a protocol based on sequen-
tial centrifugation and ultra-centrifugation is a widely accepted method.[3,5,54] 
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However, contamination of either vesicle fraction with bigger or smaller vesicles 
cannot completely be ruled out. Also unpublished nanoparticle tracking analysis 
data from our group indicate a certain low contamination of STB MV with exosomes 
and vice versa. As described by Théry et al., exosome purity can be improved by a 
further ultra-centrifugation on a sucrose gradient or by isolation with immuno-la-
beled magnetic beads.[54] A comprehensive comparison of the molecular load of 
STB MV and exosomes is currently lacking, but may support the search for specific 
markers for either STB EV fraction and thus also a more specific isolation e.g. via 
immuno-magnetic separation as suggested by Théry et al.
 Till date, no effective treatment, other than pregnancy termination, has 
been found to cure PE. A better understanding of the role of STB EV in normal preg-
nancy and PE may open new avenues to successful treatment of PE. A comparison 
of the molecular load of STB EV from normal and preeclamptic placentae may yield 
in potential targets for an interaction with the signaling pathways of STB EV and 
targets for PE therapy. Based on the results of this thesis, we suggested that STB EV 
potentially suffer from a partial loss of immunologic function and deregulation of 
hemostatic function in PE compared to normal pregnancy. PE treatment may profit 
from an induction or inhibition of STB MV or exosomes or both STB EV subgroups as 
a compensation for the impaired function in PE. To explore the potential benefits of 
either of these options, an improved understanding of the molecular mechanisms 
of the STB MV and exosome function is inevitable. A better understanding of the 
mechanism of the STB EV signaling will not only support obstetrical research but 
may also be very beneficial for the wider fields of immunology and extracellular 
vesicles research.
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 Extracellular vesicles (EV) are small membrane-surrounded vesicles, which 
are secreted by a plethora of cells and are present in all body fluids during health 
and disease. During pregnancy, many types of EV are present in the maternal cir-
culation originating from various cells, such as blood cells and endothelial cells, but 
interestingly also from the outer fetal layer of the placenta, the syncytiotrophoblast 
(STB). The syncytiotrophoblast extracellular vesicles (STB EV) enter the maternal cir-
culation and increase in number during pregnancy. They can perform physiological 
functions, e.g. they may aid in the immunologic and hemostatic adaptations of the 
maternal body during pregnancy. Pregnancy has been described as a maternal sys-
temic inflammatory state associated with changes in both the adaptive and innate 
immune response. Features of adjusted hemostasis, to avoid premature bleeding 
or excessive postpartum bleeding, have also been shown. In the present thesis we 
tested whether these changes in immunology and hemostasis during pregnancy 
may be influenced by STB EV. 
 STB EV are also believed to be involved in the pathophysiology of the preg-
nancy-complication preeclampsia (PE). PE is mainly characterized by gestational hy-
pertension and proteinuria in the second half of pregnancy. PE features, amongst 
others, an exaggerated maternal inflammatory response and coagulopathies. The 
number of STB EV was even further increased in PE as compared to normal preg-
nancy. Furthermore, also the molecular load of STB EV has been shown to differ 
between normal pregnancy and PE, suggesting an altered functionality of STB EV 
between healthy and diseased pregnancy. Often, STB EV are subcategorized into 
syncytiotrophoblast microvesicles (STB MV) and exosomes, which differ by size and 
mode of formation. STB MV are relatively big particles, of 100 to 1000 nm in size 
and being formed by direct budding from the apical side of the STB plasma mem-
brane. In contrast, exosomes are  smaller particles of 30 to 100 nm in size and being 
formed in intracellular multivesicular bodies and released by fusion of the mem-
brane of these intracellular multivesicular bodies with the STB plasma membrane. 
Based on their differing mode of formation, STB MV and exosomes are likely to 
posses, at least partially, different molecular loads and to perform different func-
tions. From an immunological point of view, STB MV are believed to be  activating, 
while exosomes are believed to be tolerance-inducing. Therefore, this thesis aimed 
to perform a comprehensive comparison of the function of the two main groups of 
STB EV, STB MV and exosomes, from placentae of normal and preeclamptic preg-
nancies, with respect to immunological and hemostatic functions. 

 In chapter 2 of this thesis, we described the development of an en-
zyme-linked sorbent assay to quantify STB EV in fluid samples. In that assay, phos-
phatidylserines on the STB EV surface are bound by immobilized annexin V and 
retained from the fluid sample. Next, placental alkaline phosphatase on the STB 
EV surface is used to catalyze the colorimetric detection reaction. Equipped with 
this tool, we performed a multi-center, prospective, blinded, prognostic marker 
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study exploring the usability of the peripheral plasma STB EV concentration as an 
accessory marker to mid-gestational uterine artery Doppler velocimetry in the pre-
diction of the development of PE in a high risk population as described in chapter 3. 
We did not find a prognostic value of the peripheral plasma STB EV concentration in 
addition to mid-gestational uterine artery Doppler velocimetry. Concentrations of 
STB EV measured in this study in peripheral plasma of late pregnancy in the control 
group were used to determine the concentrations of STB EV used in the next chap-
ters focusing on the immunologic function of STB EV.
 
 In chapters 4 and 5, we stimulated whole blood samples of nulligravid 
women with physiologic concentrations of either STB MV or exosomes from either 
normal or preeclamptic placentae. In chapter 4, we studied the effects of STB EV on 
monocytes and granulocytes. STB MV and exosomes from both normal and preec-
lamptic placentae induced activation of monocytes and granulocytes as apparent 
by increased granularization of the cells and an increased expression of the acti-
vation marker CD11b. Additionally, both STB MV and exosomes from normal and 
preeclamptic placentae guided the maturation from CD16— classical monocytes 
towards CD16+ intermediate monocytes. Although STB MV and exosomes from 
normal and preeclamptic placentae induced similar effects, the exosomal effects 
were more pronounced. Interestingly, with respect to monocytes and granulocytes, 
the effects of STB EV from preeclamptic placentae were similar to the effects of the 
STB EV from normal placentae. In chapter 5, we studied the effects of STB EV on 
T cells, natural killer (NK) cells and natural killer T (NK T) cells. STB EV from normal 
placentae activated T cells and memory T cells, especially regulatory T (Treg) cell 
subgroups. They also stimulated cytotoxicity (expression of perforin and granzyme 
B) in NK (especially CD16+CD56++) and NKT cells. T helper (Th) cell subsets were 
not significantly affected by STB EV from normal placentae. Again, STB MV and ex-
osomes from normal placentae featured similar effects, but the exosomal effects 
were more pronounced. STB EV from preeclamptic placentae failed to activate T 
cells, Treg cells and to induce cytotoxicity of NK and NKT cells.
 The results from chapters 4 and 5 suggest that STB MV and exosomes form 
normal placentae may support the systemic inflammatory state of the maternal 
organism during normal pregnancy, e.g. by activation of monocytes and granulo-
cytes. Additionally, STB EV from normal placentae affect predominantly regulatory 
lymphocytes (e.g. Treg and CD16+CD56++ NK cells), which may support the local 
uterine tolerance towards the fetus as well as ensure regulation of the controlled 
regulatory state during normal pregnancy. In contrast to earlier expectations, STB 
MV and exosomes were not solely activating (STB MV) or solely tolerance-inducing 
(exosomes), but showed similar effects. This suggests, that STB MV and exosomes 
from normal placentae do not necessarily perform opposite immunologic func-
tions. 
 STB EV from preeclamptic placentae also activated both monocytes and
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granulocytes, but did not induce an increased response in monocytes or granulo-
cytes as compared with STB EV from normal placentae. However, they showed a 
loss of function in inducing regulatory T and NK lymphocytes. This suggests, that 
STB EV from preeclamptic placentae may not directly induce the exaggerated sys-
temic inflammatory state of the maternal organisms during PE. Rather, STB EV from 
preeclamptic placentae seem to favor this state by not inducing regulatory mech-
anisms.

 Additionally to the immunological effect of STB EV, in chapter 6 we also as-
sessed their pro-coagulant effects. First, we studied the effect of suspensions from 
ex vivo placenta perfusion on thrombin formation and platelet aggregation. Perfu-
sion suspensions from normal placentae induced only a very low thrombin forma-
tion and low platelet aggregation at a variable, individual aggregation rate. Next, 
we perfused normal placentae at low oxygen contents to mimic the preeclamptic 
placenta. The perfusion suspension of low oxygen perfused placentae led to an in-
creased thrombin formation and highly deregulated platelet aggregation. Since the 
perfusion of placentae at low oxygen contents is regarded as a model for PE, this 
may suggest that a perfusion suspension from preeclamptic placentae may induce 
similar effects. A stepwise exclusion of cell debris, STB MV and exosomes from the 
perfusion suspension of low oxygen perfused placentae identified STB MV as the 
causing particles for the observed effects. Only the exclusion of STB MV reversed 
the effects on thrombin formation and platelet aggregation. In contrast to our im-
munologic studies, STB MV and exosomes do seem to feature different pro-coagu-
lant functions, since only the STB MV influenced thrombin formation and platelet 
aggregation, but not exosomes. This may be related to the exposure of certain mol-
ecules, such as tissue factor and phosphatidylserines, on the STB MV surface but 
not on exosomes.

 In conclusion, the present thesis showed that placental STB EV have immu-
nological and coagulation properties. Immunological properties are observed with 
STB EV from both normal and preeclamptic placentae, while coagulation proper-
ties are only observed by STB EV from low oxygen perfused placentae (as a model 
for the preeclamptic placenta). Interestingly, the coagulation inducing properties 
were only observed with the STB MV and not with the exosomes. This finding is in 
line with the general suggestion that STB MV and exosomes have different (patho)
physiological effects. Although it has also been suggested that STB MV and ex-
osomes have different immunomodulating properties, we observed that STB MV 
and exosomes have similar immunomodulating properties, although the effects of 
the exosomes seemed to be stronger. This may be related to an, at least partial-
ly, different molecular load of STB MV and exosomes. Differences, however, were 
found between STB EV from healthy and preeclamptic placentae: although STB 
EV from healthy placentae and preeclamptic placentae activated monocytes and 
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granulocytes similarly, stimulation of lymphocytes, especially Treg and NK cells, was 
only observed by STB EV from healthy placentae. This suggests that STB EV may play 
an immunoregulatory role in normal pregnancy. In PE, however, the STB EV failed 
to induce this immunoregulation, which may favor the proinflammatory state of PE. 
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 Extracellulaire vesikels (EV) zijn kleine, membraan-omhulde blaasjes die 
worden geproduceerd door verschillende soorten cellen, zoals b.v. endotheel cel-
len, thrombocyten of immuun cellen. Zij zijn te vinden in alle lichaamsvloeistoff-
en (b.v. in bloed) in fysiologische en pathofysiologische omstandigheden. Tijdens 
de zwangerschap circuleren EV afkomstig van verschillende cellen in de maternale 
circulatie. Uniek tijdens de zwangerschap zijn de EV van de buitenste laag van de 
foetale placenta, de syncytiotrofoblast (STB). Het aantal van deze syncytiotrofoblast 
extracellulaire vesikels (STB EV) in de maternale circulatie neemt toe in de loop van 
de zwangerschap. Er wordt gedacht dat deze STB EV tijdens de zwangerschap een 
rol zouden kunnen spelen in de maternale immunologische en hemostatische aan-
passingen tijdens de zwangerschap. Zwangerschap wordt gekarakteriseerd als een 
maternale systemische ontstekingsrespons, die geassocieerd is met veranderingen 
in zowel de adaptieve als de aangeboren immuunrespons. Ook de hemostase, blo-
edstolling, past zich aan in de zwangerschap om voortijdige bloeden of overmatig 
bloedverlies postpartum te voorkomen. In dit proefschrift bestuderen we of de STB 
EV een rol kunnen spelen in deze zwangerschapsadaptaties, zowel wat betreft de 
immunologie als de hemostase.
 STB EV worden verondersteld ook betrokken te zijn bij de pathofysiol-
ogie van speciefieke zwangerschapscomplicaties, zoals pre-eclampsie (PE). PE 
wordt gekenmerkt door zwangerschapshypertensie en proteïnurie optredend in 
de tweede helft van de zwangerschap. Pathofysiologisch wordt bij PE ook o.a. een 
sterker geactiveerde ontstekingsrespons gezien, in vergelijking met de gezonde 
zwangerschap en meer coagulopathieën. De concentratie STB EV is hoger in PE in 
vergelijking met de normale zwangerschap. Er wordt daarnaast ook gesuggereerd 
dat er een verschil is in de moleculaire lading van STB EV geproduceerd door de 
placenta in normale zwangerschap in vergelijking met de STB EV van de pre-ec-
lamptische placenta. Daarom zouden de STB EV van de pre-eclamptische placenta 
andere (patho)fysiologische effecten hebben dan de STB EV van de gezonde pla-
centa. STB EV kunnen worden onderverdeeld in syncytiotrofoblast microvesicles 
(STB MV) en exosomen, die verschillen in grootte en de manier van vorming. STB 
MV zijn relatief grote vesikels, tussen 100 tot 1000 nm en worden gevormd door 
directe budding van de apicale zijde van de STB plasmamembraan. Exosomen zijn 
kleinere vesikels, tussen 30 tot 100 nm, en worden gevormd als intracellulaire mul-
tivesiculaire bodies. STB exosomen komen in de maternale circulatie door fusie van 
de intracellulaire multivesiculaire bodies met de STB plasmamembraan. Omdat 
STB MV en exosomen op verschillende manieren geproduceerd worden, hebben 
ze waarschijnlijk een verschillende moleculaire lading en daardoor mogelijk ook 
verschillende (patho)fysiologische effecten. Inderdaad worden STB MV veronder-
steld de immuun response te activeren, terwijl exosomen worden verondersteld 
immuun tolerantie te induceren. In dit proefschrift wordt de rol van STB MV en 
die van exosomen afkomstig van normale en pre-eclamptische placenta in de im-
munologische en hemostatische aanpassingen aan de zwangerschap bestudeerd.

Nederlandse Sammenvatting



143

A A

Appendices

  In hoofdstuk 2 van dit proefschrift beschrijven we de ontwikkeling van 
een enzyme-linked sorbent assay (ELSA) om STB EV in maternaal bloed te kunnen 
kwantificeren. In deze test worden fosfatidylserinen, die door STB EV tot expres-
sie worden gebracht, gebonden door geïmmobiliseerd annexine V aanwezig in de 
ELSA plaat. Daarnaast maakten we gebruik van de expressie van placentaire alkalis-
che fosfatase door de STB EV om de STB EV te detecteren. Met behulp van deze 
ELSA, hebben we een geblindeerde multi-center, prospectieve studie uitgevoerd 
om te onderzoeken of perifere plasma STB EV concentraties, in aanvulling op Dop-
pler onderzoek van de arteria uterine, als extra marker zouden kunnen dienen, in 
de voorspelling van PE. Dit is beschreven in hoofdstuk 3. We vonden echter geen 
verbeterde prognostische waarde van de perifere plasma STB EV concentratie in 
aanvulling op het Doppler onderzoek van de arteria uterine in het 2e semester. 
We hebben gebruik gemaakt van de perifere plasma STB EV concentratie in de late 
zwangerschap in de controlegroep van deze studie, om daarmee normaal, fysiol-
ogische waarden van concentraties van STB EV te definiëren voor de studies bes-
chreven in hoofdstuk 4 en 5 over de immunologische functie van STB EV.

 In hoofdstuk 4 en 5, stimuleerden wij volbloed van nulligravida vrouwen 
met fysiologische concentraties van STB MV of exosomen afkomstig van normale 
of van pre-eclamptische placenta. In hoofdstuk 4 bestudeerden we de effecten van 
STB EV op monocyten en granulocyten. In hoofdstuk 5 bestudeerden we de effect-
en van STB EV op T-cellen, natural killer cellen (NK cellen) en natural killer T (NK T) 
cellen. 
 STB MV en exosomen van zowel de normale als de pre-eclamptische pla-
centa activeren beiden monocyten en granulocyten. Dit hebben we bepaald aan de 
hand van een toename in granularisatie van de cellen en een verhoogde expressie 
van CD11b. Bovendien induceerden STB MV en exosomen van de normale placenta 
de maturatie van CD16- klassieke monocyten tot CD16+ intermediaire monocyten. 
STB MV en exosomen van de normale placenta hadden vergelijkbare effecten, maar 
de effecten van de exosomen waren sterker. STB EV van de pre-eclamptische pla-
centa hadden vergelijkbare effecten op monocyten en granulocyten als de STB EV 
van de normale placenta. 
 In hoofdstuk 5 bestudeerden we de effecten van STB EV op T-cellen, NK cel-
len en NK T cellen. STB EV van de normale placenta activeerden T-cellen en memory 
T-cellen, en met name de regulatoire T (Treg) cellen. Daarnaast activeerden (toege-
nomen expressie van perforine en granzyme B) de STB EV van de normale placenta 
ook NK cellen (vooral CD16 + CD56 ++) en NKT cellen. T-helper (Th) cel subsets 
werden echter niet beïnvloed door STB EV van de normale placenta. Net als voor 
de effecten van de STB EV op monocyten en granulocyten hadden de STB MV en 
exosomen vergelijkbare effecten op T-cellen, NK cellen en NKT cellen, maar de ef-
fecten van de exosomen waren sterker. In tegenstelling tot de STB EV van de nor-
male placenta konden STB EV van de pre-eclamptische placenta T-cellen (inlcusief 

Nederlandse Sammenvatting



144

A A

Appendices

Treg cellen) niet activeren. Ook konden deze STB EV NK en NKT-cellen niet activeren.
De resultaten van de hoofdstukken 4 en 5 suggereren dat STB MV en exosomen 
van de normale placenta de maternale immunologische veranderingen tijdens de 
zwangerschap ondersteunen, door activering van monocyten en granulocyten en 
de inductie van regulatoire lymfocyten (bijv. Treg en CD16 + CD56 ++ NK-cellen). 
Deze regulatoire lymfocyten zijn belangrijk in de inductie van foetale tolerantie 
lokaal in de uterus, maar reguleren ook de maternale systemische ontstekingsre-
spons. In tegenstelling tot eerdere suggesties blijken STB MV en exosomen geen 
verschillende effecten op de immuun response te hebben, maar juist gelijke effect-
en, alleen was het effect van de exosomen sterker. STB EV van de pre-eclamptische 
placenta activeren zowel monocyten als granulocyten in dezelfde mate als STB EV 
van de normale placenta. Echter zij vertonen functieverlies bij het induceren van 
regulatoire T-lymfocyten en NK cellen. Dit zou kunnen betekenen dat STB EV van de 
pre-eclamptische placenta niet direct de sterkere ontstekingsrespons in PE induc-
eren, maar dat de STB EV van de pre-eclamptische placenta de ontstekingsrespons 
indirect versterken omdat zij geen regulatoire lymfocyten kunnen activeren.

 Naast de effecten van de STB EV op de immunologische adaptaties aan de 
zwangerschap hebben we ook de pro-coagulante eigenschappen van STB EV bes-
tudeerd. Dit is beschreven in hoofdstuk 6. We hebben in deze studie het effect bes-
tudeert van suspensies van ex vivo placenta perfusie op de vorming van thrombine 
en op bloedplaatjesaggregatie. Perfusie suspensies van de normale placenta vero-
orzaakten slechts een zeer lage productie van thrombine en een minimale aggre-
gatie van bloedplaatjes met een variabele aggregatie snelheid. Als model voor de 
pre-eclamptische placenta, hebben we de normale placenta geperfundeerd onder 
condities met lage zuurstof concentraties. De perfusie suspensie van de hypoxische 
placentas induceerden een toegenomen vorming van thrombine en sterk gedereg-
uleerde aggregatie van bloedplaatjes in vergelijking met de perfusie suspensie van 
de normale placenta. Dit suggereert dat de perfusie suspensie van de pre-eclamp-
tische placenta soortgelijke effecten zou kunnen veroorzaken. Vervolgens zijn we 
overgegaan tot een stapsgewijze uitsluiting van celresten, STB MV en exosomen uit 
de perfusie suspensie van de hypoxische placenta door centrifugatie op verschil-
lende snelheden. Hierdoor konden we de STB MV identificeren als veroorzakers 
van de vorming van thrombine en inductie van plaatjes aggregatie. In tegenstelling 
tot onze immunologische studies, lijken de STB MV en exosomen wel verschillende 
pro-coagulante eigenschappen te hebben. Dit zou kunnen komen omdat alleen STB 
MV, en niet exosomen, pro-coagulante moleculen, zoals b.v. tissuefactor of fosfati-
dylserinen, tot expressie brengen.
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 Samenvattend, in dit proefschrift wordt aangetoond dat de placentaire 
STB EV immunologische en pro-coagulatante eigenschappen hebben. Immunol-
ogische eigenschappen worden waargenomen met STB EV uit zowel normale als 
pre-eclamptische placenta, terwijl pro-coagulatante eigenschappen alleen worden 
waargenomen door STB EV van de hypoxische placenta (als model voor de pre-ec-
lamptische placenta). Interessant is dat de pro-coagulante eigenschappen alleen 
worden waargenomen met de STB MV en niet met de exosomen. Deze bevinding is 
in overeenstemming met de algemene suggestie dat STB MV en exosomes verschil-
lende (patho)fysiologische effecten hebben. Hoewel gesuggereerd wordt dat STB 
MV en exosomes verschillende immunologische eigenschappen zouden hebben, 
heeft dit proefschrift laten zien dat STB MV en exosomen gelijke immunologische 
eigenschappen hebben, maar dat de effecten van de exosomen sterker zijn. We 
vonden echter wel verschillen tussen STB EV van de gezonde en de pre-eclamp-
tische placenta: hoewel STB EV van de gezonde placenta en de pre-eclamptische 
placenta monocyten en granulocyten even sterk activeerden, stimuleerden alleen 
STB EV van de gezonde placenta lymfocyten, met name Treg en NK cellen. STB EV 
van de pre-eclamptische placenta activeerden deze Treg en NK cellen niet. Onze 
resultaten suggereren dat STB EV van de normale placenta een rol spelen in de 
adaptaties van de immuun response aan de zwangerschap, zoals activatie van de 
ontstekingsresponse en inductie van Treg cellen. Maar tijdens PE induceren de STB 
EV wel de activatie van de ontstekingsrespons, maar worden niet de immuunregul-
erende Treg cellen geinduceert. Dit zou kunnen betekenen dat bij PE patiënten STB 
EV de onstekingsrespons indirect versterkt wordt omdat zij geen verhoogd aantal 
regulatoire lymfocyten cellen kunnen induceren.
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 Extrazelluläre Vesikel (EV) sind kleine, von einer biologischen Membran 
umgebene Partikel, die durch eine Vielzahl von Zellen gebildet werden und während 
Gesundheit und Krankheit in allen Körperflüssigkeiten vorkommen. Während einer 
Schwangerschaft treten EV von verschiedenen Ursprungszellen im mütterlichen 
Blut auf, welche unter anderem von Blut- oder Endothelzellen gebildet werden, 
aber interessanterweise auch von der äußersten fetalen Schicht der Plazenta, dem 
Synzytiotrophoblasten (STB). Die synzytiotrophoblastären extrazellulären Vesikel 
(STB EV) treten in den Blutkreislauf ein, wo ihre Konzentration über die Schwanger-
schaft hinweg stetig zunimmt. STB EV haben verschiedene physiologische, sys-
temische Funktionen und können unter anderem die immunologischen und hämo-
statischen Anpassungen des mütterlichen Körpers während der Schwangerschaft 
unterstützen. Frühere Studien zeigten, dass Schwangerschaft im Allgemeinen durch 
einen inflammatorischen Zustand im mütterlichen Organismus, in Verbindung mit 
der Anpassungen der adaptiven und angeborenen Immunantwort, charakterisiert 
ist. Zusätzlich verhindert eine angepasste Hämostase vorzeitige Blutungen oder 
starke postpartum Blutungen. Die vorliegende Arbeit untersucht, ob diese immu-
nologischen und hämostatischen Veränderungen während der Schwangerschaft 
von STB EV beeinflusst werden können.
 Des weiteren stehen STB EV auch mit der Pathophysiologie der Schwanger-
schaftskomplikation Präeklampsie (PE) in Verbindung. Hauptsächlich wird PE durch 
Schwangerschafts-assoziierten Bluthochdruck und Proteinurie charakterisiert, steht 
aber unter anderem auch mit einer Verstärkung des inflammatorischen Zustandes 
der gesunden Schwangerschaft und mit Koagulopathien im Zusammenhang. Die 
STB EV-Konzentration im Plasma von PE-Patientinnen ist hierbei, im Vergleich zu 
gesunden Schwangeren, erhöht. Außerdem treten beim Vergleich der STB EV in der 
gesunden oder präeklamptischen Schwangerschaft Unterschiede in der molekular-
en Zusammensetzung der STB EV auf, was auf eine veränderte Funktionalität der 
STB EV hinweisen könnte. 
 Häufig werden STB EV in zwei Klassen unterteilt – synzytiotrophoblastäre 
Mikrovesikel (STB MV) und Exosomen – welche sich in Größe und Bildungsart un-
terscheiden. STB MV sind mit einer Größe von 100 – 1000 nm relativ große Vesikel, 
welche durch Abschnürung der apikalen Plasmamembran des STB gebildet werden. 
STB Exosomen hingegen sind mit einer Größe von 30 – 100 nm relativ kleine Partikel. 
Sie werden in intrazellulären multivesikulären Körperchen gebildet und durch Fusion 
der Membran dieser Körperchen mit der STB Membran freigesetzt. Auf Grund dies-
er unterschiedlichen Bildungsart wird angenommen, dass STB MV und Exosomen 
auch eine unterschiedliche molekulare Zusammensetzung und unterschiedliche 
Funktionen aufweisen. Aus immunologischer Sicht wird erwartet, dass STB MV eher 
aktivierend sind, während Exosomen eher Toleranz-induzierend sind. Aufbauend auf 
diesen Annahmen war das Ziel dieser Doktorarbeit ein umfangreicher Vergleich der 
immunologischen und hämostatischen Funktion der beiden Hauptgruppen der STB EV 
– STB MV und Exosomen – in der gesunden und präeklamptischen Schwangerschaft. 
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 In Kapitel 2 dieser Arbeit beschreiben wir die Entwicklung eines En-
zyme-linked Sorbent Assays zur Quantifizierung von STB EV in Fluiden. Dieser Nach-
weis basiert auf der Bindung von Phosphatidylserinen auf der Oberfläche der STB 
EV durch Annexin V, welches in einer Mikrotiterplatte immobilisiert ist, und somit 
die Retension der STB EV aus der Probe. Im nächsten Schritt kommt es dann zur 
Quantifizierung der STB EV durch eine kolorimetrische Detektionsreaktion, welche 
durch plazentare alkalische Phosphatase auf der Oberfläche der STB EV katalysiert 
wird. Mit Hilfe dieses Tests führten wir, wie in Kapitel 3 beschrieben, eine multi-
zentrische, prospektive, verblindete, prognostische Markerstudie durch, um die 
Nutzbarkeit der peripheren Plasma-STB EV-Konzentration als zusätzlichen Marker 
zur dopplersonographischen Flussmessung der uterinen Arterien in der Mitte der 
Schwangerschaft zur PE-Vorhersage in einer Hochrisikogruppe zu untersuchen. Wir 
fanden keine prognostische Nutzbarkeit der peripheren Plasma-STB EV-Konzentra-
tion. In folgenden Studien der immunologischen Funktion der STB EV passten wir 
die STB EV-Konzentration an die Plasma-STB EV-Konzentration der Kontrollgruppe 
unserer klinischen Studie an. 
 In den Kapiteln 4 und 5 stimulierten wir Vollblutproben gesunder Nulligrav-
ida mit physiologischen Konzentrationen von entweder STB MV oder Exosomen aus 
entweder gesunden oder präeklamptischen Plazenten. In Kapitel 4 fokussierten wir 
uns auf die Effekte der STB EV auf Monozyten und Granulozyten. STB MV sowie 
Exosomen aus gesunden und präeklamptischen Plazenten aktivierten Monozyten 
und Granulozyten. Dies wurde durch die verstärkte Granulisierung der Zellen und 
eine erhöhte Expression des Aktivierungsmarkers CD11b deutlich. Außerdem in-
duzierten sowohl STB MV als auch Exosomen die Reifung von CD16- klassischen 
Monozyten zu CD16+ intermediären Monozyten. Obwohl STB MV und Exosomen 
ähnliche Effekte hervorriefen, waren die exosomalen Effekte stärker ausgeprägt als 
die der STB MV. STB EV aus präeklamptischen Plazenten induzierten die gleichen 
Effekte wie STB EV aus gesunden Plazenten, interessanterweise jedoch keine Ver-
stärkung der inflammatorischen Anzeichen. In Kapitel 5 fokussierten wir uns auf die 
Effekte der STB EV auf T-Zellen, natürliche Killerzellen (NK-Zellen) und natürliche 
Killer-T-Zellen (NKT-Zellen). STB EV aus gesunden Plazenten aktivierten T-Zellen und 
Gedächtnis-T-Zellen, hier vor allem regulatorische T-Zell-Untergruppen (Treg-Zel-
len) und induzierten eine erhöhte Zytotoxizität (Expression von Perforin und Gran-
zyme B) in NK-Zellen (besonders in CD16+CD56++ NK-Zellen) und NKT-Zellen. Die 
Verteilung von Helfer-T-Zellen (Th-Zellen) wurde durch die Stimulation mit STB EV 
aus gesunden Plazenten nicht signifikant verändert. Wie bei Monozyten und Gran-
ulozyten verursachten STB MV und Exosomen auch hier ähnliche Effekte, aber die 
exosomalen Effekte waren stärker ausgeprägt als die der STB MV. Im Gegensatz zu 
STB EV aus gesunden Plazenten konnten STB EV aus präeklamptischen Plazenten 
keine Aktivierung von T-Zellen oder Zytotoxizität von NK- und NKT-Zellen induzieren.
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 Die Ergebnisse der Kapitel 4 und 5 lassen vermuten, dass STB MV und Ex-
osomen aus gesunden Plazenten den leichten systemischen inflammatorischen Zu-
stand des mütterlichen Körpers unterstützen, indem sie zum Beispiel Monozyten 
und Granulozyten aktivieren. Zusätzlich scheinen STB EV aus gesunden Plazenten 
hauptsächlich regulatorische Lymphozyten (Treg-zellen und CD16+CD56++ NK-Zel-
len) zu aktivieren, was wiederum die lokale uterine Toleranz gegenüber dem Fetus 
sowie die Regulation des systemischen inflammatorischen Zustand des mütterli-
chen Körpers unterstützen könnte. Im Gegensatz zu früheren Erwartungen konnten 
die Funktionen von STB MV und Exosomen nicht generell in aktivierend (STB MV) 
oder Toleranz-induzierend (Exosomen) unterteilt werden, sondern STB MV und Ex-
osomen schienen eher ähnliche Effekte hervorzurufen. Dies impliziert, dass STB MV 
und Exosomen aus gesunden Plazenten nicht grundsätzlich gegensätzliche immu-
nologische Funktionen erfüllen.
 So wie STB EV aus gesunden Plazenten aktivierten auch STB EV aus 
präeklamptischen Plazenten Monozyten und Granulozyten. Obwohl PE durch eine 
verstärkte inflammatorische Reaktion gekennzeichnet ist, induzierten STB EV aus 
präeklamptischen Plazenten jedoch keine verstärkte Monozyten-/Granulozytenak-
tivierung im Vergleich zu den STB EV aus gesunden Plazenten. Im Gegensatz dazu 
zeigten STB EV aus präeklamptischen Plazenten eine Art Funktionsverlust bei der 
Aktivierung regulatorischer T- und NK-Zellen. Dies lässt vermuten, dass STB EV 
aus präeklamptischen Plazenten den verstärkten systemischen inflammatorischen 
Zustand des mütterlichen Organismus während der PE nicht direkt verursachen. 
Vielmehr scheinen STB EV aus präeklamptischen Plazenten diesen Status zu fördern, 
indem sie regulatorische Mechanismen nicht mehr induzieren können.

 Zusätzlich zu der Analyse der immunologischen Eigenschaften von STB EV 
untersuchten wir in Kapitel 6 auch ihre prokoagulanten Effekte. Zunächst studi-
erten wir die Effekte von Perfusionssuspension aus der ex vivo Plazentaperfusion 
auf die Thrombinbildung und Plättchenaggregation. Perfusionssuspensionen von 
normalen Plazenten lösten nur eine sehr niedrige Thrombinbildung und niedrige 
Plättchenaggregation bei stark variablen, individuellen Aggregationsraten aus. Im 
nächsten Schritt perfundierten wir normale Plazenten mit Perfusionssuspension bei 
niedrigen Sauerstoffkonzentrationen, um PE zu simulieren. Die Perfusionssuspen-
sion aus diesen Perfusionen unter niedrigen Sauerstoffkonzentrationen induzierte 
eine erhöhte Thrombinbildung und eine starke Deregulierung der Plättchenaggre-
gation. Die Perfusion der Plazenta mit niedrigen Sauerstoffkonzentrationen wurde 
als Modell für die präeklamptische Plazenta verwendet. Demzufolge könnten diese 
Effekte auch von Perfusionssuspension aus präeklamptischen Plazenten induziert 
werden. Um die Faktoren zu identifizieren, welche in der Perfusionssuspension 
die beschriebenen Effekte hervorrufen, exkludierten wir schrittweise Zellreste, 
STB MV und Exosomen aus der Perfusionslösung. Hierbei führte ausschließlich der 
Ausschluss der STB MV zur Umkehr der prokoagulanten Effekte der Perfusions-
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suspension, was darauf hinweist, dass die STB MV die prokoagulante Funktion in 
der Perfusionssuspension erfüllen. Im Gegensatz zu den gemeinsamen immunol-
ogischen Effekten scheinen STB MV und Exosomen also unterschiedliche prokoag-
ulante Funktionen zu haben. Dies könnte an der unterschiedlichen Expression ver-
schiedener Moleküle, z.B. Gewebethromboplastin oder Phosphatidylserin, auf der 
Oberfläche der STB MV, aber nicht der Exosomen, liegen.

 Zusammenfassend zeigt die vorliegende Doktorarbeit, dass plazentare STB 
EV immunologische und prokoagulante Eigenschaften aufweisen. STB EV sowohl aus 
gesunden als auch aus präeklamptischen Plazenten zeigten immunologische Aktivi-
tät. Im Gegensatz dazu zeigten nur STB EV aus Plazenten nach ex vivo Perfusion un-
ter niedrigen Sauerstoffkonzentrationen (als PE Modell) prokoagulante Eigenschaf-
ten. Interessanterweise wurden diese prokoagulanten Effekte nur bei STB MV, aber 
nicht bei Exosomen, beobachtet. Dies stimmt mit der generellen Annahme überein, 
dass STB MV und Exosomen unterschiedliche (patho)physiologische Effekte haben. 
Auch aus immunologischer Sicht wurde angenommen, dass STB MV und Exosomen 
unterschiedliche Funktionen aufweisen könnten. Unsere Studien zeigten jedoch äh-
nliche immunologische Funktionen von STB MV und Exosomen, wobei die Effekte 
der Exosomen stärker waren als die Effekte der STB MV. Dies ist möglicherweise mit 
einer teilweise unterschiedlichen molekularen Zusammensetzung der STB MV und 
Exosomen zu begründen. Des weiteren fanden wir Unterschiede in der Funktion 
von STB EV von gesunden oder präeklamptischen Plazenten. Obwohl STB EV aus 
gesunden und aus präeklamptischen Plazenten Monozyten und Granulozyten im 
gleichen Ausmaß aktivierten, stimulierten nur STB EV aus gesunden Plazenten Lym-
phozyten, besonders Treg- und NK-Zellen. Demzufolge scheint es, als würden STB 
EV in der gesunden Schwangerschaft eine immunregulierende Funktion erfüllen. 
Während der PE hingegen scheinen die STB EV diesen immunregulierenden Effekt 
nicht ausüben zu können, was in der Folge den verstärkten inflammatorischen Zu-
stand des mütterlichen Organismus verstärkt. 

Deutsche Zusammenfassung



150

A A

Appendices

 When I first encountered the field of reproductive immunology and preec-
lampsia as a student research assistant, it caught me and did not let me go again. 
I was happy enough to get the opportunity to work on my PhD in this beloved re-
search field and I would like to thank everybody who joined m, at least, a part of my 
way.
 First, I would like to thank my promotors, co-promotors and supervisors for 
the time and effort which they put into my project and supervision. I have learned 
so much from all of them.
 Sicco, thank you so much for all your support, enthusiastic words and en-
couraging discussions. Despite all of your clinical work, you always took time to dis-
cuss about my project and check on manuscripts or abstracts. I appreciated all the 
new and interesting ideas that you suggested, while still giving me the opportunity 
to work independent.
 Marijke, thank you so much for your help with and inspiring confidence 
about my project and especially for all the encouragement during the last months. 
You always took time for meetings and work on manuscripts and gave me a lot of 
guidance but also a lot of freedom to work in my way and make my own decisions. 
I always felt cheered up and inspired after consultations with you. 
 Torsten, auch wenn ich thematisch eher etwas am Rand des Fokus der Ar-
beitsgruppe stand, habe ich mich immer gut aufgehoben gefühlt, was zu einem 
großen Teil auch an deiner Art die Gruppe zu leiten lag. Vielen Dank für die gute Zeit 
in deiner Arbeitsgruppe und die vielen konstruktiven Diskussionen und Tipps in den 
Lab Meetings und Projektbesprechungen. 
 Prof. Schleußner, vielen Dank für die viele Zeit und das stetige Interesse, 
welches Sie neben Ihrer klinischen Arbeit aufgebracht haben. Ohne Ihre Unter-
stützung hätte wohl auch die Sammlung des so wichtigen Plazentamaterials nie so 
gut funktioniert.
 Justine, vielen Dank für all deine Hilfe, Unterstützung und Aufmunterung, 
die enthusiastischen Projektdiskussionen und konstruktive Kritik der letzten Jahre. 
Als wäre es gestern gewesen, erinnere ich mich noch an unser erstes Gespräch we-
gen meiner HiWi-Stelle und ich kann kaum glauben, dass nun bereits so viele Jahre 
vergangen sind. Danke für dein großes Engagement bei der Projektentwicklung für 
meine Promotion, die ständige Unterstützung, aber auch dein großes Vertrauen in 
meine Fähigkeiten. 
 Udo, auch dir vielen Dank deine Zeit und die aufmunternden Diskussionen 
in den letzten Jahre. Ich habe im Placenta Labor viel gelernt und hatte immer viele 
Möglichkeiten meine Projekte, mit Hilfe deiner guten und zahlreichen Tipps, frei zu 
entfalten.
 I also want to use this opportunity to thank my reading committee and my 
defense committee for the critical appraisal of my work.
 

Acknowledgements



151

A A

Appendices

 My dear paranymphs Britta and Violeta – I could not wish for better compa-
ny to be at my side on this special day. 
 Britta, du warst mein ganzen Leben lang immer für mich da und hast mir 
immer zur Seite gestanden. Du bist die beste große Schwester, die ich mir vorstellen 
könnte und ich bin mehr als froh, dass du mich auch jetzt wieder unterstützt. Vielen 
Dank für alle deine lieben, aufbauenden und unterstützenden Worte und Taten und 
jede schwesterliche Diskussion. Ich wünsche dir und Micha nur das Beste für die 
Zukunft!!!
 Viki, I will never forget the day we met in the office without windows and 
how happy I have been to meet such a wonderful person already at my first day. I 
am grateful that you became one of my dearest friends during the last years. You 
are such a happy and caring person and you have made even the bad days good. 
You deserve all the best for your future and I hope that we will continue sharing lots 
of nice moments together.
 Micha, Vivien and Jolien, it was a great fun and pleasure to be involved in 
the supervision of your study projects. I hope, you could learn a bit from me as well 
and enjoyed the time. I whish you all the best for your future and hope to meet you 
again eventually. 
 Jossée, Rikst-Nynke, Simone, Mariette and “all the students” in the Repro-
ductive Programming lab, thanks for the nice chats during lunch breaks and the 
funny lab meetings.
 Based on the shared setup of my PhD project, I have had the chance to 
work with several groups and met lots of nice colleagues during the years. I want 
to thank everybody in the Placenta Lab in Jena and the Reproductive Programming 
Lab in Groningen for welcoming me so nicely in their teams, for all the nice scientific 
discussions and personal chats, tea and coffee breaks. Also, I want to thank the col-
leagues of the Gynecologic Molecular Biology at the University Hospital Jena as well 
as the Medical Biology, the Pediatrics lab, the Metabolic Diseases lab, the Surgery 
lab, the Transplantation lab and the Department of Pharmaceutical Technology and 
Biopharmacy of the University Medical Center Groningen/University of Groningen 
as well as the departments of Obstetrics and Gynecology at the University Hospital 
Jena and the University Medical Center Groningen for the help and good working 
atmosphere. 
 Jena and Groningen were very nice places for studying and working on my 
PhD project and I have met so nice people during that time. Unfortunately, I cannot 
name everybody in person, but still I want to thank some very special people. 
 Maartje, thank you so much for going through that last crazy but awesome 
year with me, for being grumpy together, but especially for all the laughter that we 
had (despite all of it). I am very happy that you have made your way to Canada and 
I hope that you will find everything that you are searching for. And no matter what, 
never forget our little housemate mantra: It’ s all good in the end. And if it’s not 
good, it’s not the end. 

Acknowledgements



152

A A

Appendices

 Maja, vielen Dank für deine Freundschaft in den letzten Jahren. Wir sind 
zusammen durch einigen Stress, aber vor allem auch viele schöne und spaßige Zeit-
en (ich erinnere nur an all die Konferenzreisen) gegangen. Ich drücke dir die Dau-
men für deine Doktorarbeit und wünsche dir alles Gute für die Zukunft. 
 Stella, my dear, I am so happy that we have met and that we always can 
share all of our thoughts with each other. Even if we are sometimes not that good 
in keeping a vivid contact, you are a very special friend to me.
 Tamara and Talita, it is still a miracle for me, that I have managed to meet 
the two most calm Latinas in the whole wide world in Groningen. But I am certainly 
glad that I did meet you and very thankful for your friendship, your encouraging 
words and all the fun, that we had together. 
 Petra, it has been lot’s of fun with you – in Groningen and in Brisbane. 
Thank you so much for lending your beautiful home to me.
 Sandra, Maria (mit Steffen, Karl und Felix) und Doris (mit Christian und Tar-
je) - Danke, für all die schönen Abende, die Verrücktheiten und Abenteuer, den viel-
en Spaß, die vielen guten Gespräche und Aufmunterungen der letzten Jahren. Egal 
wie viele Kilometer, Länder oder Kontinente zwischen uns liegen mögen, ich habe 
immer das Gefühl, nicht weit von euch weg zu sein. 
 Nelli, danke für die verrückte Zeit, die wir zusammen in Groningen hat-
ten. Ich bewundere dich für deine Standhaftigkeit im kalten, regnerischen Norden 
(Bravo!!!) und werde die spontanen Kaffeekränzchen sehr vermissen - aber dann 
schwenken wir jetzt einfach auf spontane Kurzbesuche um.
 Alice und Dini, danke, dass ihr es jetzt schon so lange mit mir aushaltet. 
Durch Studium, Umzüge und Arbeit ist es oft schwer Kontakt zu halten, aber mit 
euch ist es immer so schön unkompliziert und ich bin froh zu sehen, dass unsere 
Freundschaft das alles überdauert.

 Der größte Dank gilt jedoch meiner lieben Familie, meiner Mama Sabine 
und meinem Papa Detlef, meine großen Schwester Britta (ja du bist jetzt eine Paran-
ymphe), meinem Schwager Michael, meinen Großeltern und all meinen lieben On-
kels, Tanten, Cousins und Cousinen. Danke für die Unterstützung und lieben Worte 
alle die Jahre. Mama und Papa, ihr wart immer für mich da, habt mich bei all mein-
en Umzügen und Studienzielen unterstützt und begleitet. Ich bin euch so unendlich 
dankbar. Britta, noch mal danke für Alles. Ohne dich hätte ich es nicht geschafft. Mi-
cha, auch dir muss und möchte ich für all deine Hilfe danken. Ich gebe es natürlich 
nur ungern zu, aber einen besseren Schwager hätte ich mir wohl kaum wünschen 
können.
 
 And last but not least, I want to thank all of the wonderful ladies who par-
ticipated in my studies and donated blood or placentae for our experiments. 

                  Claudia Göhner, April 2016

Acknowledgements



153

A A

Appendices

Bonnke, Carolin
Department of Anesthesiology and Intensive Medicine, University Hospital Jena, 
Germany

Faas, Marijke M.
Department of Obstetrics and Gynaecology, University of Groningen, University 
Medical Center Groningen, Groningen, The Netherlands
Immunoendocrinology, Division of Medical Biology, Department of Pathology and 
Medical Biology, University of Groningen, University Medical Center Groningen, 
Groningen, The Netherlands

Fitzgerald, Justine S.
Placenta-Labor, Department of Obstetrics, University Hospital Jena, Jena, Germany
Praxisklinik am Anger, Kinderwunschzentrum (Fertility center)Erfurt, Erfurt, Germay

Fledderus, Jolien
Department of Obstetrics and Gynaecology, University of Groningen, University 
Medical Center Groningen, Groningen, The Netherlands
Immunoendocrinology, Division of Medical Biology, Department of Pathology and 
Medical Biology, University of Groningen, University Medical
Center Groningen, Groningen, The Netherlands

Groten, Tanja
Placenta-Labor, Department of Obstetrics, University Hospital Jena, Jena, Germany

Hoyer, Heike
Center for Clinical Studies, Jena University Hospital, Jena Germany

Lösche, Wolfgang
Department of Anesthesiology and Intensive Medicine, University Hospital Jena, 
Germany

Markert, Udo R.
Placenta-Labor, Department of Obstetrics, University Hospital Jena, Jena, Germany

Plösch, Torsten
Department of Obstetrics and Gynaecology, University of Groningen, University 
Medical Center Groningen, Groningen, The Netherlands

Contributing Authors



154

A A

Appendices

Scherjon, Sicco A.
Department of Obstetrics and Gynaecology, University of Groningen, University 
Medical Center Groningen, Groningen, The Netherlands

Schleicher, Michael
Placenta-Labor, Department of Obstetrics, University Hospital Jena, Jena, Germany

Schleußner, Ekkehard
Placenta-Labor, Department of Obstetrics, University Hospital Jena, Jena, Germany

Schumacher, Ulrike
Center for Clinical Studies, Jena University Hospital, Jena Germany

Sossdorf, Maik
Department of Anesthesiology and Intensive Medicine, University Hospital Jena, 
Germany

Tannetta, Dionne S.
Nuffield Department of Obstetrics and Gynaecology, Women’s Center, University of 
Oxford, John Radcliffe Hospital, Oxford, UK;

Weber, Maja
Placenta-Labor, Department of Obstetrics, University Hospital Jena, Jena, Germany

Contributing Authors



155

A A

Appendices

Göhner C, Fledderus J, Fitzgerald JS, Weber M, Schleußner E, Markert UR, Scherjon 
SA, Plösch T, Faas MM. Syncytiotrophoblast exosomes guide monocyte maturation 
and activation. submitted

Göhner C, Fitzgerald JS, Fledderus J, Weber M, Schleußner E, Markert UR, Faas MM, 
Plösch T, Scherjon SA. Syncytiotropoblast exosomes and microvesicles activate cy-
totoxicity of T- and NK-cells. submitted

Göhner C, Schleicher M, Weber M, Bonnke C, Sossdorf M, Scherjon SA, Lösche W, 
Schleußner E, Faas MM, Markert UR, Fitzgerald JS. A lack of oxygen changes the 
coagulation capacities of syncytiotrophoblast microvesicles. submitted

Weber M, Göhner  C, San Martin S, Vattai A, Hutter S, Parraga M, Jeschke U, Schle-
ussner E, Markert UR, Fitzgerald JS. Gestational age and placenta-associated preg-
nancy complications carry a differential trophoblast stem cell and pluripotency 
marker signature. Cell Adhesion & Migration, 6918(March), 00–00. doi:10.1080/19
336918.2016.1142035

Göhner C, Weber M, Tannetta DS, Groten T, Plösch T, Faas MM, Scherjon SA, 
Schleußner E, Markert UR, Fitzgerald JS. A New Enzyme-linked Sorbent Assay (ELSA) 
to Quantify Syncytiotrophoblast Extracellular Vesicles in Biological Fluids. Am. J. Re-
prod. Immunol. 2015;73(6):582-588. doi:10.1111/aji.12367.

Müller R, Gläser M, Göhner C, Seyfarth L, Schleussner E, Hofmann A, Fritzsche W . 
In situ measurements of magnetic nanoparticles after placenta perfusion. J. Magn. 
Magn. Mater. 2014;380:1-6. doi:10.1016/j.jmmm.2014.09.072.

Göhner C, Svensson-Arvelund J, Pfarrer C, Häger JD, Faas M, Ernerudh J, Cline JM, 
Dixon D, Buse E, Markert UR. The placenta in toxicology. Part IV: Battery of toxico-
logical test systems based on human placenta. Toxicol. Pathol. 2014;42(2):345-51. 
doi:10.1177/0192623313482206.

Cline JM, Dixon D, Ernerudh J, Faas MM, Göhner C, Häger JD, Markert UR, 
Pfarrer C, Ernerudh J, Svensson J Buse E. The placenta in toxicology. Part III: 
Pathologic assessment of the placenta. Toxicol. Pathol. 2014;42(2):339-44. 
doi:10.1177/0192623313482207. 

Clark DA, Rahmati M, Gohner C, Bensussan A, Markert UR, Chaouat G. Seminal 
plasma peptides may determine maternal immune response that alters success or 
failure of pregnancy in the abortion-prone CBAxDBA/2 model. J. Reprod. Immunol. 
2013;99(1-2):46-53. doi:10.1016/j.jri.2013.03.006. 

Publication list



156

A A

Appendices

Claudia Göhner was born in Rathenow, Germany on the 30th of July 1986. In 2005, 
she graduated from the Friedrich-Ludwig-Jahn-Gymnasium in Rathenow with an 
abitur. In the same year, Claudia started studying Pharmaceutical Biotechnology 
at the University of Applied Sciences Jena, Germany. During her studies, she con-
ducted an internship about the functionality of DNA single-strand binding proteins 
in the research group Regulation of Eukaryote Replication of the Department of 
Genotoxicology and Cell Cycle at the Institute Curie in Paris/Orsay, France. In 2009, 
Claudia worked on her diploma thesis about the induction of STAT1 activation by 
interferon signaling in the lab for Medical Microbiology of the Department Medi-
cal Engineering and Biotechnology at the University of Applied Sciences Jena and 
finished her first studies with an engineering degree. Already during her diploma 
thesis, Claudia started the master program in Pharmaceutical Biotechnology at the 
University of Applied Sciences Jena. In 2012, she finished her studies with her mas-
ter thesis about the establishment of a quantification method of syncytiotropho-
blastic microparticles for early preeclampsia prediction in the Placenta lab of the 
Department of Obstetrics, University Hospital Jena, Germany. During her master 
thesis, Claudia visited the Nuffield Department of Obstetrics and Gynecology at the 
University of Oxford, United Kingdom to learn about the analysis of syncytiotropho-
blast extracellular vesicles in December 2011. Her master thesis was awarded with 
the STIFT award for application-oriented study theses of the Thuringian Foundation 
for Technology, Innovation and Science (Stiftung für Technology, Innovation und 
Forschung Thüringen) and she received the award for the best presentation at the 
annual meeting of the Science Group for Molecular Biology of the German Socie-
ty of Gynecologic Endocrinology and Reproductive Medicine. Following her master 
thesis, Claudia started working on her PhD project about the functionality of syn-
cytiotrophoblast extracellular vesicles. In a cooperative project, she worked on this 
thesis in the Placenta lab of the Department of Obstetrics of the University Hospital 
Jena and in the Reproductive Programming group of the Department of Obstetrics 
and Gynecology of the University Medical Center Groningen, The Netherlands. Next 
to her PhD thesis, Claudia also led the ex vivo placenta perfusion group of the Pla-
centa Lab for one year. She was partially financed by an Abel Tasman Talent program 
fellowship of the University of Groningen, the Netherlands and received a project 
grant of the Stichting Gezond Geboren, The Netherlands. During her PhD project, 
Claudia was awarded with travel grants of the ProChance program of the Friedrich 
Schiller University, Jena, Germany in 2011, 2012 and 2013 as well as the Interna-
tional Federation of Placenta Associations in 2015, the New Investigator award of 
the German Society of Perinatal Medicine in 2013, and the Elsevier Trophoblast Re-
search New Investigator Award of the International Federation of Placenta Associa-
tions in 2015. Claudia will defend her thesis titled “Placental Particles in Pregnancy 
and Preeclampsia - A Comparative Investigation of the Function of Syncytiotroph-
oblast Microvesicles versus Exosomes during Pregnancy and Preeclampsia” at the 
25th of April 2016.

Curriculum vitae



157

A A

Appendices
Research Institute SHARE

This thesis is published within the Research Institute SHARE (Science in Healthy 
Ageing and healthcaRE) of the University Medical Center Groningen / University of 
Groningen.
Further information regarding the institute and its research can be obtained from 
our internetsite: http://www.share.umcg.nl/ 

More recent theses can be found in the list below.
((co-) supervisors are between brackets)

2016

Bijlsma MJ
Age-period-cohort methodology; confounding by birth in cardiovascular pharma-
coepidemiology
(prof E Hak, prof S Vansteelandt, dr F Janssen)

Dingemans EAA
Working after retirement; determinants and conzequences of bridge employment
(prof CJIM Henkens, dr ir H van Solinge)

Jonge L de
Data quality and methodology in studies on maternal medication use in relation to 
congenital anomalies
(prof IM van Langen, prof LTW de Jong-van den Berg, dr MK Bakker)

Vries FM de
Statin treatment in type 2 diabetes patients
(prof E Hak, prof P Denig, prof MJ Postma)

Jager M
Unraveling the role of client-professional communcation in adolescent psychosocial 
care
(prof SA Reijneveld, prof EJ Knorth, dr AF de Winter, dr J Metselaar)

Mulder B
Medication use during pregnancy and atopic diseases in childhood
(prof E Hak, prof SS Jick, dr CCM Schuling-Veninga, dr TW de Vries)

Romkema S
Intermanual transfer in prosthetic training
(prof CK van der Sluis, dr RM Bongers)



158

A A

Appendices
Research Institute SHARE

Diest M van
Developing an exergame for unsupervised home-based balance training in older 
adults
(prof GJ Verkerke, prof K Postema, dr CJC Lamoth, dr J Stegenga)

Waterschoot FPC
Nice to have or need to have? Unraveling dosage of pain rehabilitation
(prof MF Reneman, prof JHB Geertzen, prof PU Dijkstra) 

Zijlema WL
(Un)healthy in the city; adverse health effects of traffic-related noise and air pollu-
tion
(Prof JGM Rosmalen, prof RP Stolk)

Zetstra-van der Woude AP
Data collection on risk factors in pregnancy
(prof LTW de Jong-van den Berg, dr H Wang)

Mohammadi S
The intersecting system of patients with chronic pain  and their family caregivers; 
cognitions, behaviors, and well-being
(prof M Hagedoorn, prof R Sanderman, dr M Deghani)

Verbeek T
Pregnancy and psychopathology
(prof MY Berger, prof CLH Bockting, dr H Burger, dr MG van Pampus)

2015

Broekhuijsen K
Timing of delivery for women with non-severe hypertensive disorders of pregnancy
(prof PP van den Berg, prof BWJ Mol, dr MTM Faassen, dr H Groen)

Tuuk K van der
Who’s at risk? Prediction in term pregnancies complicated by hypertensive disor-
ders
(prof PP van den Berg, prof BWJ Mol, dr MG van Pampus, dr H Groen))

Vitkova M
Poor sleep quality and other symptoms affecting quality of life in patients with mul-
tiple sclerosis
(prof SA Reijneveld, prof Z Gdovinova, dr JP van Dijk, dr J Rosenberger)



159

A A

Appendices

Sudzinova A
Roma ethnicity and outcomes of coronary artery disease
(prof SA Reijneveld, dr JP van Dijk, dr J Rosenberger)

Otten E
Introducing eHealth and other innovative options into clinical genetic patient care 
in view of increase efficiency and maintenance of quality of care; patients’ and pro-
viders’ perspectives
(prof I van Langen, prof AV Ranchor, dr E Birnie)

Pouwels K
Self-controlled designs to control confounding
(prof E Hak)

Voerman AE
Living with prostate cancer; psychosocial problems, supportive care needs and so-
cial support groups
(prof R Sanderman, prof M Hagedoorn, dr APh Visser)

Janse M
The art of adjustment
(prof AV Ranchor, prof MAG Sprangers, dr J Fleer)

For  more 2015  and earlier theses visit our website

Research Institute SHARE




	Title and contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	Appendices



