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SUMMARY OF THESIS

Preeclampsia (PE) is a pregnancy-specific disorder, affecting 3-5% of pregnancies
worldwide. There is no current cure for PE apart from the removal of the placenta and
the fetus, irrespective of gestation. Thus, PE does not only severely affect the mother
but also causes a significant impact on the fetus development. The exact mechanisms
by which PE occurs remains unclear. Extracellular vesicles (EV) are membrane-
encapsulated particles carrying cargo originating from their parental cells; they have
been shown to have an essential role in mediating intercellular communication. Here,
syncytiotrophoblast derived EV (STBEV) were isolated from PE and normal
pregnancies (NP) by dual-lobe ex vivo placental perfusion and differential
ultracentrifugation. We show that STBEV carry functional endothelial nitric oxide
synthase (eNOS), and its expression and activity were reduced in STBEV isolated
from PE placentae. eNOS is an enzyme essential for the synthesis of nitric oxide (NO),
which is a potent vasodilator. The reduced NO generated by STBEV-bound eNOS in
PE may contribute to an overall decreased NO bioavailability associated with the
endothelial dysfunction previously reported in PE. PE has been described as early-
(=34 weeks gestation) and late- (=34 weeks gestation) onset. We also demonstrated
that late-onset PE-derived STBEV do not exacerbate a pro-inflammatory profile on a
macrophage/monocytic cell line, THP-1. Instead, a suppressed inflammatory
response is being reported, which is distinct from maternal systemic inflammation
associated with early-onset PE. Thus, early- and late-onset PE are different
pathophysiological entities. We also report, for the first time, the characterisation,
protein cargo and possible functions of placental capillary pericytes (PLVP) derived
exosomes (PLVPex) cultured under normal (20% O2) and hypoxic (8% and 1% O3)
conditions. We show that PLVPex can induce a pro-angiogenic effect on primary
human umbilical vein endothelial cells (HUVEC), irrespective of oxygen stimulus,
carrying bound molecules needed for angiogenesis. Hypoxia does not alter the
function of PLVPex on HUVEC, but stimulates the increased production of PLVPex
and growth factors, indicating a potential survival mechanism by PLVP in response to

oxygen deprivation, which is common in PE placentae.
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1. Introduction

Hypertensive disorders affect nearly 10% of pregnant women around the world (Duley
2009; Steegers et al. 2010), causing severe morbidity, long-term disability, and death
among both mothers and their babies. Among the hypertensive disorders that
complicate pregnancy, Preeclampsia (PE) and eclampsia remain the leading causes
of maternal and perinatal morbidity and mortality (World Health Organization 2011).
Considerable advances in research have helped understand the pathology of this
disease. This thesis examines the role of extracellular vesicles in healthy pregnancy
and PE as a potential link between the placental pathology, the maternal syndrome

and the effects on the fetus’ development.

1.1. Preeclampsia

1.1.1. Definition and symptoms

PE is a pregnancy-specific disorder characterised by new-onset hypertension and
proteinuria at = 20 weeks of gestation (Redman & Sargent 2005; Romero et al. 1988;
Steegers et al. 2010). In the absence of proteinuria, the diagnosis of PE requires the
presence of hypertension, together with other systemic disturbances, such as
thrombocytopenia, elevated levels of liver transaminases, renal insufficiency,
pulmonary oedema, and visual and cerebral disturbances (National Institute for Health
and Clinical Excellence 2011). There are two different classification entities for this
syndrome: early-onset PE, which develops before 34 weeks of gestation, and late-
onset PE, which occurs after 34 weeks gestation (Von Dadelszen et al. 2003).
Nevertheless, it remains unclear whether early- and late-onset PE have different
pathogenic mechanisms, or it is merely stages of the same underlying disorder (Ogge
et al. 2011).

PE affects up to 5% of pregnancies worldwide with the potential to kill either the mother
and the baby or both, even in the Western World (World Health Organization 2011).
Pregnant women suffering from PE might progress to eclampsia, which is the final
stage of this disorder, characterised by the occurrence of new-onset grand mal
seizures, affecting 2.7 - 8.2 women per 10,000 deliveries (Thornton et al. 2013). Other

complications include liver rupture, stroke, pulmonary oedema, or kidney failure, which
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all can result in maternal death (Souza et al. 2013). Currently, there is no cure for PE
but the delivery of the placenta, irrespective of gestation and new-born development
(Redman 2005). PE is one of the commonest causes of fetal growth restriction and
preterm birth, either spontaneous or through induced delivery (Redman 2005). It has
also been revealed that babies born to mothers with PE have a high risk of
bronchopulmonary dysplasia (Hansen et al. 2010), cerebral palsy (Strand et al. 2013)
and cardiovascular risk factors, including high blood pressure and body mass index
(BMI) (Davis et al. 2012).

1.1.2. Risk factors

Both maternal and paternal risk factors can cause the development of PE. Strong
maternal risk factors include: previous PE or hypertension in pregnancy, chronic
kidney disease, hypertension, diabetes (type 1 and 2), and autoimmune disorders
such as systemic lupus erythematosus or antiphospholipid syndrome (Mol et al. 2016;
National Institute for Health and Clinical Excellence 2011). Other moderate risks
factors include primiparity, age 40 or above, obesity, family history of PE, multiple
pregnancies, polycystic ovarian syndrome, pregnancy interval of greater than ten
years, and BMI of 35 kg/m2 or above (Duckitt & Harrington 2005; Roos et al. 2011).
Young primiparous women suffering from PE might be due to a relative failure to
induce maternal tolerance to paternal alloantigens following exposure to semen
(Redman & Sargent 2010a). Prolonged contact with the same-partner semen seems
to reduce the risks of developing PE. Women that receive artificial insemination with
a sperm donor, barrier methods of contraception and multiparous women who have
changed partner since the previous pregnancy, have been found to have a high risk
for PE (Dekker 2002). Interestingly, men who have fathered a prior pregnancy
involving PE can also pass this disorder to the new partner’s pregnancy (Dekker et al.
2011).

1.1.3. Origin and development of PE

Placenta is the principal cause of PE. After delivery, the disease symptoms
disappeared rapidly (Redman & Sargent 2005). The fetus is also not required for the
development of this disease as PE can develop in trophoblast tumours (Acosta-Sison
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1956), and extrauterine pregnancies (excluding the uterus as a contributor) (Hailu et
al. 2017).

During human placentation, numerous changes occur in the uterus. Foremost, the
stromal compartment of the endometrium differentiates into the decidua. The placental
villous trophoblast of fetal origin transverses the uterine epithelium and occupies the
decidua and the inner third of the myometrium. The gestational sac exists in a low-
oxygen environment with low oxygen tension (~2%; 25.6mmHG O2) (Jauniaux et al.
2001), maintaining an environment that supports trophoblast in an immature and
proliferative state via the action of TGF- (Lyall et al. 2001). Trophoblast anchors the
blastocyst to maternal tissues by unplugging the tips of the spiral arteries within the
decidua and forming the intervillous space. The stimulation of invading trophoblast
through the uterine wall assists in developing the placental villi, the structural unit of
the placenta. The placental villi encompass an inner layer of mononuclear
cytotrophoblast cells, and an outer layer of continuous multinucleated cytoplasm
denoted as the syncytiotrophoblast (STB). The STB layer is the multinucleated,
terminally differentiated, polarised epithelium that covers the entire surface of the
human placental villi (Askelund & Chamley 2011). STB is essential for the feto-
maternal interface as it is responsible for the nutrient uptake, gaseous exchange,
waste removal, protein and steroid hormone production and modulation of maternal
physiology (Askelund & Chamley 2011).

Rapid differentiation and proliferation of trophoblast lead to branching of the villi into
villous tree ramifications referred as the chorionic villi. The cytotrophoblast invades
and plugs the spiral arteries’ myometrial segment, remodelling the spiral arteries from
narrow-diameter to large-diameter vessels with a low-velocity, high-flow chamber
(Figure 1.1A; Redman, 2005). This opening of the spiral arteries increases the oxygen
tension, generating oxidative stress on the trophoblast, which in turn induces a
trophoblastic significant invasive phenotype in related hypoxic conditions (Genbacev
et al. 1996). As a result, uterine blood flow increases, allowing the perfusion of the

placental intervillous space and sustenance of the fetal development.

The exact pathogenesis of PE remains to be fully understood, but it is generally
thought to be characterised by poor placentation during early gestation (weeks 8-18,
22



Figure 1.1B). Poor placentation is believed to be caused by failure to supply the
uteroplacental circulation due to early trophoblast unplugging, constrained spiral artery
invasion, and compromised remodelling, causing malperfusion characterised by
intermittent high-velocity blood flow to the intervillous space (Hung & Burton 2006;
Redman 2005). These have two main impacts on placentation. Primarily, the increase
in oxygen tension causes an ischemia-reperfusion or hypoxia-reperfusion type of
injury, which it is known to generate high quantities of reactive oxygen species leading
to oxidative stress (Hung et al. 2001). Secondly, factors including cellular debris and
extracellular vesicles are shed in increasing numbers from the STB cells of the

syncytium into the maternal bloodstream (Hutchinson et al. 2009).
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Normal placentation Abnormal placentation

\cytiotrophoblast

Placental side

Anchoring villus

Figure 1. 1. Spiral artery-remodeling model leading to normal and abnormal
placentation. During the second trimester, the placenta links the maternal decidua by
anchoring the villi. A, In normal placentation, cytotrophoblast (blue) invade the
maternal decidua and adjacent spiral arteries, penetrating the walls of the arteries and
replacing part of the maternal endothelium (yellow). The cytotrophoblast invasion
leads to the remodelling of the arterial wall resulting in the loss of smooth muscle and
arterial dilation, assisted by natural killer cells (red) and some macrophages (purple)
in the decidua. B, In PE’s first stage model, the deep cytotrophoblast invasion and
arterial remodelling are restricted and altered, correspondingly. Image take from
(Redman 2005).
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For more than a decade, the secretion of these factors into the maternal circulation
has been believed to be responsible for the clinical manifestations of PE causing
endothelial cell dysfunction (Rodgers et al. 1988; Roberts et al. 1992), intravascular
inflammation (Sacks et al. 1998; Redman et al. 1999; Gervasi et al. 2001) and
activation of the haemostatic system (Kenny et al, 2009). Consequently, PE is
considered to be primarily a vascular disorder (Roberts et al. 1990). Other pathogenic
mechanisms associated with PE also include autoantibodies to Type-1 angiotensin Il
receptor, platelet and thrombin activation, and the presence of an antiangiogenic state;
an imbalance between angiogenic and antiangiogenic factors seemed to be the most

important (Chaiworapongsa et al. 2014).

This thesis discusses the normal and pathogenic mechanisms that affect both the
mother and the fetus. For the mother, we focus on the maternal vascular and immune
systems in regards to endothelial dysfunction and maternal systemic inflammation
characterised in PE. On the fetal side, we examine the fetal vascular system and

address a relatively disregarded cell type in placenta biology, the capillary pericyte.

1.2. Endothelial dysfunction

A healthy pregnancy is characterised by adaptations of the maternal cardiovascular
system to ensure adequate oxygenation to the feto-maternal unit. Circulating blood
volume increases by approximately 1.5 L, 50% above non-pregnant values, and red
blood cell mass increases by 15 to 20% (Chesley 1972; Pritchard 1965). In addition,
there is a significant increase in stroke volume and heart rate which results in a 30%
rise in the cardiac output above non-pregnant levels. As a result, systemic maternal
arteries display diminished vascular tone, which contributes to the reduced peripheral
vascular resistance (Sibai & Frangieh 1995). The maternal endothelium maintains the
homeostatic balance by participating in the regulation of blood flow and structure
through the production of vasoactive molecules such as nitric oxide, prostacyclin and
endothelium-derived hyperpolarizing factor (EDHF), as well as contracting factors

such as endothelin-1 and thromboxane A2 (Possomato-Vieira & Khalil 2016).

Endothelial dysfunction is a significant phenotype of PE, which results in generalised
vasoconstriction and reduced blood to multiple organs. Endothelial dysfunction is

considered the result of an increased ET-1 secretion by endothelial cells and lack of
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appropriate vascular responses to endothelial-mediated vasodilators. While the exact
mechanisms accountable for the systemic maternal vascular dysfunction remain
unknown, intermediaries of endothelial dysfunction such as decreased nitric oxide
have been shown to play a role in the development of hypertension in PE women
(Matsubara et al. 2010; Roberts & Von Versen-Hoeynck 2007).

1.2.1. Nitric oxide

Nitric oxide (NO) is a soluble gas with a half-life of ~ 6 to 30 seconds, synthesised from
the amino acid L-arginine by nitric oxide synthases (NOS). US scientists Robert F.
Furchgott, Luis J. Ignarro and Ferid Murad, who established NO as a signalling
molecule in the cardiovascular system, were conferred the 1998’s Nobel Prize for
Physiology and Medicine (SoRelle 1998). NO plays essential roles in the control of
blood pressure, immune system functioning, and central nervous system’s activation
mechanisms (SoRelle 1998; Tousoulis et al. 2012). Nitric oxide synthase (NOS) is the
enzyme responsible for the conversion of substrate L-arginine to L-citrulline and the

synthesis of NO.
There are three known isoforms of NOS:

a) Type I NOS or neuronal NOS (nNOS)
b) Type Il NOS or cytokine-inducible NOS (iNOS)
c) Type Il NOS or endothelial NOS (eNOS)

nNOS and eNOS are entirely dependent on augmented intracellular Ca?* to
synthesize NO, while iINOS possess a Ca?* independent intracellular activity. Typically,
nNOS is found in the blood vessels, INOS is present in macrophages stimulated by
inflammatory cytokines and lipopolysaccharides, and eNOS is one of the main sources
of endothelium-derived NO (Ignarro 1990). We will focus on eNOS as this NOS isoform

is of our research interest.
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1.2.2. Endothelial nitric oxide synthase (eNOS)

All NOS isoforms, including eNOS, share the same modular organisation (Stuehr
1999): (i) the N-terminal catalytic oxygenase module (N2H) binds Fe-protoporphyrin IX
(heme), substrate L-arginine and (6R)-5,6,7,8-tetrahydrobiopterin; (ii) the C-terminal
reductase module (COOH) contains binding sites for nicotinamide adenine
dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN); and (iii) the intervening region interacts with calmodulin (CaM)
(Figure 1.2A).

NOS is a homodimer, each monomer containing a C-terminal reductase domain and
an N-terminal oxygenase domain (Andrew & Mayer 1999). NOS requires heme to
dimerise; otherwise it stays monomeric, incapable of catalysing NO production (Klatt
et al. 1996). This heme-containing oxygenase domain catalyses five-electron
oxidation from one of the simple guanidine nitrogen atoms of L-arginine in the
presence of several co-factors and oxygen (Stuehr 1997). In the case of INOS, both
haem and pteridine tetrahydrobiopterin (BH4) are essential for NO synthesis (Baek et

al. 1993). Figure 1.2B highlights the importance of haem.
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Monomer 2

Monomer 1
Oxygenase Domains

Homodimer >0 Oxygenase Domains

Figure 1. 2. Structure of eNOS and key mechanism of NOS catalysis. A, Basic
structure of eNOS. Each subunit consists of a reductase domain (green) and an
oxygenase domain (seafoam green). Monomers allow the transfer of electrons from
NADPH to the flavins FAD and FMN, which it is stimulated by the binding of CaM
within the reductase domain. However, monomers are unable to bind to cofactor BH4
or substrate L-arginine to catalyse NO production. B, Presence of heme in eNOS
structure. Heme is the essential requisite for the formation of NOS dimers, allowing
the interaction of the reductase and oxygenase domains and the interdomain electron
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transfer from the flavins to the heme of the opposite monomer. Image taken from
(Forstermann & Minzel 2006).

1.2.3. Mechanism of nitric oxide production

Calcium-calmodulin-dependent eNOS allows NO to be synthesised continuously from
the amino acid L-arginine into L-citrulline in the endothelial cell (Palmer et al. 1988;
Figure 1.3). A variety of agonists (such as acetylcholine, histamine, thrombin,
serotonin, adenosine diphosphatase (ADP), bradykinin, norepinephrine and
isoproterenol) bind to specific receptors or open ion channels of the endothelial cell
membrane to increase influx of Ca?*, activating its formation from intracellular stores
and mitochondria (Tousoulis et al. 2012). The calcium ions bind to calmodulin (CaM)
to enable the CaM-domain of eNOS to produce NO. Conversely, increased
hemodynamic shear stress and agonists, such as certain hormones (i.e., adiponectin
and insulin) or growth factors [i.e., vascular endothelial growth factor (VEGF)], trigger
the phosphorylation of eNOS via the activation of the phosphoinositide 3-kinase
(PI3K)-phosphoinositide-dependent kinase II (PDK1/2) pathway (Vanhoutte et al.
2016).

Once formed, NO stimulates the soluble guanylyl cyclase (sGC), which in turn,
produces increased concentrations of cyclic guanosine monophosphate (cGMP) in the
vascular smooth muscle cell. cGMP interacts with the intracellular receptor protein,
cGMP-dependent protein kinase (PKG), which inhibits both the release of intracellular
Ca?* as well as its influx from the extracellular space. At the vascular smooth muscle
membrane, PKG also stimulates the Ca?*-ATPase accelerating calcium-extrusion
(Vanhoutte et al. 2016). These actions reduce the intracellular concentration of the
activator ion, so calcium-dependent myosin light-chain kinase can no longer
phosphorylate myosin, preventing the contractile process and resulting in the
relaxation of the vascular smooth muscle cells (Tousoulis et al. 2012).

The eNOS isoform is expressed constitutively in the vascular endothelium. It sustains
vascular tone through the intrinsic synthesis of NO while inhibiting the adhesion of
leukocytes and platelets to the endothelium, preventing a proinflammatory state from
occurring (Matsubara et al. 2015). Likewise, it also plays a crucial role in the

management of the biogenesis of mitochondria in vascular cells, adipocytes, and
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monocytes (Vanhoutte et al. 2016). Apart from its powerful vasodilator effect, it also
carries a gatekeeper role by controlling EDH-mediated hyperpolarisations (Godo et al.
2016), and inhibiting the production and action of both endothelium-derived
contracting factors and ET-1 (Vanhoutte 2000).

Acetylcholine, serotonin, w w

thrombin, bradykinin >  Shear stress

i

++ Caveolin

Ga CCaM

NADPH . .

BH, oS L-citrulline Endothelial
cell

L-arginine NO

Vascular smooth
muscle cell

» cGMP
Relaxation

Figure 1. 3. Mechanism of NO production by endothelial cells. The conversion of L-
arginine makes NO to L-citrulline in the presence of co-factors, including BH4 and
NADPH. Vasodilator agonists or shear stress increases intercellular Ca?* and
dislocates the inhibitor caveolin from CaM, activating eNOS. NO diffuses to vascular
smooth muscle resulting in relaxation by activating guanylate cyclase (GC), thereby
increasing intracellular cyclic guanosine monophosphate (cGMP). Taken from
(Davignon & Ganz 2004).

1.2.4. Nitric oxide in normal and PE pregnancies

During normal pregnancy, NO is considered to participate in the maternal systemic
vasodilation, regulation of the uterine and fetoplacental blood flow, and the uterine
guiescence prior to parturition (Sladek et al. 1997). For example, increased oestrogen
level during pregnancy allows up-regulation and endothelium-dependent vasodilation

to be mediated in part by NO (Hayashi et al. 1995). Raised cGMP levels have been
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shown in plasma during the first trimester of pregnancy (Conrad et al. 1999). On the
other hand, NO is also a key player in maternal uterine vascular remodelling.
Vasculogenesis and angiogenesis depend on signalling molecules such as VEGF, Flt-
1, TGF-B1, angiopoietin 1 and 2 (Burton et al. 2009), which in part, exert their effects
through NO synthesis. Therefore, VEGF-FIt-1 interactions during the placental bed
arteries remodelling induce the release of NO (Papapetropoulos et al. 1997), which
results in the activation and expression of pro-invasive matrix metallopeptidase (MMP)
2 and 9 (Novaro et al. 2001). Nevertheless, most of the circulating NO is generally
considered to originate from the maternal endothelium. However, we believe that the

placenta may also contribute.

In the placenta, eNOS and iNOS have been found present in diverse species since
the early stages of placental development (Krause et al. 2011). iINOS is expressed
mainly at the feto-maternal interface during the first stages of pregnancy (Marinoni et
al. 2004). Conversely, in human first trimester placenta, eNOS is expressed in the STB
(STB), villous endothelium intermediate and extravillous trophoblast (Conrad et al.
1993; K Buttery et al. 1994; Myatt et al. 1993a) contributing to the total NO production
in this gestational stage (Al-Hijji et al. 2003). As pregnhancy progresses, there is a rise
and redistribution of eNOS expression, mainly to the STB layer and endothelial cells
(Détsch et al. 2001; Myatt et al. 1997; Rossmanith et al. 1999; Schiessl et al. 2005).
Nevertheless, NOS expression on extracellular vesicles derived from STB has not

been investigated.

Roberts et al. proposed endothelial cell activation and dysfunction to be a central
feature of PE (Roberts et al. 1990). The dysfunctional endothelium is depicted by
endothelial injury, reduced vasodilatory responses, as well as a bioavailability
imbalance of endothelium-derived vasoactive substances (Possomato-Vieira & Khalil
2016). PE women have been reported to suffer glomerular endotheliosis,
characterised by glomerular endothelial swelling with loss of endothelial fenestrae and
occlusion of the capillary lumens (Stillman & Karumanchi 2007). These aberrations
cause renal injury and microalbuminuria, which could prolong for up to 2 to 4 months

after delivery.
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NO synthesis deficiency has been proposed to cause vasoconstriction and inadequate
perfusion in the feto-maternal unit (Noris et al. 2005), which could partly elucidate the
pathogenesis of PE. Unfortunately, studies investigating circulating levels of NO in PE
have reported conflicting results. Circulating levels and urinary excretion of NO are
challenging to interpret as these can involve all three isoforms, and be influenced by
dietary intakes of nitrites and nitrates. As a result, total NO production in plasma during
hypertensive pregnancy and/or PE have been shown to either decrease (Choi, Im &
Pai 2002; Mutlu-Turkoglu et al. 1999; Seligman et al. 1994), increase (Baker et al.
1995; Pathak et al. 1999) or remain unchanged (Conrad & Davis 1995; Silver et al.
1996).

Overall, the placenta and its secreted factors contributing to the overall NO
bioavailability in PE have not been taken into consideration. We attempt to explore this
link further in Chapter 3.

1.3. Maternal inflammatory response

Pregnancy is a unique biological process which presents a significant challenge to the
maternal immune system. The mother and the semi-allogeneic fetus coexist
throughout the 40 weeks of gestation via maternal tolerance. Nobel Prize winner, Peter
Medawar, recognised this remarkable phenomenon after his investigations with skin
graft rejection in genetically different individuals (Medawar 1961). Successful
pregnancy implicates complex interactions between the fetal trophoblast and maternal
decidual immune cells, allowing the fetus to develop in the uterus while the maternal

immune system remains unaltered yet operative to fight infections (Mor et al. 2017).
1.3.1. Immunological stages in normal pregnancy

Pregnancy consists of several development processes with different immunological
stages, each step requiring a unique immune environment (Figure 1.4). Pregnancy
commences in a pro-inflammatory environment that enables implantation and
placentation to occur. At the implantation site, both endometrial stromal cells and
infiltrating immune cells secrete molecules to create a pro-inflammatory environment

(Gnainsky et al. 2015; Zenclussen & Hammerling 2015). Likewise, uterine dendritic
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cells are essential in this stage as these regulate tissue remodelling and angiogenesis,

as well as promoting tolerance to paternal antigens (Plaks et al. 2008).

The fetus and the placenta develop rapidly during the second trimester. The mother,
the placenta and the fetus become symbiotic coexisting in a Th2 type or an anti-
inflammatory environment (Saito et al. 2010). At this stage, any continuous pro-
inflammatory signals can lead to miscarriage (Christiansen et al. 2006), and any
ensuing pro-inflammatory insult, such as infection, can precede to pre-term birth
(Agrawal & Hirsch 2012). Numerous immune cells types, including macrophages,
decidual natural killer cells, and T regulatory (Treg) cells, contribute to the anti-

inflammatory microenvironment during the second trimester (Faas & de Vos 2017).

Lastly, once the fetus is fully developed, a switch to a pro-inflammatory environment
is initiated and continued for labour and delivery during the third trimester. The switch
is effectively done via the nuclear factor kB (NF- kB) signalling pathway activation and
regulation (Lindstrém & Bennett 2005). This signalling pathway is induced as a result
of toll-like receptor 4 (TLR4) activation by ligands such as surfactant protein A, which
it is a protein secreted by fetal lungs (Condon et al. 2004), and endogenous damage-
associated molecular patterns (DAMPS), such as high motility group box 1 (HMGB1)

which are present in high levels at the end of pregnancy (Plazyo et al. 2016).
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Figure 1. 4. The different immunological stages of pregnancy per trimester. The first
trimester of pregnancy is connected with inflammation to allow blastocyst implantation.
Fetal growth during the second trimester requires an anti-inflammatory response and
Tr2 immune microenvironment. Lastly, during the third trimester, a pro-inflammatory
switch and TH1 state are necessary for labour and delivery of the newborn and the
placenta. Image taken from (Mor et al. 2017).

1.3.2. Trophoblast-mediated immune regulation

At implantation, the blastocyst and the maternal decidua interact through the
trophoblast cell layer. Trophoblast cells secrete cytokines and chemokines, such as
C-X-C motif chemokine (CXCL) 12 [or stromal cell-derived factor 1], CXCL8 (also
known as IL-8), transforming growth factor- (TGF-), and monocyte chemoattractant
protein 1 (MCP-1), to stimulate the recruitment of peripheral monocytes, neutrophils,
NK cells, T cells and Treg cells at the implantation site (Figure 1.5A; Ramhorst et al.
2012). This immune cell trafficking is central for a healthy pregnancy as studies have
shown that reduced immune cell infiltration has harmful effects on pregnancy

outcomes (Romero et al. 2006).

In addition, trophoblast cells also release cytokines that act on immune cells after their
recruitment (Figure 1.5B). These cytokines stimulate the differentiation of individual
immature immune cells present in the endometrium by attaining a unique phenotype
shown to be crucial for a successful pregnancy (Manaster et al. 2008). For example,

decidual NK cells are distinctly different from peripheral NK cells as these as less
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cytotoxic, and their unique receptor repertoire is believed to be induced by trophoblast-
derived IL-15 and perhaps by additional stimulants such as TGF-3 (Hanna et al. 2006).
Thus, specialised NK cells have been shown to play an essential role in decidual
vascular remodelling as these contribute to the physiological modification of the
mesometrial endometrium into a particular stromal environment called decidua basalis
(Zhang et al. 2011). Similarly, upon recruitment to the maternal-fetal interface,
trophoblast-derived macrophage colony-stimulating factor (M-CSF) and IL-10 seem to
stimulate CD14+ monocytes to acquire a unique M2-like macrophage phenotype
essential for tissue remodelling as they phagocytose degraded extracellular matrix and
clear apoptotic cells (Mills et al. 2000). Unlike other tissue-resident macrophages,
these M2-like macrophages retain their CD14 expression and are capable of secreting
TGF-B and type-1 interferons (IFNs), such as IFN-a and IFN-B (Houser et al. 2011).
Also, TGF-[3 derived from trophoblast can induce the differentiation of CD4" cells into
FOXP3* Treq cells (Oettel et al. 2016; Poloski et al. 2016), which are believed to be

crucial for maternal tolerance.

Trophoblast cells express cell-surface receptors such as TLRs, which can recognise
specific molecular patterns in the microenvironment (Figure 1.5C; Abrahams & Mor
2005; Costello et al. 2007). DAMPs released by dying cells and damaged tissues, as
well as pathogen-associated molecular patterns (PAMPSs) from invading pathogens,
can be recognised and responded to by trophoblast cells. Trophoblast cells have the
potential to recruit and instruct immune cells, responding to signals from the
microenvironment to sustain decidual differentiation, trophoblast migration and
invasion, angiogenesis and spiral artery remodelling, as well as placental and fetal

development (Mor et al. 2017).
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Figure 1. 5. Trophoblast cells as immune regulators. A, The secretion of cytokines by
trophoblast cells stimulates the recruitment of immune cells to the maternal-fetal
interface and for the immune cells to support the trophoblast invasion. B, Trophoblast-
derived cytokines can also promote the instruction of NK cells and M2-like
macrophages which in turn support vascular and tissue remodelling required for
decidual invasion and differentiation into cytotrophoblast an STB. C, Trophoblast cells
can express PRRs, such as TLRs and NOD-like recpetors (NLRs), which permits them
to respond to DAMPs an PAMPs formed during infection or tissue damage. Image
taken from (Mor et al. 2017).
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Most importantly, trophoblast highly regulates the expression of human leukocyte
antigen (HLA) family from the major histocompatibility complex (MHC). The mother
should generally produce graft-attacking antibodies and cytotoxic T lymphocytes to
different or paternal HLA or other antigens expressed by fetal cells. Extravillous
trophoblast cells express a vast repertoire of MHC class | non-classical HLA-G and
small amounts of MHC class | HLA-C, HLA-E and HLA-F antigens. However, the MHC
class | antigens ( HLA-A and HLA-B), and MHC Class Il molecules (HLA-DR, HLA-
DQ, and HLA-DP) are absent (Apps et al. 2009; Arck & Hecher 2013). This absence
of polymorphic MHC Class | expression prevents trophoblast to present antigenic fetal
peptides to specific CD8* T cells, which are potentially present in the maternal blood
and the decidua basalis or decidua parietalis. In contrast, MHC Class | HLA-C, HLA-
E, and HLA-G interact, correspondingly, with the inhibitory killer-immunoglobulin-like
(KIR), CD 94/NKGs and Ig-like transcript 2 (ILT-2) receptors on NK cells (Le Bouteiller
& Sargent 2000) to prevent the cytotoxic attack on the placental and fetal tissues. In
particular, HLA-G is a key player involved in dampening maternal immune response
in the context of vascular remodelling during placentation, thus, protecting the semi-

allogeneic fetus (Djurisic & Hviid 2014).

STB, the multinucleated layer at the maternal-fetal interface, is also immunologically
inert to prevent recognition and rejection by maternal T cells due to the lack of HLA
expression. While maternal NK cells could potentially target the STB as their

programmed function, this does not occur (Redman & Sargent 2010b).
1.3.3. Maternal systemic inflammation in PE

An abnormal trophoblastic invasion early in pregnancy has been considered to be
associated with PE. It might be trigerred by an altered maternal immune response or
a defective development of maternal tolerance to the foetal antigens (Redman et al.
1999; Saito & Sakai, 2003; Redman, 2005; Redman & Sargent, 2010c; Yoshinaga,
2012). Substantial evidence exist to support the notion that the maternal immune
system does contribute to the pathogenesis of PE (Borzychowski et al. 2006; Schiessl,
2007; Redman & Sargent, 2008).
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Excessive activation of neutrophils and monocytes in PE patients, circulating and
present in the decidua, has been described by several research groups (Laresgoiti-
Servitje 2013; Miko et al. 2009; Mishra et al. 2011; Saito et al. 2007). For example,
monocytes have been found to spontaneously synthesize considerable higher
amounts of pro-inflammatory cytokines such as IL-13, IL-6 and IL-8 (Weiss et al.
2009). CD4*and CD8* T, along with NK cells and dendritic cells (DCs), have also been
found to be over pro-inflammatory in PE women compared to healthy pregnancies
(Santner-Nanan et al. 2009).

Another important immune aspect of PE development is the Th1/Tu2/Tnl7 imbalance.
Tnl7 subpopulation has been described to be up-regulated in PE, hence, increased
IL-17-producing lymphocytes in the peripheral blood of PE patients compared to
control group was reported in the third trimester (Darmochwal-Kolarz et al. 2012). Also,
they described a significant association between Tnl7, IL-2 and IFN-y-producing T-
cells, and PE development. Similarly, low levels of indoleamine 2,3-dioxygenase (IDO)
and diminished numbers of Treg cells have been reported in the PE placentae
(Santillan et al. 2015). IDO acts like a switch: when present, Treg cells are promoted,;
and in its absence, Treg cells are reprogrammed to acquire TH17 phenotype with more

proinflammatory activity (Baban et al. 2009).

Furthermore, studies have shown that TLRs and other pattern recognition receptors
(PRRs) may be linked to the chronic inflammation seen in PE through PAMPs and
DAMPs associated inflammatory processes (Boucas et al. 2017). Consequently,
clinical studies have shown a connection between intrauterine bacterial or viral
infections and pregnancy specific disorders such as PE, miscarriage, preterm labour,
and intrauterine growth restriction (Koga & Mor 2010). Extreme necrosis and apoptosis
caused by aberrant implantation, placentation, placental hypoxia, and trophoblast
invasion can generate DAMPSs, which can increase placental expressions of various
TLRs (Chatterjee et al. 2011). Both TLR-3 and TLR-4 have been associated with PE,
but other TLR members might also generate a local inflammatory reaction in placenta
(Boucas et al. 2017; Chatterjee et al. 2012; Pineda et al. 2011). Mediated through the
MyD88- or TRIF-mediated pathways to converge to NF-kB activation, TLRs can
upregulate the expression of pro-inflammatory cytokines such as IL-6, TNF-a, IL-1-,
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IFN-y by trophoblast (Takeuchi & Akira 2010), which in excess can lead to the

manifestations of PE.

The placenta releases soluble factors into the maternal circulation throughout
pregnancy and abnormally increased when the placenta is oxidatively stressed. These
include growth factors, their soluble receptors or inflammatory cytokines, and,
placental oxidative stress’ products comprising placental debris and associated factors
(Borzychowski et al. 2006). STB secretes the soluble receptor for VEGF, known as
sFlt-1, which neutralises the angiogenic activities of VEGF and placental growth factor
(PIGF). PE women have increased circulating sFlt-1 levels and placental sFlt-1 mRNA
compared to women who have normal pregnancies (Maynard et al. 2003). Reduced
levels of VEGF and PIGF are associated with high levels of sFlt-1 during PE (Maynard
et al. 2003). The roles of pro-angiogenic VEGF and PIGF are important for maintaining
vascular endothelium, which can be antagonised by sFlt-1, resulting in endothelial
dysfunction (Clark et al. 1998). STB also secretes activin-A, corticotrophin-releasing
hormone, leptin and free-heme into the mother’s bloodstream which are of pro-
inflammatory consequences (Redman & Sargent 2010a). Most importantly, STB also
secretes extracellular vesicles into the mother's bloodstream which have been
proposed to contribute to the severe maternal inflammatory response commonly seen
in PE (Redman and Sargent, 2007; Section 1.5).

Generally, how the factors released by the PE placenta, specifically STBEV, interact
with maternal immune cells have not been thoroughly investigated. We aim to examine

these interactions in Chapter 4.

1.4. Capillary pericytes

1.4.1. Description, morphology and characterisation

Capillary pericytes (PC) are mural cells that wrap around endothelial cells in capillaries
and postcapillaries venules. Carl Joseph Eberth and Charles-Marie Benjamin Rouget
first described these cells as ‘Rouget cells’ (Rouget 1874); they were given their
current name by Karl Wilhelm Zimmermann due to their location at the abluminal side

of blood vessels (Zimmermann 1923). Compared to the vastly characterised
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endothelial cells (EC), these cells remain elusive despite progressively interesting

research recently.

PC have a distinctive morphology. It has a pronounced round nucleus, which it is
distinct from the elongated cigar-shaped core of EC (Figure 1.6). PC also extends
long processes that spread as finger-like projections, wrapping around the capillary
and spanning over a large continuous surface of the vessel (Dore-Duffy & Cleary
2011). During angiogenesis or injury, the typical pattern of PC orientation in the
microvessel involves the retraction of projections or the extension along the extended
axis of the capillary known as longitudinal migration (Dore-Duffy & Cleary 2011). PC
are separated from EC by a single basement membrane synthesised by both EC and
PC, also identified as basal lamina. In the central nervous system, the basal lamina
has been shown to thicken or thin in response to stress stimuli (Hughes et al. 2004;
Wiley et al. 2005). These changes have been linked directly to pericyte expression of
proteases (Du et al. 2008), and eventual migration from its vascular location (Dore-
Duffy et al. 2000). Basal lamina provides anchoring and structural integrity to the
capillary, as well as having a possible role in the regulation of pericyte function to
vascular adaptability and pericyte signalling mechanisms (Hayden et al. 2005). Thus,
PC communicate with EC by tight and gap junctions in the basal lamina which contacts

directly and by paracrine signalling (Bergers & Song 2005).

PC are heterogenous in regards to phenotype, distribution and embryonic origin
(Attwell et al. 2016). Initially, PC were visualised via light and electron microscopy
(Navarro et al. 2016). However, it became increasingly difficult to differentiate them
from other perivascular cells. Thus, several markers such as platelet-derived growth
factor receptor B (PDGFRp), nerve-glial antigen-2 (NG2), a smooth muscle actin
(aSMA), endoglin and adhesion molecule CD146 among others have been used to
characterise PC (Dore-Duffy & Cleary 2011). All PC do not express every single
marker because their expression is dynamic and differs between organs,
developmental phases, activation/maturation state, and specific microvascular
systems (Armulik et al. 2011; Attwell et al. 2016). Therefore, isolating pure PC

populations has been a challenge.
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Figure 1. 6. Capillary pericytes diagram. Smooth muscle cells circle the arterioles like
rings, while capillary pericytes direct processes along and around capillaries without
entirely masking the vessels. Capillary pericytes are located outside the endothelial
cells and are separated from them by the basal lamina. Image modified from
(Hamilton, Attwell & Hall 2010).

1.4.2. Properties and functions of PC

In the brain, PC have a role in the regulation of blood flow (Hall et al. 2014). Hall et al.
demonstrated that pericytes may be involved in brain damage mechanism. Functional
imaging revealed PC being the first vascular component to dilate during neuronal
activity followed by death due to ischemia (Hall et al. 2014). However, lack of
characterisation of PC subpopulation has made such claims controversial (Attwell et
al. 2016). PC have mesenchymal stem cell (MSC)-like abilities because PC can
express MSC markers and behave like them both in vitro and in vivo (Tian et al. 2017).
MSC have also been found to originate from the perivascular unit (Crisan et al. 2008)
and exhibit a PC-like behaviour (Bexell et al. 2009). In addition, PC have been
considered associated to contribute to tumour angiogenesis and metastasis (Barlow
et al. 2013). PC coverage in the tumour microvasculature has suggested a tumour-
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homing ability and participation in the tumour microenvironment (TME), implying PC

may play a role in anti-tumour immune response (Ribeiro & Okamoto 2015).

PC have been shown to have immunomodulatory properties beyond their structural
role in the microvasculature (Navarro et al. 2016). PC contribute to the onset of innate
and adaptive immune responses. PC can react to pro-inflammatory stimuli upon
PAMPs engagement and identify danger due to their surface expression of functional
PRRs (Navarro et al. 2016). PC appear to have macrophage-like and antigen-
presenting cells (APC) characteristics (Balabanov et al. 1996). Moreover, PC have
been suggested to exert an immunosuppressive role; retinal PC decreased T cell

proliferation and IFN-y and TNF-a production in a co-culture system (Tu et al. 2011).

PC act as vessels stabiliser but can also differentiate into other cells types, such as
adipocytes, chondrocytes, osteocytes, myocytes, and neural cells (in vitro) (Birbrair et
al. 2013). This supports a role for PC in regenerative mechanisms following tissue
injury. It is thought that their ability to differentiate into various lineages is the result of

their mesenchymal origin (Corselli et al. 2013).

PC have a role to play in angiogenesis and vascular homeostasis, contributing in the
management of the endothelial tips cells and vessel maturation and stabilisation (Jain,
2003; Sweeney et al. 2016). The detachment of PC-EC and basement membrane
degradation is the initial step in angiogenesis, followed by EC migration, proliferation
and resultant EC tube formation and vessel stabilisation by newly recruited PC
(Potente et al. 2011). The growth phase of angiogenesis might require PC-mediated
signalling, where the presence of PC tubes may be central to the angiogenic sprout,

generating pathways for directing migrating EC (Ozerdem & Stallcup 2003).

Platelet-derived growth factor B (PDGF-B), and PDGF receptor B (PDGFR) signalling
pathway are essential for extension and movement of PC along with the vessel during
angiogenesis. PDGF-B is released by sprouting EC during angiogenesis, and it
interacts with PDGFRB on the PC (Hoch et al. 2003). TGF-B/ Activin-like kinase
receptor (ALK5) pathway allows latent TGF-B to be synthesised by EC and become
activated by direct contact of EC and PC. Once activated, TGF-$ affects the
proliferation of EC through the TGF-B receptor (TBR)/ALK-1/Smad5 pathway), which
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in turn supports the differentiation of both PC and EC (Goumans et al. 2002). The
Angiopoietin (Ang) 1/receptor tyrosine kinase of the Tie family (Tie2) and Ang2/Tie2
signalling pathways also contribute to the PC-EC communication. PC express Angl
and the interaction with Tie2 on them stimulate EC, ensuing vessel stabilisation and
maturation. The antagonist ligand of Tie2 is Ang2, which is mainly expressed on EC;
thus, Ang2/Tie2 signalling results in the detachment and loss of PC, leading to vessel
destabilisation (Maisonpierre et al. 1997; Sato et al. 1995). Other pathways involved
include Jagl/Notch3 and the S1P/SIP:1 signalling pathways (Gaengel et al. 2009),

which are essential for vessel maturation as well as stable PC-EC contact.
1.4.3. Placental capillary pericytes

Few studies have connected placental altered vascular morphology and function with
placental capillary pericytes (PLVP). Placentae of PDGF-B or PDGFR[ gene deficient
mice, exhibited diluted embryonic blood vessels and reduced number of both PLVP
and trophoblasts (Ohlsson et al. 1999), which emphasised the importance of PDGF-
B/PDGFR signalling in the development of the labyrinthine layer of the fetal placenta.
Placental capillaries in women from high altitude communities showed an increased
in vessel profile diameter and a reduced PC association compared to those
pregnancies from lowland (Zhang et al. 2002), suggesting that reduction of local
oxygen tension leads to vascular remodelling. Another study quantified the pericyte
coverage in microvessels of placentae of pregnancies complicated by Type 1 diabetes
mellitus and normal pregnancies (Kucera et al. 2010). However, no significant
difference was found. Similarly, semi-quantitative analysis of placental ultrastructural
micrographs indicated that PLVP were present in placentae from normal, term
pregnancies but increasingly observed in abnormal capillaries such as those from
complicated pregnancies by diabetes, postmaturity and rhesus incompatibility and PE
(Jones & Desoye 2011).

A group of researchers were able to isolate and culture human pericytes expressing
NG2, CD90, CD146, a-SMA, and PDGFR without contamination from smooth muscle
cells, EC and leukocytes from the human placenta (Maier et al. 2010). They also co-
cultured PLVP with human EC into mice, demonstrating investment and stabilisation
of developing human EC cell-lined microvessels by the PLVP (Maier et al. 2010).
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PLVP can support cytomegalovirus replication, promoting pro-inflammatory cytokines
and angiogenic factors, which could potentially lead to viral dissemination, placental

inflammation, and dysregulation of placental angiogenesis (Aronoff et al. 2017).

PLVP are distinctively associated with the fetal circulatory system of the placenta,
which can significantly affect the fetus’ growth and placental development. There is
limited evidence regarding the factors released by the PLVP in response to a stimulus,
such as hypoxia, and how these can affect the neighbouring cells, EC. We aim to

decipher this secretome further in Chapter 5.

1.5. Extracellular Vesicles

1.5.1. Properties and biogenesis of extracellular vesicles

Extracellular vesicles (EV) are membrane-bound spherical particles enclosed in
phospholipid-bilayer structures that are secreted from cells under physiological as well
as pathological conditions. In the past decade, EV have been recognised as potent
messengers of intercellular communication and signalling (Harrison et al. 2014). EV
carry cargo of transmembrane and enclosed proteins, lipids and nucleic acids from
their parental cells to other distant cells (Colombo et al. 2014). Recent research on the
role of EV have primarily focused on pathological conditions; however, EV-mediated
homeostasis under physiological conditions have not been extensively investigated
(reviewed in Yafiez-M0 et al. 2015). Furthermore, there is an increased interest in the
possible uses of EV as biomarkers for disease as well as potential targets for disease

therapy.

EV were first reported as pro-coagulant platelet-derived particles in normal plasma
(Chargaff & West 1946), and referred as ‘platelet-dust’ by Wolf in 1967 (Wolf 1967).
Consequently, antigen-presenting vesicles isolated from Epstein-Barr virus-
transformed B lymphocytes were shown to induce T cell responses (Raposo et al.
1996a). Subsequently, EV were shown to contain RNA, including microRNA,
suggesting a likely role in cell-to-cell communication (Ratajczak et al. 2006; Valadi et
al. 2007). EV have been shown to be present in most biological fluids including
breastmilk, blood, urine and saliva (Pisitkun et al. 2004; Caby et al. 2005; Keller et al.

2011). EV can be produced by various cells including red blood cells (Simpson et al.
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2008), fibroblasts (Stadtman & Levine 2006), endothelial cells (Winyard et al. 2011),
and trophoblasts (Tannetta et al. 2017a). EV carry proteins, lipids, RNAs including
MRNA, miRNA, vault RNA and tRNAs (Raposo & Stoorvogel 2013). EV are believed
to signal to their target cells via surface interactions consisting of (1) protein or lipid
ligand-receptor binding, (2) cell-membrane via fusing and releasing their contents into
the cytosol of the target cell, and (3) via endocytosis and subsequent fusion with

endosomes (Raposo & Stoorvogel 2013; Tannetta et al. 2017a).

EV are classified according to size, function, morphology and biogenesis (Cocucci et
al. 2009; Mathivanan et al. 2010). The term EV encompasses apoptotic bodies,
microvesicles and exosomes (Figure 1.7), and in pathological conditions, necrotic
debris (Raposo & Stoorvogel 2013). Apoptotic bodies (800 - 5,000 nm) are the largest
vesicles and are released by blebbing cells undergoing apoptosis. Microvesicles (50 -
1,000 nm) are formed through the direct budding or shedding of the plasma membrane
of living cells in response to cellular activation or stress. Exosomes (30 - 200 nm) are
the smallest vesicle type, formed as intraluminal vesicles by an inward budding of early

endosomes.

Microvesicles are a heterogeneous population of EV. Although it is challenging to
differentiate microvesicles from exosomes as their sizes technically overlap,
microvesicles lack endosomal features found in exosomes (Cocucci et al. 2009). The
mechanisms by which microvesicles are formed remain unclear. However, it has been
shown that the budding process is regulated and stimulated by the remodelling of the
plasma membrane and an increase in intracellular calcium (Pasquet et al. 1996).
Subsequently, biomolecules move towards the cell surface, resulting in membrane
protrusion, budding, and detachment of spherical bodies from specific areas of the

plasma membrane enriched in lipid rafts (del Conde et al. 2005).

Exosomes have a very small, ‘cup-shaped’ and homogeneous morphology (Cocucci
et al. 2009). The endocytic pathway constitutively generates exosomes. This pathway
recruits proteins and lipids into recycling endosomes or targeted for lysosomal
degradation by ubiquitylation and ubiquitin-dependent connections with the
endosomal sorting complex required for transport (ESCRT) (Colombo et al. 2013). As
a result, exosomes are formed by inward budding of the endosomal membranes within
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the endosome, which then increase build-up of intraluminal vesicles within the large
multivesicular body. These can either be trafficked to lysosomes for removal, or to the
plasma membrane, where it fuses with the surface and secrete its contents into the

extracellular space. (Raposo & Stoorvogel 2013)
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Figure 1. 7. Schematic diagram of extracellular vesicles formation. Microvesicles (50
- 1,000 nm) formed through the direct budding or shedding of the plasma membrane
of living cells (left). Exosomes (30 - 200 nm), the smallest vesicle type, formed as
intraluminal vesicles by the inward budding of early endosomes (centre). Apoptotic
bodies (800 - 5,000 nm), the largest vesicles, formed by blebbing cells undergoing
apoptosis (right). Image taken from (Lawson et al. 2016).

Currently, it remains a matter of intense debate what different vesicles should be called
and how should they be isolated from bodily fluids, cell’s supernatant and placenta.
Hence, a major challenge in EV research is to advance and standardise methods for
EV isolation and analysis (Théry et al. 2006). Isolation strategies include density
gradient  centrifugation, sucrose cushion centrifugation, gel-permeation
chromatography, affinity capture, microfluidic devices, synthetic polymer-based

precipitation, and membrane filtration (Xu et al. 2016). Tong and Chamley have also
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reviewed in detail the different methods on isolating placental micro/nanovesicles
(Tong & Chamley 2015).

The most widely used method of EV isolation is based on differential
ultracentrifugation. This involves the sequential centrifugation of supernatant fluid at
increasing rotational velocities, allowing the isolation of both microvesicles and
exosomes; differently sized vesicles will sediment at different velocity rates (Raposo
et al. 1996b). Our laboratory has used a method to isolate EV derived from placenta,
specifically the STB layer, using the ex vivo dual-lobe placental perfusion model
followed by serial ultracentrifugation method is used to isolate STBEV (Dragovic et al.
2015). Briefly, microvesicles are isolated from the accumulated placental perfusate
after centrifugation at 10,000 x g while centrifugation of the supernatant at 150,000 x
g result in a pellet enriched in exosomes (Chapter 2; Dragovic et al. 2015). However,
this isolation method does not result in the complete separation of the two EV types
(Witwer et al. 2013), as sedimentation is subject to vesicle density as well as possible
contaminants having similar sizes, such as lipoproteins and soluble protein
complexes. Nevertheless, this method remains the most appropriate for purification of
EV at a relatively low cost (Dragovic et al. 2015).

After the isolation of EV, further characterisation of both EV groups (microvesicles and
exosomes) requires complementary biochemical, immunoblotting, mass
spectrometry, and imaging techniques such as electron microscopy (Raposo &
Stoorvogel 2013). Due to their endosomal origins, exosomes can be identified by the
expression of proteins related to transport and fusion (caveolin-1 and flotillin),
tetraspanins (CD63, CD81, CD9), heat shock proteins (Hsp90) and lipid-related
proteins (Colombo et al. 2014; Zeringer et al. 2015). The molecules are not unique to
exosomes, but their enrichment in exosomes differentiate them from microvesicles or
cell debris. Unfortunately, there are no current potential markers for microvesicles.
Instead, our laboratory has developed further characterisation techniques for STBEV,
via flow cytometry (Dragovic et al. 2013) and nanoparticle tracking analysis (NTA)
(Redman et al. 2012).
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1.5.2. STB derived extracellular vesicles

From gametogenesis through to late gestation, EV have an important role during all
reproductive events (Tannetta et al. 2014). It is known that the STB layer of the
placenta deposits material into the mother’s bloodstream (Burton & Jones 2009). STB
continually secretes EV directly into the maternal blood circulation during pregnancy
where they can engage with the maternal immune and vascular systems (Mincheva-
Nilsson & Baranov 2014). The placental origin of these vesicles is confirmed by the
expression of the STB specific marker, placental alkaline phosphatase (PLAP)
(Germain et al. 2007), their large quantity in the uterine vein blood compared to
peripheral vein blood (Knight et al. 1998), their increase in particle number throughout
gestation (Germain et al. 2007), and their absence to non-pregnant levels 48 hours
post-delivery (Reddy et al. 2008). Salomon et al. revealed that PLAP and CD63 double
positive exosomes were detected as early as 6 weeks of gestation (Salomon et al.
2014). Thus, the STB-derived EV (STBEV) can be prepared either through a sampling
of maternal blood or by placental perfusion, obtained at term from elective caesarean

sections or first trimester terminations.

Circulating STBEV provide a small biopsy of the material released from the placental
surface. Our laboratory has shown that these STBEV comprise both microvesicle and
exosomes (Tannetta et al. 2013a). Although syncytial nuclear aggregates have been
identified in uterine vein and inferior cava blood, these get held-up in the pulmonary
capillary bed due to their large size (Johansen et al. 1999). As a result, only smaller
STBEV can pass through the lung capillaries and enter the peripheral circulation
(Knight et al. 1998). Both microvesicles and exosomes, derived from STB, are part of
the molecular communication channel between the fetus and the mother, dependent
on the cargo carried by these vesicles. STBEV carry an abundant number of proteins
that differ among EV populations potentially triggering an effect on the maternal cells
(Tong et al. 2016). These include immunologically related proteins, vasoactive
proteins, proteins involved in thrombosis, as well as those that potentially target
specific organs or cell types (Tong & Chamley 2015). Similarly, STBEV also carry
nucleic acids and lipids which may play an imperative role in mediating their effects on
maternal physiology (Tong & Chamley 2015).
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During PE, an excessive shedding of STBEV released into the maternal circulation
due to placental oxidative and inflammatory stress have been demonstrated (Germain
et al. 2007; Goswami et al. 2006; Reddy et al. 2008). STBEV derived from PE plasma
differ in both phenotypic composition and number of circulating EV from those
obtained from normal pregnancies (Redman and Sargent, 2007; Tannetta et al.
2017b). A mass spectrometry analysis of STBEV from normal and PE identified over
2,500 proteins with 538 unique peptides associated with PE (Tanetta et al.
Unpublished; Redman et al. 2012). Additionally, both syncytial nuclear aggregates and
microvesicles derived from STB have been reported to carry Flt-1 (Rajakumar et al.
2012; Tannetta et al. 2013a), which has been shown to be significantly expressed on
STBEV secreted by the PE placentae compared to the healthy term placentae.
Similarly, the soluble form of endoglin (part of the TGF-B receptor) has also been
detected in high portions on STB derived microparticles from PE placentae (Guller et
al. 2011), which might contribute to the pathogenesis of PE due to its impact on the
vasculature. STBM express tissue factor and the expression levels are higher on PE
vesicles (Gardiner et al. 2011), where it is proposed to compromise a considerable

intravascular pro-thrombotic stimulus in these patients.

STBEV might interact with and instigate neighbouring cells including lymphocytes,
monocytes, neutrophils, platelets and endothelial cells, exerting a wide range of
outcomes (Yafnez-Mo et al. 2015). For example, STB derived microvesicles stimulate
monocytes to release pro-inflammatory cytokines such as TNFa (Germain et al. 2007;
Messerli et al. 2010). Additionally, STBEV have been reported to bind and get
internalised by monocytes and B cells directly and have been proposed to have an
immunomodulatory role (Southcombe et al. 2011). Von Dadelszen et al. reported that
the microvesicles from healthy term placentae added to the conditioned media of
cultured endothelial cells resulted in a pro-inflammatory effect and could activate
resting monocytes, granulocytes, and lymphocytes (Von Dadelszen et al. 1999).
Likewise, it has also been shown that STB derived microvesicles from healthy term
placentae can inhibit proliferation and increase apoptosis of EC (Smarason et al.
1993a). Most recently, studies have demonstrated that EC bind and internalise STBEV
in vitro which results in the transfer of placenta-specific functional miRNA from STBEV
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into the endoplasmic reticulum and mitochondria of the recipient cells (Cronqvist et al.
2017).

1.5.3. Capillary pericytes derived extracellular vesicles

As mentioned before, all cell types are capable of producing and releasing EV. Both
microvesicles and micro-RNA have been proposed to play a role in the cross-talk
between pericytes and endothelial cells (Caporali et al. 2017; Gaceb et al. 2018).
Recently, upon addition of PDGF-BB, human brain pericytes released several growth
factors and a host of cytokines, as well as microvesicles carrying molecules specific
for the PDGFR} signalling and activation of the ERK 1/2 pathway (Gaceb et al. 2017).
This is the first report to show a type of EV secreted by PC in a stimulus-specific
manner, containing growth factors that have been implicated in neuroprotection and

neurorestoration (Gaceb et al. 2017).

Similarly, exosomes derived from pericytes stimulated with cobalt chloride (CoClz) to
activate the hypoxia-inducible factor (HIF) pathway were able to adopt wound healing
properties in a scratch assay and promote microvascular sprouting in spinal cord
explants (Mayo and Bearden, 2015). MSC derived microparticles have also been
found to play a role in vessel destabilisation by interfering with the interactions
between endothelial cells and pericytes as well as pericytes and extracellular matrix
(Beltramo et al. 2014). In addition, it was found that MSC derived microparticles can
enter pericytes and cause detachment and migration from the substrate, increase
blood-barrier permeability, and promote in vitro angiogenesis (Beltramo et al. 2014).
Nevertheless, PLVP derived EV (PLVPev) have never been isolated or characterised

before in placental biology.

EV play a role in the communication from the fetus to the mother. Still, the mechanisms
by which EV cause changes in the phenotype and behaviour of maternal target cells
have to be further investigated. Thus, we aim to explore the cargo and function
differences of STBEV derived from normal and PE pregnancies in Chapter 3 and 4.
We also intend to investigate the potential functions of PLVP derived EV from normal

and PE-like conditions in Chapter 5.
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1.6.

1.

3.

Aims of thesis

To investigate the protein cargo expression and activity difference of STB
derived EV isolated from ex vivo dual-lobe placental perfusion and blood
plasma in normal and PE patients.

To assess the impact of ex vivo STB derived EV from normal and PE placentae
on a differentiated macrophage cell line, THP-1, to determine if there are any
differences in cytokine/chemokine protein profile and secretion.

To examine the role of PLVP when exposed to in vitro normal and PE-like
conditions to consider the possible functions of secreted EV on primary
endothelial cells, HUVEC.
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CHAPTER 2

Materials and Methods



2. Materials and Methods

2.1. Study research ethical approval
The research ethics committee of the Brunel University London approved this research
work under the reference code 2968-TISS-May/2016- 3081-1.

2.2.  Human subjects

The human subjects’ material used in this project was approved by the Central
Oxfordshire Research Ethics Committee C (REFS 07/H0607/74 & 07/H0606/148). All
mothers undergoing elective caesarean section without labour were approached by
the research midwives who facilitated written informed consent for the use of their
blood and placentas. Placentae were collected within 10 minutes of delivery in a clean
plastic bucket with warm sterile Hanks solution. Placentae from normal pregnancy
(NP) were taken from healthy singleton pregnancies with no current or previous history

of PE or hypertensive disorders, and without fetal abnormalities.

Mothers suffering from PE were recruited using the corresponding diagnostic criteria
by the International Society for the Study of Hypertension in Pregnancy (ISSHP)
(Tranquilli et al. 2014). According to ISSHP, PE is defined as de-novo hypertension
present after 20 weeks of gestation combined with one or more complications:
proteinuria (>300mg/day); or other maternal organ dysfunction such as liver
involvement, neurological or haematological complications, renal insufficiency; and/or
an uteroplacental dysfunction such as fetal growth restriction. In the new definition,
proteinuria is no longer required therefore there are now two separate categories for
PE: proteinuric or non-proteinuric. Hypertension includes systolic blood pressure
higher than 140 mm Hg or diastolic blood pressure higher than 90 mm Hg on two
occasions that are 4 to 6 hours apart (National Institute for Health and Clinical
Excellence 2011).

2.3. Isolation and characterisation of STBEV

2.3.1. Ex vivo dual-lobe placental perfusion

STBEV were prepared using a dual placental lobe perfusion system from human

placenta (Figure 2.1) as previously described (Southcombe et al. 2011). Firstly, the
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maternal-side placenta was examined to identify one peripheral lobule with no signs
of postpartum villus breakage. The fetal umbilical artery and vein connected with the
isolated lobe were cannulated at the chorionic plate. The 0.1 um filtered (stericup-VP,
Merck Millipore) and modified M-199 tissue culture medium (Medium 199 with L-
glutamine and Earle's salts, containing 0.8% w/v Dextran 20, 0.5% w/v BSA, 5000 U/L
sodium heparin, and 2.75 g/L sodium bicarbonate, pH 7.4), comprising a 20 mL bolus
of 100,000 IU streptokinase (Oxford Hospitals) to prevent clot blockage, was used to
perfused the lobe through the fetal circulation at a rate of 5 mL/min. The whole
placenta was then turned upside down and placed inside a Perspex water jacket
container maintained at 37°C. The maternal surface isolated lobe was then perfused
with the corresponding tissue culture medium (Medium 199 with L-glutamine and
Earle's salts, containing 0.5% BSA, 5000 U/L sodium heparin, and 2.75 g/L sodium
bicarbonate, pH 7.4) through six 1.7 mm fetal feeding tubes (Pennine Healthcare, UK)
at a controlled rate of 20 mL/min. Perfusion media was kept warm in a 37°C water
bath, and the maternal perfusion medium was continuously oxygenated with 95% v/v
Oz and 5 % v/v COz2. The lobe was perfused for 20 minutes to equilibrate the system,
after which the maternal circuit was closed with a total volume of perfusion medium of
600 mL. The fetal outflow was measured every 20 minutes over the 3-hour perfusion
course to monitor the integrity of the lobe’s circulation. The maternal perfusate was
collected to harvest STBEV.
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Figure 2. 1. Schematic diagram of ex vivo dual placental lobe perfusion system.
Diagram taken from (Dragovic et al. 2015).
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2.3.2. Differential serial ultra-centrifugation and filtration

At the end of the 3-hour perfusion period, the maternal perfusate was centrifuged in a
Beckman J6-M centrifuge at 600 x g for 10 minutes at 4°C to remove red blood cells
contamination. The supernatant was then centrifuged at 10,000 x g for 35 minutes at
4°C in a Beckman L8-80M ultracentrifuge, and Sorvall TST28.39 swing-out rotor. The
supernatant was removed and stored at 4°C for further processing. The resultant
pellets were pooled and washed with filtered phosphate buffered saline (PBS) by
centrifugation at 10,000 x g for 35 minutes at 4°C. The final pellet was resuspended
in filtered PBS according to pellet size. This fraction contained enrichment of STB
derived microvesicles (STBMV). The stored supernatant was passed through a 0.22
pm filter stericup-VP device (Merck Millipore). The filtered supernatant was centrifuged
again at 150,000 x g for 2 hours at 4°C. The resultant supernatant was discarded, and
the pellets were pooled and washed with filtered PBS by ultracentrifugation at 150,000
x g for 2 hours at 4°C. The pellet obtained was resuspended in filtered PBS to give an
enriched STB derived exosome (STBEX) fraction. STBMV and STBEX were further
characterised by flow cytometry (Section 2.3.3), Nanoparticle Tracking Analysis
(Section 2.4), BCA assay for protein concentration (Section 2.9), and Western

blotting (Section 2.10), before being aliquoted and stored at - 80°C.

2.3.3. STBMV characterisation by flow cytometry

Isolated STBEV characterisation and validation was performed by flow cytometry,
using a BD LSRII flow cytometer (BD Biosciences), and conducted before downstream

experimentation as previously described (Dragovic et al. 2011, 2013).

At the start of this procedure, all antibodies or markers and the Fc receptor blocker
(Miltenye Biotech) were passed through a 0.2 um Nanosep centrifugal devices with
Bio-inert membrane (VWR) before use. PBS was filtered using a 0.1 ym stericup-VP
device (Merck Millipore). Flow cytometer performance check was carried out using
CST beads (BD Biosciences) to ensure correct laser and cytometer set up. To avoid
background contaminating events, filtered PBS was run at low speed through the
machine until background event rate reduced to 2,000 events in 2 minutes. TruCount

beads (BD Biosciences) were used to accurately achieve flow rate setting of around
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11 - 12 puL/minute. Briefly, 500 L of filtered PBS were added to a BD TruCount tube
and data was acquired for 2 minutes. The flow rate was calculated as follows: where
events obtained in the ‘TruCount beads’ gate was divided by the bead number per
TruCount tube and multiplied by the volume. Once the flow rate was set, each STBMV
sample was diluted accordingly with filtered PBS to achieve 20,000 - 30,000 events in
2 minutes to proceed with the staining.

Fluorochrome compensation was set using BD CompBeads (BD Biosciences), REA
CompBeads (Miltenyi Biotech) and a single stain using Bio-Maleimide labelled
STBMV, before final staining. The EV pan lipid membrane marker, Bio-maleimide or
BODIFY FL N-(2-aminoethyl)-maleimide (505/513 nm) (Molecular Probes) was used
to confirm biological material. Bio-maleimide binds to biological membranes via
cysteine residues and thiol groups in proteins. Anti-CD41 and anti-CD235a/b
antibodies were used to exclude platelet and red blood cell (RBC) EV contamination,
respectively. HLA-ABC was used to also discriminate possible contamination by
leukocyte derived EV. The STBEV specific marker, placental alkaline phosphatase
(PLAP), was used to confirm the placental origin of the vesicles. The corresponding
isotype controls were used as Fluorescence minus one (FMO) controls, which
contained all the fluorochromes in the panel except for the one to be measured,
allowing distinguishing true events from the noise and set control gates. STBMV were
first incubated with 10 pL of FcR blocking reagent for 10 minutes at 4°C to avoid non-
specific binding, followed by the labelling with antibodies and isotype-matched control
antibodies within a volume of 100 pL for 15 minutes at room temperature in the dark.
Samples were made up to 300 pL with filtered PBS, prior to running 100,000 events
on the flow cytometer. Data were analysed using FACSDiva software (BD

Biosciences).
2.3.4. STBEV validation by SDS-PAGE and Western blotting

The phenotype of STBEV were additionally assessed by SDS-PAGE and Western
blotting analysis via PLAP positivity combined with the exosome markers ALIX,
Syntenin and CD9, to confirm exosomal phenotype. SDS-PAGE and Western blotting
methods are described in Section 2.10. Details of antibodies are summarised in Table
2.3.
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2.4. Nanoparticle Tracking Analysis

Freshly isolated EV (either STBEV or PLVPev) were assessed for particle size and
number by Nanoparticle Tracking Analysis (NTA) using a NanoSight NS500 (Malvern
UK) and NanoSight 3.1 software (NanoSight Ltd) (Figure 2.2). The system is
composed of a finely focused laser beam directed to the sample chamber through a
glass prism (Figure 2.2A). As it enters the chamber sample, the beam refracts at a
low angle, resulting in a thin beam of laser light that illuminates particles through the
sample. llluminated particles within the beam are visualised using a conventional
optical microscope with an incorporated video camera. The camera is aligned
generally to the beam axis, collecting light scattered from all particles in the field of
view from the sample chamber. Once the videos are recorded, these are analysed by
the NTA software (Figure 2.2B). The protocol has been optimised to identify the
particles first, and then track the movement of each particle on a frame-to-frame basis.
The two-dimensional Stokes-Einstein equation (Filipe et al. 2010) is automatically

applied to calculate the particle size using the velocity of particle movement.

First, filtered PBS was slowly flushed through the Nanosight, followed by several rapid
flushes to remove any air bubbles and dust from the sample chamber. Stage’s correct
position was checked, and the video camera was maintained at Level 12 (camera
shutter at 12 milliseconds and camera gain at 350). Silica 100 nm size beads
(PolySciences) were diluted in filtered PBS to give rise to a 1/50,000 dilution, and
passed through the NanoSight using a 1 mL syringe device. Camera focus was
adjusted using the beads and the script ‘PRIME, DELAY 5, CAPTURE 30; REPEAT
4’ was loaded onto software to record 5 video-recordings of 30 seconds long with 15
frames per second. The summary file was automatically generated and particle
number, mean size and mode were noted. Nanosight set up is completed if data shows
silica beads particle number and mode size close to 5 x 108 particles/mL and 100 nm,

respectively.
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Figure 2. 2. Nanoparticle Tracking Analysis (NTA) performance. A, Diagram of NTA’s
laser beam passing through the sample chamber where particles in suspension are
visualised by the beam scatter light using an x20 magnification microscope mounted
onto a video camera. B, Representative image of video file showing how individual
moving particles are tracked under the Brownian motion (yellow arrow) by software
while calculating their hydrodynamic diameters using the Stokes-Einstein equation to
determine the size (nm) and particle number (particle/mL). Image taken from Malvern
Panalytical Website (www.malvernpanalytical.com).
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2.5. Isolation of STBMV derived from peripheral and uterine blood plasma

2.5.1. Blood collection and processing

Blood samples were collected in four 5 mL EDTA or citrate tubes using a 21-gauge
needle. Peripheral blood vein (PB) samples were from the left antecubital fossa while
uterine blood vein (UV) samples were taken at caesarean section (after bladder
reflection before the uterine incision was made). Samples were centrifuged at 1,500 x
g for 15 minutes at room temperature using a Beckman Coulter JS-5.3 centrifuge. The
subsequent supernatant was centrifuged again at 13,000 x g for 2 minutes using a
centrifuge (Eppendorf 5417R) to produce platelet-free plasma (PFP). Samples were
stored in aliquots at -80°C until the following use.

2.6. Human placentatissue

2.6.1. Immunohistochemistry

Placental tissues were fixed in 4% v/v paraformaldehyde (PFA), embedded in paraffin
blocks, cut in 8 um thick sections and placed on slides. Slides were deparaffinized in
Histo-clear (Company), rehydrated in graded ethanol, and antigens were retrieved to
enable detection using 0.01M Citrate buffer. Endogenous peroxidase was reduced
with 3% v/v hydrogen peroxide. Tissue sections were blocked in 10% v/v fetal calf
serum (FCS) for 1 hour. Slides were incubated overnight at 4°C with primary
monoclonal antibodies against: eNOS (0.6 pg/mL, NOS3-A9 Santa Cruz), eNOS
isotype control IgG2a (0.6 ug/mL, Clone DAK-GO5, Dako), iNOS (1 ug/mL, clone 2D2-
B2, R&D) and iNOS isotype control IgG1 (1 pg/mL, IgG1 Clone MOPC-21, BioLegend
in 1% v/v FCS in PBS with 0.05% 0.01M Tween 20 (PBS-T) overnight at 4°C. All
sections were then incubated with of 0.2 ug/mL anti-mouse IgG secondary antibody
conjugated to horseradish peroxidase (HRP) in 10% v/v FCS for 1 hour at room
temperature. After washing with PBS-T, Antigen-specific detection was revealed using
Horseradish Peroxidase (HRP) Substrate Kit with Nickel 3,3’-diaminobenzidine (DAB;
Vector Laboratories) and counterstained with Shandon Gill 2 Haematoxylin
(ThermoFisher). The slides were dehydrated in graded ethanol and mounted with

Depex (VWR). Sections were viewed under a Leica DM2500 optical microscope (Leica
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Microsystems) and photographed using a digital camera linked to a computer hard
drive (Micropublisher 5.0 RTV).

2.7. Cell culture

Cells were maintained at 5% v/v CO2 at 37°C with their corresponding media. The
medium was changed every 2 to 3 days and cells were passaged once they reached
80-90% confluence. For passaging, cells were washed with warm PBS and lifted using

1 mL of Trypsin-EDTA and incubated for 5 minutes at the 37°C incubator.

2.7.1. Trypan blue basic cell viability check and cell counting

Trypan Blue dye is impermeable to healthy cells and enters through the cells’
membrane if cells are dying or dead. Cells were checked for viability by visual
observation using this dye. To count cells, equal volumes of cell suspension and
Trypan Blue (0.4% w/v solution) were mixed and mounted onto a haemocytometer

with Neubauer rulings (Superior Marienfled).

2.7.2. HUVEC isolation and cell culture

Human umbilical vein endothelial cells (HUVEC) were isolated from the normal
pregnancy human umbilical cord, as previously described (Jaffe et al. 1973). Briefly,
the umbilical cord was clamped and cut from the placenta delivered within 10 minutes
of caesarean section. The umbilical cord was immersed in warm PBS to remove
contaminating RBC for 5 minutes. The state of the cord was reviewed for damaged
vessels, and 10 cm length of healthy cord was localised for the following steps. The
umbilical cord vein was cannulated from one end and flushed slowly with 20 mL of
warm PBS before clamping the other end of the vein. The vein was then filled with 5
mL of 1x collagenase type la (Img/mL) and incubated at 37°C in 5% v/v CO:2 for 15
minutes to achieve maximal digestion of extracellular matrix and detachment of
endothelial cells. The cord vein was subsequently flushed with 30 mL of endothelial
cell growth medium (EGM-2 SingleQuot Kit CC-4176, Lonza), collecting the cells in a
50 mL falcon tube. The cell suspension was pelleted by centrifugation at 13,000 rpm

for 5 minutes before being cultured in a T25 flask. Primary cells were left to grow at
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approximate of 2 days before passage. Only passages 2-5 cells were used for

functional studies.

2.7.3. THP-1 culture

THP-1 cells, originally derived from human acute monocyte leukaemia cell line
(ATCC® TIB-202™), were cultured in RMPI1-1640 medium (Gibco) containing 10% v/v
FCS, 2 mM L-glutamine, 100U/mL penicillin and 100 pg/mL streptomycin. Cells were

left to grow for 3 days before passage.
2.7.3.1. THP-1 differentiation using PMA

FCS was centrifuged at 150,000 x g for 18 hours using a Beckman L8-80M
ultracentrifuge, to reduce possible contamination from microvesicles or exosomes
derived from serum. After centrifugation, FCS pellets were removed, and the
supernatant was pooled and sterilised using a 0.1 um filter under sceptic conditions
before storage at -20°C until use. THP-1 cells were adjusted to 5 x 10° cells/mL per
well in a 24-well plate and differentiated into macrophage-like phenotype using
50ng/mL of Phorbol 12-Myristate 13-Acetate (PMA) in RPMI-1640 complete media
(including 10% v/v of centrifuged FCS) for 48 hours at the 37°C.

2.7.3.2. THP-1 treatment with STBEV

THP-1 cells were washed with warm PBS and incubated with serum-free media
containing STBMV or STBEX of six patients pooled from NP and PE pregnancies at
50 pg/mL. STBMV and STBEX were passed through the NTA, and further dilution in
serum-free media was carried out to accomplish the same particle humber among
normal and PE STBMV or STBEX (~1 x 108 particles/mL). STBEV were incubated with
differentiated THP-1 cells for 2, 6, 12 and 24 hours. THP-1 cells with no STBEV were
used as a control for each time point. The supernatant was collected, and dead cells
and debris were removed by centrifugation at 1,500 x g for 10 minutes at 4 °C. Next,
supernatant from each sample were stored at -80 °C for subsequent experiments.
Cells were washed with warm PBS before RNA extraction (Section 2.11.1) for real-
time quantitative PCR analysis (Section 2.11.2). In addition, for PLAP ELISA (Section
2.7.3.3), cells were lifted following Trypsin-EDTA treatment, thoroughly washed with
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media and PBS, and then harshly re-suspended using a 21-gauge needle syringe to

disrupt the cell membrane.
2.7.3.3. PLAP ELISA assay

A 96-well IgG surface treatment MaxiSorp™ plate (Nunc) was coated with 100 pL of
10 pg/mL of PLAP antibody (NDOG2, in-house), and incubated inside a covered box
overnight at room temperature. The plate was washed with PBS-T (PBS 0.05%
Tween), and then incubated with 300 pL of blocking buffer (5% w/v BSA in PBS-T) for
3 hours at room temperature. For ELISA standards, NP STBMV derived from 3
patients were pooled together to make 8 quadruple dilutions from 4,000 ng/ml down
to 1ng/ml in 1% BSA PBS-T. After washing, standard and samples were incubated in
triplicates overnight and were thoroughly cleaned the next day using PBS-T. 1-Step
pNPP (p-nitrophenyl phosphate disodium salt) substrate kit (Sigma) was used to
detect alkaline phosphatase activity. 100 uL of the substrate was added to the plate
sample wells and was left to incubate for 1 and a half hours. 50 pL of 2N NaOH was
added to stop the reaction. Absorbance was measured at 405nm using the FluoStar
OPTIMA (BMG) plate reader.

2.7.4. Placental capillary pericytes culture

Human placental capillary pericytes (PLVP), isolated from normal placenta, were
purchased (C-12980, PromoCell). PLVP were cultured in pericyte growth medium (C-
28040, PromoCell), according to manufacturer’s instructions, for 3-4 days before

passage.
2.7.4.1. Hypoxia

For hypoxic conditions, pericyte growth medium was incubated for 24 hours within a
chamber conditioned to 1% or 8% Oz, 5% CO: at 37 °C. Cells were grown in 12-well
plates or T175 flasks at normal air conditions. Once cells reached confluency, they
were washed with warm PBS, and cultured with a hypoxic or normal medium for 24
hours. After incubation, cells were rewashed with warm PBS and cells were either

lysed with radioimmunoprecipitation (RIPA) buffer or processed for RNA isolation
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(Section 2.11.1). The supernatant was kept for the isolation of PLVP extracellular
vesicles (PLVPev).

2.7.4.2. Isolation of PLVPev

After 24-hour incubation at different O2 % conditions, dead cells and debris were
removed from the supernatant by 1,500 x g centrifugation for 10 minutes at room
temperature. 5 mL of dead cells and debris-free supernatant samples were stored at
-80°C for subsequent experiments. The rest of the supernatant were then
ultracentrifuged at 10,000 x g for 35 minutes at 4°C to collect the pellet containing
PLVP derived microvesicles (PLVPmv). PLVPmv pellets were washed with filtered
PBS, spun again as described above, and then re-suspended in 100 pL filtered PBS.
Remaining supernatant were passed through a 0.2 pm filter, followed by
ultracentrifugation at 150,000 x g for 2 hours 5 minutes at 4°C. Finally, PLVP derived
exosomes (PLVPex) pellet samples were washed with filtered PBS before being
resuspended in 100 pL of filtered PBS. 5mL of EV-free supernatant samples were
stored -80°C for subsequent experiments. PLVPev samples were assayed for protein
content using bicinchoninic acid (BCA) assay kit (Pierce) before storage at -80°C, and

particle size and number were analysed using the NTA.

2.7.4.3. Cell cytotoxicity assay with PLVPex

A CellTox™ Green cytotoxicity assay (Promega, G8741) was used using HUVEC to
determine the non-toxic particle concentration of PLVPex for subsequent experiments.
2 x 10* cells/mL of HUVEC were grown overnight in a black 96-well plate with clear
bottom (Nunc) before being treated with PLVPex. Next day, neat PLVPex were diluted
in EV-free media containing 2% FCS without supplement (EV-free media). Using the
NTA, different particle concentration (1 x10%°, 1 x 10° and 1 x108 particle/mL) were
achieved per each PLVPex sample in a 100 pL volume. PLVPex samples were added
in triplicates to the plate. Maximum toxicity control was achieved by adding lysis buffer
to EV-free media in a 1/25 dilution in triplicate. The negative control was HUVEC in
EV-free media without any exosome samples in triplicate. CellTox™ Green reagent
stock was diluted in EV-free media for an (x2) final dilution. 50 pL of X2 CellTox™
Green reagent was added to each well. Background control was achieved by adding
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50 pL of CellTox™ Green and 100 pL of media to empty cells. The cells were then
incubated at 37°C in 5%CO2 in a FLUOStar Omega (BMG LabTech) plate reader for
21 hours. The fluorescence measured at 485-500 nm excitation wavelength and 520-
530 emission wavelength.

2.7.4.4. Tube formation angiogenesis assay

Primary HUVEC were used at passages 3-4 for tube formation angiogenesis assays.
Matrigel basement membrane with reduced matrix growth factor 10 mL stock
(Scientific Laboratory Supplies Limited, #356231) was distributed into 1 mL aliquots
and stored at -20°C until use. Before starting the experiment, filter 200 L tips, clear
96-well plate, cover, etc were kept at -20°C and matrigel aliquots were kept at 4°C
overnight. Next day, neat PLVPex samples were resuspended in EV-free PLVP media
and run through the NTA to achieve a concentration of 1 x 10° particles/mL. During
the evening of the same day, utensils were kept on ice inside the hood, and 50 pL of
Matrigel was added to each well of the 96-well plate. The cover was placed on a plate
and left at 37°C in 5% CO2 for 30 minutes to settle. Meanwhile, 80% confluent HUVEC
were washed with warm PBS and lifted with Trypsin-EDTA. 1 x 10% cells/mL were
resuspended in EV-free un-supplemented HUVEC media with 4% FCS. After the 30-
minute incubation, 100 pL of cells were added to all wells of the matrigel coated plate
and 100 pL of each PLVPex sample to each well. 100 pL of EV-free PLVP supernatant
samples collected from Section 2.7.4.2 were also added to each well. EV-free PLVP
stock media alone was used as control. All samples were added in quadruple in the
matrigel coated plate. The total volume of each well should be around 200 uL. The

matrigel coated plate was left overnight for 16 hours incubation at 37°C in 5% CO..

Next day, 150 pL volume was removed from each well of the Matrigel-coated plate.
150 uL of cold filtered PBS was used to wash the matrigel coated plate. After the
matrigel coated plate was washed three times, 100 uL of cold 4% PFA (10% formalin)
was added to each well and plate was left to incubate for 1 hour at 4°C fridge. After
incubation, the plate was washed three times with cold filtered PBS. Microscope at X4
Magnification was used to take pictures of each well of the matrigel coated plate.

Image files were converted from 8-bit to RGB before being analysed using ‘Batch
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Image Treatment Tool’ and ‘HUVEC phase contrast’ angiogenesis analyser on ImageJ

software (Fiji).
2.7.5. Cell Immunofluorescence with PKH26 stained EV

50 pg of pooled STBMV or STBEX from three NP or PE mothers, as well as neat
PLVPex, were stained using the PKH26 red fluorescent cell linker kit (MINI26, Sigma)
according to manufacturer’s instructions. Briefly, EV were diluted in 200 pL of Diluent
C and mixed with 200 pL of Diluent C and 1.6 pL of PKH26 stock (1 mM). The mix
was left to incubate for 5 minutes in the dark, and the reaction was stopped by 1-
minute incubation with 400 pL of 1% BSA in PBS in the dark.

Next, stained exosomes were washed thoroughly using the gEV size exclusion
columns (Izon Science Ltd). Briefly, columns were washed with 30 mL of filtered PBS
before use. Stained exosome sample was carefully added to the column, 12 fractions
of 500 pL each were collected, and assessed by NTA to confirm size and particle
number per fraction. Fractions 7-10 were pooled together, and STBEV were
concentrated in a 50 pyL volume using an Amicon ultra-4 centrifugal filter unit with
ultracel-100 membrane (Merck Millipore). In contrast, stained STBMV were washed
by ultracentrifugation at 10,000 x g for 35 minutes and resuspended in 50 pL filtered
PBS.

Stained EV were added to an initial volume (500 pL) of serum-free media, and NTA
assessed particle number. Each sample was diluted accordingly to achieve the same
particle number among sample groups. 2.5 x10° cells/mL were grown overnight over
autoclaved coverslips in a 24-well plate. The next day, cells were washed with warm
PBS and incubated with EV-free media and the corresponding stained EV for 2 and 6
hours. After incubation, cells were carefully and thoroughly washed with warm PBS.
Cells were then incubated with 5 pg/mL of wheat germ-like agglutinin (WGA) green
(Vector Laboratories) diluted in media for 5 minutes at room temperature in the dark.
Cells were washed three times with PBS followed by an incubation of 10 minutes with
2% vlv paraformaldehyde (PFA). Again, cells were thoroughly washed. Next, cells
were stained with 1/5,000 Hoechst 33342, Trihydrochloride, Trihydrate (Hoechst) for

5 minutes. Finally, cells were thoroughly washed, and coverslips were carefully moved
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with tweezers to slides, cells facing upwards. Slides were mounted with bigger square-

like coverslips using the fluorescent mounting medium (Vectashield).

Cells were viewed under a Zeiss confocal microscope with a Yokogawa spinning disk
scanning unit and an attached Evolve® 512 Delta EMCCD camera, and images were
taken using a Zen Blue software (Zeiss). Z-stacks (11 slices) were taken through a 10
pm width, and pictures were compressed on maximum intensity using ImageJ

software (Fiji).

2.8. Flow cytometry

BD LSRII flow cytometer (BD Biosciences) equipped with blue (488nm) and red
(633nm) lasers was used and data was analysed with either FACSDiva software (BD

Biosciences) or FlowJO version 10 (Tree Star Inc., Ashland, OR).

2.8.1. eNOS-APC antibody titration using HUVEC

HUVEC cells were used for eNOS-APC (Miltenyi Biotech) antibody titration before
STBMYV analysis by flow cytometry. HUVEC were grown in a T75 flask (see Section
2.7.2) until 90% confluency was reached. Media was removed, and cells were washed
with warm PBS before being lifted following 1 mL of Trypsin-EDTA treatment and
centrifuged at 13,000 RPM for 5 minutes. Cell pellets were fixed with 2%
paraformaldehyde and permeabilised using 1/1000 dilution of Triton X100. 2.5 x 10°
cells per sample were incubated with 5 pL of Fc receptor blocking reagent for 10
minutes at 4°C before labelling with antibodies. Cell samples were stained with
different concentrations of either REAfinity recombinant antibodies (REA) eNOS-
Allophycocyanin (eNOS-APC) or its corresponding isotype control. An un-stained cell
sample was used as a control. Samples were incubated in the dark for 30 minutes at
room temperature, gently washed with filtered PBS by centrifugation, and volume
adjusted to 300 pL with PBS. 5,000 events were recorded per sample using FACSDiva

software (BD Biosciences).
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2.8.2. Placenta perfusion derived STBMV & eNOS analysis

Perfusion isolated STBMV from NP and PE placentae were analysed by multi-colour
flow cytometry panel using the protocol and equipment settings previously described

(Dragovic et al. 2013, 2015), and specifically interrogated for eNOS.

Briefly, PLAP positivity combined with CD41 (platelet EV), CD235ab (RBC EV)
negativity confirmed enrichment of STBEV. The equipment settings and detailed
method used are described in detail in Section 2.3.3, where HLA-ABC marker was
substituted by our antigen of interest marker, eNOS-APC (Miltenyi Biotech). Using
preferred antibody titration determined by HUVEC (described in the previous section),

we proceeded to analyse STBMV using the multi-colour panel.
2.8.3. Platelet Free Plasma (PFP) derived STBMV & eNOS analysis

Circulating STBMV from PB and UV were analysed by flow cytometry using a
previously described protocol and flow cytometer settings (Inglis et al. 2016), with
additional modifications to exclude potential non-placental EV contaminants.
Peripheral vein blood (PB) and uterine vein blood (UV) PFP samples were thawed in
a water bath at 37 °C. 200 ul from each plasma sample was labelled with the ‘Dump
Channel’ antibodies. ‘Dump Channel’ includes contaminant markers against Classical
HLA class | and Il (leukocytes), CD235a/b (RBC) and CD41 (platelet) all conjugated
to PEvio770 (Miltenyi Biotec). The sample was also stained against PLAP-PE (STB
marker) and eNOS-APC for co-expression analysis. Plasma samples were incubated
for staining for 15 min at 4°C in the dark. Samples were passed through a durapore-
PVDF 0.22um filter (Ultrafree-MV-GV, Millipore) by centrifugation at 800g for 3
minutes (5430R, Eppendorf) in order to concentrate the EV > 200 nm on the filter
membrane. The filtrate (pass through) was made up to 800 uL with sterile PBS (1/5
dilution). The EV (on the filter membrane) were carefully resuspended using 100 pL
filtered PBS and stained in the dark with 10 pL Bio-maleimide for 10 min at room
temperature. After staining, the EV sample was made up with filtered PBS up to 500
ML (1/5 dilution), and then analysed for 10-minute of data acquisition on the flow
cytometer. EV sample was then incubated with 20 pL (1/25 dilution) of detergent
Nonidet P-40 detergent (Sigma) for 20 minutes in the dark (to disrupt the vesicle
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membranes). The EV sample-treated with detergent, together with the filtrate, were
also analysed for 2-minute data acquisition on the flow cytometer and used to set up

the control gates.

Plasma-derived STBMV data was then analysed using the following gating strategy
(see Figure 2.2). The filtrate sample (pass through) was used to set up the ‘Dump
Channel’ control gate at 1% cut-off to separate EV population positive for Bio-
Maleimide and negative for ‘Dump Channel’ contaminants. The EV sample-treated
with detergent was used to set up the PLAP+ eNOS+ control gates at 1% cut off. Once
control gates were set up, plasma-derived STBMV double positive (PLAP+ eNOS+)
events/mL was calculated taking into account the dilution factor of EV sample (1/5)

and to standardise all samples to 1mL. The following formula we used:

PLAP+ eNOS+ STBMV events/mL= (PLAP+ eNOS+ EV events x 5) x 5
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Antibodies Antigen Specificity Source

STBMV Analysis
Bio-maleimide (BODIFY FL N- Thiol
0.25uM All EV Molecular probes
(-2-aminoethyl)-maleimide groups
Anti-PLAP-PE (NDOG2) 0.05pug/mL  PLAP STBEV In-house antibody
Isotype
IgG1-PE (clone MOPC-21) 0.05pg/mL - Biolegend
control
Anti-eNOS-APC (clone
0. 4ug/mL eNOS - Miltenyi Biotech
REA451)
Isotype
REA-APC 0.025pg/mL - Miltenyi Biotech
control
Anti-CD41-PECy7 (clone P2) 0.25ug/mL  CD41 Platelet EV  Beckam Coulter
Isotype
IgG1-PECy7 (clone MOPC-21) 0.25pg/mL - Beckam Coulter
Control

Anti-CD235a/b-PECy5 (clone
0.05ug/mL CD235a/b RBCEV Biolegend

HIR2)
Isotype
IgG2b-PECy5 (clone MPC-11) 0.05pg/mL - Biolegend
Control
Plasma Analysis
In-house
Anti-PLAP-PE (NDOG2) 0.7pg/mL PLAP STBEV
antibody
Anti-eNOS-APC (clone
0.8pg/mL eNOS - Miltenyi Biotech
REA451)
Anti-CD41-PEvio770 0.33ug/mL  CD41 Platelet EV  Miltenyi Biotech
Anti-CD235a/b-PEvio770 0.11pg/mL  CD235a/b RBCEV Miltenyi Biotech
HLA Leukocyte
Anti-HLA Class I-PEvio770 2.2mg/mL Miltenyi Biotech
Class | EV

Table 2. 1. Antibody details for flow cytometry analysis.
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2.8.4. HLA-ABC- PEvio770 antibody titration using THP-1 cells

THP-1 cells were used for HLA-ABC-PEvio770 (Miltenyi Biotech) antibody titration
prior to analysis by flow cytometry. Cell samples were stained with different
concentrations of either HLA-ABC-PEvio770 or REA-PEvio770 (isotype control)
antibodies as described in Section 2.8.1.

2.8.5. Placenta perfusion derived STBMV treatment with THP-1 cells

50 ug of pooled STBMV from three NP or PE mothers were pre-stained with 2 uM of
Bio-maleimide (previously filtered using a 0.2 um nanosep centrifugal device VWR)
for 30 minutes at room temperature in the dark. Stained STBMV were transferred to
ultra-clear centrifuge tubes (Beckman Coulter) and adjusted with filtered PBS. This
was followed by centrifugation at 10,000 x g at 4°C in a Beckman L8-80M
ultracentrifuge for 35 minutes, and the resultant pellet was re-suspended in 100 pL of
filtered PBS.

Stained STBMV were pass through the NTA to confirm size and determine the particle
number. Further dilution in serum-free media was set in order to accomplish same
particle number among NP and PE STBMV (~1 x 108 particles/mL). STBMV were
incubated with differentiated THP-1 cells for 2 and 6 hours. THP-1 cells with no

STBMV were used as a control for each time point.

After incubation, cells were carefully washed three times with warm PBS and 100 pL
Trypsin-EDTA was added to each well to lift up the cells. Cells were moved into a 1
mL Eppendorf tube and made up with serum-free medium and centrifuged at 1,300
rpm for 5 minutes. The supernatant was discarded, and the pellet was resuspended
in warm PBS and washed again by centrifugation. Pellet was incubated with 1 mL of
2% v/v PFA for 15 minutes at room temperature. Again, cells were washed with warm
PBS by centrifugation. Finally, the pellet was resuspended in 300 pL of filtered PBS.
Samples were stored at 4 °C until applied to the flow cytometer. 5,000 events were
recorded per sample using FACSDiva software (BD Biosciences).
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2.9. BCA protein estimation assay

Fresh STBMV and STBEX were assayed for their protein content using the
Bicinchoninic acid (BCA) protein assay kit (Pierce). Briefly, BSA stock (2 mg/mL) was
diluted in filtered PBS to give rise to standards’ protein concentrations: 2, 1, 0.5, 0.25,
0.125 and 0.0625 mg/mL. STBEV samples were also diluted in filtered PBS if protein
concentration was above the standards’ regression line. 12.5 uL of standard and
samples were added to a 96-well plate, followed by 100 uL of BCA solution and copper
Il sulphate solution (previously combined in a 50:1 ratio, respectively). Proteins can
reduce Cu+2 into Cu+1 in an alkaline solution (the biuret reaction), resulting in a purple
colour formation by BCA. The plate was covered in foil and put in the shaker for 5
minutes prior to 30 minutes incubation at 37°C. Reactions were measured in duplicate
and absorbance was read at 562 nm using a FluoStar OPTIMA (BMG) plate reader.
This method was also used when determining the protein concentration of cell lysates.

2.10. SDS-PAGE and Western blotting

Samples were diluted with Laemmli 4x reducing buffer (Bio-Rad, UK), boiled at 96°C
and centrifuged at 13,000 RPM for 1 minute before loading. Protein ladder (Bio-Rad)
and samples were loaded onto SDS-PAGE Novex ™ 4-12% gel (ThermoFisher) and
run at 150 V for 1 hour using an electrophoresis apparatus. To activate the immuno-
blot PVDF membrane (Bio-Rad), this was immersed in methanol (5 minutes), followed
by tap water (10 minutes) and finally, in Anode 2 (5 minutes). Whatman filter paper
pieces were immersed in the following buffers: Anode buffer 1 (4 pieces), Anode buffer
2 (2 pieces), and Cathode buffer (3 pieces). For electrophoretic transfer of the proteins
onto the PVDF membrane: Anode buffer 1 immersed filter paper, Anode buffer 2
soaked filter paper, Novex ™ gel, PVDF membrane and Cathode soaked filter paper,
were placed onto the transfer machine (arranged as stated from the bottom up) and
ran for 1 hour at 50V. Membranes were blocked using 5% wi/v dried milk dissolved in
tris-buffered saline with 0.05% Tween 20 (TBS-T) and probed overnight at 4°C with
primary antibodies in blocking solution. Immunoblots were then washed and incubated
with secondary antibody conjugated to horseradish peroxidase (HRP) (New England
Biolabs) for 1 hour at room temperature. Membranes were finally washed with PBS-T

on a shaker before to 1-minute incubation with HRP substrate enhanced luminescence
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(ThermoFisher) and exposed for of 1-5 minutes to Hyperfilm ECL (GE Health Care).
Buffers formulation details are shown in Table 2.2 and antibody details used for

Western blotting experiments are shown in Table 2.3.

Buffers Composition

Laemmli 4X reducing buffer 90% 4 x Laemmli buffer

pH 6.8 10% 2-beta-mercaptoethanol

Laemmli 4X non-reducing buffer  90% 4 x Laemmli buffer

Anode buffer 1 300mM Tris base (36.34 g/L)
pH 10.4 20% methanol (20 mL/L)
dH,Oto 1L
Anode buffer 2 25mM Tris base (3.0 g/L)
pH 10.4 20% methanol (20 mL/L)
dH,0to 1L
Cathode buffer 25mM Tris base (3.0 g/L)
pH9.4 40nM 6-aminocaproic acid (5.2 g/L)

20% methanol (20 mL/L)

dH,O0to1L
TBS X10 NacCl (87.6 g)
pH 8.0 Tris base (12.1 g)

700 mL of dH,0

Add HCIl to get pH 8.0

TBS-T TBS X10 (100 mL)
pH 8.0 0.1% Tween-20 (1 mL)

900 mL of dH,0

5% Milk TBS-T 5gor5mLin 100 mL TBS-T

Table 2. 2. The composition of buffers used for Western blotting.
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Antibodies

Conc./Dilution

Antigen

Specificity

Source

Anti-eNOS (NOS3-A9) 0.6 pg/mL eNOS - Santa Cruz
Anti-iNOS (clone 2D2- 1 pg/mL iINOS - R&D
B2)
Anti-PLAP (NDOG2) 0.6 pg/mL PLAP STBEV In-house
antibody
Anti-Alix 1/1000 Alix Exosomes  Cell
Signalling
Anti-Syntenin 1/1000 Syntenin Exosomes  Abcam
Anti-CD9 1/200 CD9 Exosomes  Santa Cruz
Polyclonal goat-anti- 1/2000 Mouse/rabbit - Cell
mouse/rabbit immunoglobulins Signalling
immunoglobulin HRP
Anti-PDGFRB 0.1 pg/ml PDGFRRB Brain/ R&D
placental
pericytes
Anti-Neuropilin 1 1/250 Neuropilin 1 Abcam
Anti-Endoglin 1/400 Endoglin Novus
Biologicals
Anti-VEGFR2 1/250 VEGR?2 Abcam

Table 2. 3. Antibody details used for Western blotting.
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2.11. Co-immunoprecipitation using magnetic Dynabeads

3.25 x 107 Dynabead (Life Technologies) stocks were initially vortexed for 30 seconds
and then washed with PBS-T buffer containing 1% BSA using a magnetic particle
concentrator (Dynal MPC-S, ThermoFisher). 50 pul of Dynbeads were separately
coated with a saturated concentration of 6 pg/mL of the following antibodies: (a) anti-
eNOS (NOS3 A9; Santa Cruz Biotech); (b) eNOS isotype control (IgG2a Clone DAK-
GO5, Dako); (c) anti-PLAP antibody (NDOGZ2); and (d) PLAP isotype control (IgG1
Clone MOPC-21, BioLegend) in an overnight incubation in slow rotation at 4°C.
STBMV or STBEX pooled from 4 NP patients (1 mg/mL) were incubated with anti-
human Fc receptor blocking reagent (10 pL, Miltenyi Biotec) for 10 min at 4°C to block
any non-specific antigen binding (same pool was used at each experiment). Next,
antibody-coated Dynabeads were washed thoroughly prior to overnight incubation at
4°C in slow rotation with 25 pg of protein from either STBMV or STBEX pools in 1 mL
filtered PBS. After incubation, the supernatant was collected from samples and stored
at 4°C, and bound-Dynabeads were subsequently washed with PBS. STBMV or
STBEX bound to antibody-coated Dynabeads were placed in magnet and separated
using 30 pl of 1 X reducing buffer and centrifuged at 13,000 rpm for 1 minute prior to
being processed for Western blotting (Section 2.10).

To calculate STBMV or STBEX particle number bound to antibody-coated Dynabeads,
STBMV or STBEX without Dynabeads at 25 pg (Total) and nominal unbound STBMV
or STBEX fraction left in the supernatant (eNOS and PLAP negative) were analysed
using NTA. The percentage of STBMV or STBEX bound eNOS or PLAP was

calculated as follows:
eNOS and PLAP positive = (([Total]-(eNOS and PLAP negative)) / [Total]) x 100

2.12. NOS dimerization

To investigate eNOS dimerization in STBMV and STBEX, low-temperature SDS-
PAGE was performed, as previously described (Cai, Khoo & Channon 2005). HUVEC
were grown in a T75 flask (see Section 2.5.4) until 90% confluency was reached. Cell
lysates were obtained by re-suspending pellet with cold RIPA buffer (150mM NacCl,
50mM Tris pH 8, 0.1% SDS, 1% Triton X100, 0.5% sodium deoxycholate) subjected
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to BCA protein assay and stored at -20°C. NP samples at 15 pg and HUVEC cell lysate
were loaded under non-reducing conditions onto a 4-12% SDS PAGE Novex ™ gel,
and run at 5 mA overnight at 4°C. Separated proteins were then transferred onto PVDF
membranes and blocked with 3% w/v BSA dissolved in TBST for 1 hour prior to
overnight incubation at 4°C with 0.6 pg/mL of anti-eNOS (NOS3-A; Santa Cruz) diluted
in blocking buffer. Protein visualisation was then performed on Western blot as

described in Section 2.6.

2.13. NOS activity assay

NOS activity by STBMV and STBEX was determined using an ultrasensitive
colourimetric NOS assay kit, which converts all NO metabolites to nitrite using nitrate
reductase (NB78 & NB70; Oxford Biomedical Research). We followed the
manufacturer’'s protocol and depicted nitrite accumulation as NOS activity (i.e.
production of NO). STBMV and STBEX pools of 4 NP patients (different pools used at
each experiment) were first incubated in different concentrations (0, 10, 25, 50 and
100 pg). NOS activity was also measured in NP pools with or without specific eNOS
inhibitor, N-Nitroarginine methyl ester (L-NAME) (Immol/L; Sigma-Aldrich) and the
highly specific INOS inhibitor, 1400W (2umol/L; Enzo Life Sciences) (Garvey et al.
1997). Inhibitors were incubated with STBMV and STBEX at 25 g for 1 hour prior to
analysis. NP and PE STBMV and STBEX (25 ug) isolated from each individual patient
were also analysed for NOS activity. Reactions were measured three times in triplicate
and absorbance was read at 540nm using a FluoStar OPTIMA (BMG) plate reader.

2.14. Quantitative real-time PCR

2.14.1. RNA isolation and quality control

Cells were washed with warm PBS prior to RNA extraction using the RNeasy micro kit
(Qiagen). Samples were then treated with DNA-free removal kit (ThermoFisher) to
remove any contaminating DNA. Briefly, rDNase | and 10X DNase | buffer were
incubated with samples at 37°C for 30 minutes. To inactivate both the DNase | and
the RNase, samples were incubated with DNase inactivation reagent for 2 minutes
before centrifugation at 10,000 x g and subsequently chilled on ice. RNA protein

concentration was measured using a NanoDrop ND-1000 Spectrophotometer
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(ThermoFisher) at 260 nm absorbance, and RNA purity was assessed using the
260:280 nm absorbance ratio. All samples were diluted with RNase-free water

accordingly to obtain a standard 100 ng/uL concentration.

2.14.2.  RNA to cDNA conversion synthesis

RNA samples were converted into cDNA using High capacity RNA-cDNA conversion
kit (Applied Biosystems). Each RNA sample (9 uL), 2X RT Enzyme (1uL) and 20X
Enzyme (10 pyL) were mixed and gently vortexed prior to reverse transcription reaction.
The reaction was incubated at 37°C for 1 hour, followed by 95°C heating for 5 minutes

to stop the reaction, and subsequently, hold at 4°C prior to use.

2.14.3. Quantitative real-time PCR for cytokines expression

The nucleotide Basic Local Alignment Search Tool and Primer-BLAST were used to

design and analyse the specificity of the primer sequences.

Gene Size of
Targets Forward Primer Reverse Primer Amplicons
18S ATGGCCGTTCTTAGTTGGTG CGCTGAGCCAGTCAGTGTAG 75-150 bp
TNF- a AGCCCATGTTGTAGCAAACC TGAGGTACAGGCCCTCTGAT 75-150 bp
TGF-B GTACCTGAACCCGTGTTGCT GTATCGCCAGGAATTGTTGC 75-150 bp
IL-10 TTACCTGGAGGAGGTGATGC GGCCTTGCTCTTGTTTTCAC 75-150 bp
IL-12 AACTTGCAGCTGAAGCCATT GACCTGAACGCAGAATGTCA 75-150 bp
IL-8 CTGTGTGAAGGTGCAGTTTTG GTGTTGGCGCAGTGTGGTC 75-150 bp
IL-6 GAAAGCAGCAAAGAGGCACT TTTCACCAGGCAAGTCTCCT 75-150 bp

Table 2. 4. Primer sequences used for qPCR.

gPCR reaction consisted of 3.7 yL of RNase-free water, 5 yL Power SYBR Green
Master mix (Applied Biosystems), 75 nM of forwards and reversed primers and 100
ng template cDNA in a final reaction volume using a 7900HT Fast Real-Time PCR

system (Applied Biosystems). The gPCR reaction initially included 2 minutes
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incubation at 50°C, followed by 10 minutes incubation at 95°C. The template was
amplified for 40 cycles under the following conditions: 15 seconds incubation at 95°C
and 1-minute incubation at 60°C. Homogenous housekeeping gene 18S was included
at each gPCR reaction to normalise the rest of the samples against the expression of
human 18S rRNA. Data were acquired using the RQ Manager Version 1.2.1 (Applied
Biosystems). Ct (cycle threshold) values from each target gene expression were
calculated, and Relative Quantification (RQ) values for each cytokine target gene was
subsequently calculated using the formula: RQ= 2-24Ct, Assays were completed twice

in triplicate.

2.15. Multiplex cytokine analysis

Supernatant samples collected in previous experiments (described in Section 2.7.3.2
and Section 2.7.4.2) were analysed using a Milliplex ® MAP Human
cytokine/chemokine magnetic bead panel kit (HCYTOMAG-60K; EMD Millipore).
Briefly, in a 96-well plate, 25 uyL of assay buffer was added to each well. This was
subsequent to the addition of 25 yL of standard, controls and supernatant samples.
The 96-well plate was washed with assay buffer, and 25 L of target antibodies were
incubated with the beads for 1 hour at room temperature. 25 pL of Streptavidin-
Phycoerythrin conjugate was then added to each well and incubated for 30 minutes in
the dark at room temperature. After washing step with assay buffer, 150 uL of sheath
fluid was added to each well, and the plate was read using the Luminex Magpix

instrument.

2.16. Mass Spectrometry

PLVPex samples were characterised for digestion and mass spectrometry run at the
Target Discovery Institute (University of Oxford, Oxford). MASCOT and
PROGENESIS analyses were also included in the services’ quotation. Muhammad
Furgan Bari, the collaborator, affiliated to the Department of Pathology at Dow
University of Health Sciences (Karachi, Pakistan), performed general bioinformatic

analysis and graphs shown in Chapter 5’s results.
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2.17. Statistical Analysis

The data were analysed using GraphPad 5 software. Normality testing was performed
using the Kolmogorov-Smirnov test and visual observation. The data were analysed

using paired, or unpaired t-test with Welch’s correction or one-way ANOVA, and data
were presented as mean + SEM.
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CHAPTER 3

Characterisation of endothelial nitric oxide synthase
on STBEV isolated from normal and PE placentae
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3. Characterisation of endothelial nitric oxide synthase on

STBEV isolated from normal and PE pregnancies

3.1. Abstract
PE, a pregnancy-specific hypertensive disorder, is associated with augmented
systemic vascular resistance. The PE placentae have lower levels of eNOS, and
hence, reduced NO. STBEV, including microvesicles (STBMV) and exosomes
(STBEX), transport signals the STB to the mother. We hypothesised that STBEV
bound eNOS (STBEV-eNOS), are secreted into mother’s bloodstream. Dual-lobe ex
vivo placental perfusion and serial centrifugation were used to isolate STBEV from PE
(n=8) and NP (n=11). Plasma samples of gestational age-matched PE and NP (n=6)
were used to enrich STBMV. STBEV expressed PLAP, that corroborated placental
origin. STBEV co-expressed eNOS, but not INOS, as established using Western blot,
flow cytometry and immuno-depletion. STBEV-eNOS produced NO, which was
inhibited by L-NAME significantly (eNOS inhibitor, *p<0.05), but not by 1400W (iNOS
inhibitor). STBEV-eNOS catalytic activity was verified by visualising eNOS
dimerisation. STBEV-eNOS was significantly more in uterine vein compared to
peripheral blood, indicating placental origin. STBEV isolated from PE perfused
placentae had lower levels of STBEV-eNOS (STBMV; *p<0.05) and overall reduced
NO activity (STBMV, ns; STBEX, *p<0.05) compared to NP. Circulating plasma
STBMV from PE women had fewer STBEV-eNOS expression in comparison to NP
women (**p<0.01). This is the first report of functional eNOS expressed on STBEV
from NP and PE placentae, as well as in plasma. The reduced STBEV-eNOS NO
production seen in PE may contribute to the decreased NO bioavailability in this

disorder.

81



3.2. Background

Soon after conception, dramatic changes in the maternal cardiovascular system takes
place through gestation to increase blood flow and nutrient delivery to the fetal-
placental unit. From 6 to 8 weeks gestation onwards, maternal blood volume expands
by 45% to reach an approximate 5 litres at 32 weeks gestation (Pritchard 1965). Both
total vascular resistance and systemic arterial pressure decline, while cardiac output
and plasma volume rise (Robson et al. 1989). Therefore, a combination of adaptive
processes to maintain healthy blood pressure in pregnancy include peripheral
vasodilation, increased vascular compliance and growth of the uteroplacental
circulation. These changes modify significantly in PE, a pregnancy-specific syndrome
affecting up to 10% of all pregnancies worldwide (World Health Organization 2011),
which is characterised by maternal new-onset hypertension and proteinuria or organ
dysfunction, developing after 20 weeks of gestation (Roberts & Redman 1993). PE is
believed to originate as a result of poor placentation causing endothelial dysfunction,
angiogenic imbalance and subsequent hypertension, glomerular lesions, and hepatic
failure (Redman et al. 1999).

NO is an effective vasodilator, thought to have important effects on gestational
endothelial function (Sladek et al. 1997). Studies examining circulating levels of NO in
PE have yielded conflicting results (Shah & Khalil 2015). Plasma from women with PE
elicits decreased endothelium-dependent vasodilatation in isolated vessels. NO
availability may be reduced (Ashworth et al. 1998; English et al. 2013; Hayman et al.
2001), due to oxidative stress, vascular endothelial growth factor deficit or endogenous
inhibitors such as asymmetric dimethylarginine (ADMA) (Khalil et al. 2015). Most of
the circulating NO is thought to originate from maternal endothelium; however, the

placenta may also contribute.

In the placenta, NOS is expressed in the STB (STB), villous endothelium and
macrophages, particularly the eNOS isoform (Conrad et al. 1993; Myatt et al. 1993b;
Buttery et al. 1994). The multinucleated STB layer, lining the chorionic villi, is the
border between the maternal and fetal vascular systems (Redman 1991), and could
supply circulating NO. Here, we if STB derived NOS could be transferred to the mother
via STBEV, with the potential of systemically modulating maternal vascular response.
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STBEV encompasses two subgroups: microvesicles (STBMV), which are secreted
directly from the plasma membrane as a result of cell activation or death, and
exosomes (STBEX), which are released by exocytosis from multi-vesicular bodies of
the endosome (Tannetta et al. 2013a). Consequently, STBEV could allow
communication between the mother and the fetus via contents of their cargo (Tong &
Chamley 2015).

3.3. Hypothesis

We hypothesised whether STBEV might carry eNOS as part of their load. Thus, we
investigated whether eNOS was present on STBEV derived from NP and PE perfused
placental lobules, as well as circulating STBMV from NP and PE peripheral vein blood
(PB) and uterine vein blood (UV). We wanted to evaluate whether STBEV bound
eNOS (STBEV-eNOS) was active and generate NO and whether its expression and

activity was altered in PE.

3.4. Aims

The research objectives described in this chapter were as follows:

e Toisolate and characterise STBEV from human placenta

To identify whether eNOS or INOS are expressed on the placenta and STBEV

isolated from NP and PE placentae

e To support the idea that STBMV expressing eNOS are derived from the
placenta by examining NOS expression on STBMYV isolated from peripheral and
uterine blood

e To affirm eNOS is co-expressed with STBEV specific marker, PLAP

e To corroborate whether the eNOS isoform is active and can be inhibited

e To explore whether eNOS-bound STBEYV activity is different between STBEV

isolated from NP and PE placentas
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3.5. Materials & Methods

3.5.1. Human Subjects

Clinical characteristics of normal pregnancy (NP) or PE pregnancy (PE) mothers are

described in Table 3.1. Plasma samples used to isolate STBMV were matched for

gestational age.

Placental STBEV Plasma STBEV
Patient
NP PE NP PE
Characteristics
(n=11) (n=8) (n=6) (n=6)
| Age (years) 35.5+1.5 324+1.6 31.8+2.4 30.7+2.4 ns, ns

Gestation Age

39+4+3 34+4+57 35+5+0.3 36+6+ 0.5 ¥ ns
(weeks)
Mean no. of

) 21+04 05+0.2 05+0.2 1.3+ 0.6 > ns

pregnancies
Body Mass Index

32+2 321+35 21.8+0.8 282+23 ns,
(ka/m?)
Max. Proteinuria PCR

55+02 204.1+77.4 0+0 360.2+162.8 T
(mg/mmol)
Max. Systolic

127.3+4.3 168.8+8.3 116.7+2.6 161.2+7.7 i
pressure (mm Hg)
Max. Diastolic

755+2.4 104.4+4 71+£3.3 111.5+£5.1 e v 5
pressure (mm Hg)
New-born weight (g) 3999.2+152.5 1985+ 205.1 3641+ 198 2769+ 189 i 5
Smoking History 311 3/8 0/6 0/6 -

Table 3. 1. Clinical data of human subjects. Data presented as Mean + SEM,
significant difference was presented as p<0.05 (*, 1), p<0.01 (**, 1), p<0.001 (***),
p<0.0001 (****) or non-significant (ns). Statistical evaluation between NP and PE’s
placental STBEV was shown as * and plasma STBEV is shown as .
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3.6. Results

3.6.1. Isolated STBEV confirmed the microvesicular and exosomal phenotype

We first re-confirmed the expected microvesicular and exosomal phenotypes and
sizes for STBEV (Figure 3.1). Western blotting of STBEV demonstrated enrichment
of the STBEV marker, PLAP, relative to placental lysates. This enrichment was notable
in both STBMV and STBEX (Figure 3.1A). STBEX expressed the exosomal markers
Alix, Syntenin and CD9 (Figure 3.1A). Freshly isolated STBEV were analysed on NTA
for size and particle number profiles. STBMV showed a broad size distribution with a
modal size of 323.2 + 7.1 nm, while STBEX showed a narrower size distribution with
a modal size of 189.3 £ 9.7 nm (Figure 3.1B). Representative Transmission Electron
Micrographs (TEM) confirmed the NTA and Western blot data showing STBMV was
enriched for different EV >200nm, while STBEX contained a more homogenous
population with a range of 30 to 200 nm EV (Figure 3.1C). Our data confirmed that
STBMV and STBEX had been successfully isolated.
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Figure 3. 1. Characterisation of NP derived STBMV and STBEX. A, Representative
Immunoblot showing enrichment of STBEV marker, PLAP (60 kDa) on NP placenta
lysate (PL), STBMV and TSBEX; and enrichment of exosomal markers Alix (96 KDa),
Syntenin (60 kDa) and CD9 (24 kDa) on STBEX. B, Representative NTA size vs
particle number distribution profiles of STBMV (323.2 £ 7 nm) and STBEX (189.3 £
9.7 nm). C, Representative Transmission Electron Micrographs (TEM) of STBMV and
STBEX. Scale bars represent 200 nm.
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3.6.2. STB and STB-derived EV express eNOS but then not INOS

Immunohistochemistry revealed that eNOS expression primarily localized in the STB
cell layer of NP samples compared to negative staining of isotype control IgG2a (n=3,
Figure 3.2A), consistent with previous results X. Likewise, eNOS expression was also
found in the placental lysate samples (PL). We were also able to ascertain eNOS
expression in STBMV and STBEX isolated from NP (Figure 3.2B) and from PE
(Figure 3.2C) placentae by Western blotting. Positive control used for eNOS was
HUVEC lysate.

Interestingly, INOS expression was not detectable in the STB cell layer (n=3, Figure
3.2D). Moreover, no expression of INOS in placental lysates, STBMV or STBEX from
NP (Figure 3.2E) or PE placentas (Figure 3.2F) was observed (n=3). However,
expression of INOS was seen in the positive control, murine macrophage cell line
(RAW 264.7 cell lysate; Santa Cruz Biotech), reassuring the antibody’s quality (Figure
3.2E and F). Positive PLAP expression indicated that the EV were derived from STB.

INOS absence led us to perform mass spectrometry.
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Figure 3. 2. Immunohistochemical staining of NP placenta tissue and Western blot of
placenta lysate (PL) of NP and PE placentae, STBMV and STBEX (n=3). A, Placental
tissue showing eNOS staining (brown; left) on STB layer and IgG2a negative staining
(right). Immunoblot showing eNOS (140 kDa) and PLAP (60 kDa) expression in the
placental lysate, STBMV and STBEX derivative from NP (B) and PE (C) similar to the
expression of positive control, HUVEC. D, Placental tissue demonstrating lack of INOS
staining (left) and isotype control IgG1l negative staining (right). Western blotting
showing no expression for INOS (131 kDa) yet the positive control, RAW, is expressed
as well as PLAP (60 kDa) in PL, STBMV and STBEX derived from NP (E) and PE (F).
Scale bar set at 200mm.
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To confirm our results, we also assessed a mass spectrometry analysis that was
previously performed on PL, STBMV and STBEX from NP (n=6) and PE (n=8) patients
(Tannetta et. al. Unpublished), and individually interrogated it for the presence of NOS

isoforms (see Table 3.2). The mass spectrometry was able to reveal eNOS, but not

INOS, at the protein level. We, therefore, focussed on STBEV expressing eNOS.

NOS Isoforms Samples Peptide count  Unique peptides Confidence
Score
eNOS PL 3 3 159.32
STBMV 42 38 2476.18
STBEX 46 39 2757.70
nNOS PL / / ;
STBMV 3 0 102.73
STBEX 2 0 73.98
iNOS PL / ; ;
STBMV / } )
STBEX / | ;

Table 3. 2. Nitric oxide synthase (NOS) isoforms identified by mass spectrometry.
Analysis included placental lysate (PL), microvesicles (STBMV) and exosomes
(STBEX) samples from 8 NP and 6 PE patients. eNOS, endothelial nitric oxide
synthase; nNOS, neuronal nitric oxide synthase; INOS, inducible nitric oxide synthase.
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3.6.3. Flow cytometry optimisation of eNOS antibody using HUVEC

First, eNOS antibody was titrated using eNOS-expressing cell line, HUVEC, in order
to stain the STBMV. Cultured HUVEC (Section 2.10.3) were stained with eNOS
antibody or its corresponding isotype control at different volumes (5 pL, 2.5 L, 1.25
pL, 0.625 pL).

Data was collected using FACSDiva software (BD Biosciences) and plotted using side-
scattered light (SSC) and forward-scattered light (FSC) plot (Figure. 3.3A), where
SSC is an estimation of intracellular granularity, and FCS is an estimation of cell size.
Unstained cells were used to assist with the voltage set up and to draw a ‘gate’ of
interest after recording 10,000 events at a low flow rate. Our gate of interest was used
as a numerical or graphical boundary to define the characteristics of cells for further
analysis. Stained samples were passed through the flow cytometer, and events were
recorded. Histograms plots were used to study fluorescent intensity of labelled cells.
Each isotope control sample was used to draw the ‘1% cut-off gate’ (Figure 3.3B) in
order to determine the best corresponding eNOS-APC antibody concentration staining
(Figure 3.3C).

We concluded that volume 1.25 pL (0.4 pg/mL) of eNOS-APC antibody was optimal
for STBMV analysis.
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Figure 3. 3. Representative flow cytometric gating strategy used for eNOS-APC
antibody titration analysis using HUVEC. A, Side-scattered vs forward-scattered plot
showing a gate with chosen HUVEC population (red). B, Histogram event count vs
APC channel plot from HUVEC population gate showing cells stained with isotype
control REA-APC. The 1% cut-off gate was set using a vertical line. C, eNOS-APC
stained HUVEC population events depicted from the set-gate histogram (B).

3.6.4. Flow cytometric analysis of perfused placenta derived STBMV reveal co-
expression of eNOS and PLAP

STBMV derived from NP and PE placental perfusions were analysed by flow cytometry
for eNOS and PLAP co-expression (n=6). Using the corresponding FMO controls and
the appropiate gate strategy (Figure 3.4), we found double eNOS and PLAP positivity
of 30.3% + 8.5% in NP derived STBMV and 6.3% + 3.3% in PE-derived STBMV
(*p<0.05; Figure 3.5).
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Figure 3. 4. Flow cytometric multicolour gating strategy used to investigate STBMV.
A, EV presented on Forward Scatter (FSC) versus Side Scatter (SSC) plot with 1um
cut-off gate., < 1um EV presented on SSC vs Bio-maleimide (BioM) plot and stained
with: (B) BioMaleimie fluorochrome minus one (FMO) gate was used to draw 1 % cut-
off gate for BioM positive; and (C), BioM (EV marker) to contain BioM positive EV
population. CD235a/b-PECy5 vs CD41-PECy7 plots showing < 1um BioM positive EV
stained with: (D) CD235a/b FMO to draw 1% cut-off gate for CD235a/b positive (Q1
and Q2); (E) CD41 FMO to draw the 1% cut-off gate for CD41 positive (Q2 and Q3)
as well as (F) CD235a/b and CD41 markers of contaminants to disregard EV positive
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for CD235ab and CD41 (Q1, Q2 and Q3). < 1um BioM positive and negative for
CD235a/b and CD41 EV displayed in a PLAP-PE vs eNOS-APC plot stained with: (G)
PLAP FMO to draw 1% cut-off gate for PLAP positive (Q1 and Q2); (H) eNOS FMO to
draw 1% cut-off gate for eNOS positive (Q2 and Q3) and (I) PLAP (STBMV maker)
and eNOS (antigen of interest marker) to display the final analysis of double positivity
for PLAP and eNOS (Q2).
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Figure 3. 5. Flow cytometry analysis of ex vivo STBMV derived from NP and PE
placentae (n=6). STBMV bound eNOS expression was significantly lower in PE
compared to NP (*p<0.05).

3.6.5. Flow cytometric analysis of peripheral and uterine blood vein derived

STBMV-eNOS confirmed they originate from the placenta

Circulating STBMV were also analysed by flow cytometry in plasma prepared from
paired PB and UV samples (n=8), using an appropriate gate strategy (Figure 3.6).
PLAP and eNOS double positive events per mL were significantly higher in UV (49,686
+ 28,162) compared to PB (7,723 + 2,823) plasma samples, confirming that STBMV-
bound eNOS originated from the placenta (**p<0.01; Figure 3.7A). Correspondingly,
STBMV bound eNOS was measured in gestational age-matched plasma PB samples
from NP and PE patients (n=6). After the omission of EV derived from other cells rather
than the STB, the results showed a significant reduction in PLAP and eNOS double
positive events per mL of plasma-derived STBMV from PE (12,798 £ 7,121) in
comparison to NP (62,838 + 15,246; **p<0.01; Figure 3.7B). Thus, our data propose
that there is less plasma-derived STBMV bound eNOS in PE compared to NP.
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Figure 3. 6. Flow cytometric multicolour gating strategy used to analyse STBMV
derived from platelet-free plasma (PFP). A, The filtrate sample (pass through) used to
draw the ‘Dump Channel’ gate at 1% cut off using Dump channel-PeCy7 vs Bio-
Maleimide-FITC dot plot. Dump Channel includes contaminant markers such as
CD231a/b, CD41, HLA-ABC and HLA Class ll; all conjugated with PEvio770 labelling.
B, Dump channel negative and Biomaleimide positive STBMV stained sample was
treated with detergent to draw the 1% cut off gates for PLAP+ (Q1 and Q2) and eNOS+
(Q2 and Q3), using PLAP-PE vs eNOS-APC dot plot graph. C, Positive population of
‘Dump Channel’ gate from the STBMV sample was excluded (outside dump channel
gate), while ‘Dump Channel’ negative EV and Bio-Maleimide positive EV was included
(inside dump channel gate). D, STBMV population double positive for PLAP and eNOS
(Q2) showed circulating plasma-derived STBMV co-expressed PLAP and eNOS.
STBMV event number per mL was calculated.
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Figure 3. 7. Flow cytometry analysis of circulating STBMV. STBMV derived from
paired PB and UV plasma (n=8). A, Double positive eNOS and PLAP events per mL
were higher in UV compared to PB (**p<0.01). Flow cytometry analysis of circulating
in vivo STBEV derived from matched PB plasma of NP and PE patients (n=6). B, PLAP
and eNOS double positive STBMV events per mL were significantly lower in plasma
from PE compared to NP (**p<0.01).
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3.6.6. eNOS and PLAP are present on the same STBEV population

Immunodepletion was used to confirm STBMV and STBEX co-expression of eNOS

and PLAP and exclude potential aggregation.

For Western blot analysis, we used anti-eNOS coated beads to immunoprecipitate
eNOS positive STBEV, which were interrogated for the presence of PLAP. We also
used anti-PLAP coated beads to immunoprecipitate PLAP positive STBEV, which
were then interrogated for eNOS. Figure 3.8A reveals that anti-eNOS coated
magnetic beads could pull-out (PO) STBMV bound eNOS, which was positive for
PLAP. The experiment using anti-PLAP coated beads revealed similar results,
confirming that both species were bound on the same population of STBMV (Figure
3.4A). Interestingly, PLAP PO yielded a greater signal for eNOS compared to the
eNOS PO, which may indicate that some eNOS is intravesicular. To assess the
relative quantities of STBMV bound eNOS or PLAP, we used NTA analysis. The total
concentration of STBMV was compared to the supernatant samples from the bead
depletion experiments. This data displayed that STBMV were 35.5% + 4.2% of eNOS
positivity and 64.3% * 0.4% of PLAP positivity (n=3; Figure 3.8B), whilst IgG2a control
was positive for 11.3% + 5.7%, and 1gG1 control was positive for 11.4% * 3.4% (n=3;
Figure 3.8C). Analysis of the STBEX fraction (Figure 3.8D) revealed similar results.
STBEX bound eNOS comprised 36.7% + 6.6% whilst STBEX bound PLAP was 39.2%
+ 5.8% of the initial preparation (n=3; Figure 3.8E), whilst IgG2a control was positive
for 10.8% * 4.5%, and IgG1 control was positive for 15.1% + 5.8% (n=3; Figure 3.8F).
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Figure 3. 8. Immunobead depletion and NTA profiles of STBMV and STBEX pools
from NP (n=3). A, Representative immunoblot showing eNOS and PLAP co-
expression on STBMV pool (Total) as well as STBMV pulled-out (PO) with anti-eNOS
Dynabeads, anti-PLAP Dynabeads, anti-lgG2a Dynabeads (isotype control for eNOS)
and anti-lgG1 Dynabeads (PLAP isotype positive control). B, Illustrative NTA size vs
number profiles of STBMV pool (solid line), the supernatant from post incubation with
anti-eNOS Dynabeads (dashed line), and anti-PLAP Dynabeads (dotted line). C,
STBMV pool (solid line), the supernatant of post-incubation with anti-lgG2a
Dynabeads (dashed line) and anti-lgG1l Dynabeads (dotted line). D, Illustrative
immunoblot showing eNOS and PLAP co-expression on STBEX pool (Total), and
STBEX PO with anti-eNOS, anti-PLAP, anti-lgG2a and anti-lgG1 Dynabeads. E,
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Representative NTA size vs number profiles of STBEX pool alone (solid line), the
supernatant from post incubation with anti-eNOS (dashed line) and anti-PLAP (dotted
line) Dynabeads. F, STBEX pool (solid line), the supernatant of post-incubation with
anti-lgG2a (dashed line) and anti-IgG1 (dotted line) Dynabeads.

3.6.7. Placenta-derived STBEV-eNOS are active and synthesize NO

Separated eNOS dimer (260 kDa) and monomer (140 kDa) were visualized on
Western Blot from derived STBMV and STBEX (n=3; Figure 3.9A), suggesting
STBMV and STBEX bound eNOS are functional. This was demonstrated by increasing
dose-dependent NOS activity in terms of nitrite accumulation per hour (n=6 pooled
STBEV, ***p<0.001 Figure 3.9B) as the protein concentration of STBMV and STBEX
rose. Nitrite accumulation was decreased in STBMV and STBEX incubated with L-
NAME (an eNOS inhibitor) compared to control group (STBMV *p<0.05, STBEX *
p<0.05, n=3; Figure 3.9C). STBMV and STBEX treated with iNOS inhibitor 1400W
(2uM) showed no change compared to control (both ns, n=3; Figure 3.9D).
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Figure 3. 9. STBMV and STBEX express functional eNOS and produce NO. A,
Dimerization of STBEV immunoblot image showing eNOS dimer (260 kDa), and eNOS
monomer (140 kDa) expressed in HUVEC, STBMV and STBEX (n=3). B, STBMV
(***p<0.001) and STBEX (***p<0.001) pools showed NO synthesis in a dose-
dependent conduct (n=6). C, Pool of 25 pg of STBMV and STBEX pre-incubated for
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1 hour with 1mM of L-NAME, NOS inhibitor, displayed significant reductions in NO
production compared to controls (both *p<0.05; n=3). D, the 25ug pool of STBMV and
STBEX pre-incubated for 1 hour with 2 uM 1400W, iINOS specific inhibitor, showed no
changes in NO production compared to controls (both ns; n=3).

3.6.8. Placental-derived STBEV-eNOS have reduced activity in PE

NOS activity was assessed between STBEV from NP (n=11) and PE (n=8). For
STBMV, the data showed no statistical difference in NOS activity (Figure 3.7A). PE
patients with a gestational age most comparable to the control group showed a
reduction in NOS activity (>34 weeks PE vs <40 weeks NP *p<0.05; Figure 3.7B).
The earlier gestational ages are more difficult to interpret because of the lack of age-

matched NP controls.

The STBEX showed an overall reduction in NOS activity (*p<0.05, Figure 3.7C) which
persisted when we compared PE samples from patients with a gestational age most
similar to controls (Figure 3.7D).

Overall, STBMV and STBEX demonstrate a general reduction in NOS activity in PE

compared to control.
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Figure 3. 10. NOS activity of STBMV and STBEX isolated from perfused NP and PE
placentae (n=11 and n=8, correspondingly). STBMV (A) from PE patients showed a
no overall reduction in NO production compare to NP (ns, p=0.2416). Examination of
the same data incorporating the gestational age data of the samples, (B) shows a
decrease in NO production in samples closest in gestational age to controls (PE>34
weeks vs NP <40 weeks; *p<0.05). STBEX (C) from PE presented a significant
reduction in NO production compared to NP (*p<0.05). This decrease was sustained
in samples closest in gestational age to controls (D).
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3.7. Discussion

We show, for the first time, that eNOS co-expressed with PLAP on both STBMV and
STBEX gathered from ex vivo NP placentas via immunoblotting, flow cytometry and
paramagnetic immunoprecipitation. Ex vivo derived STBMV and STBEX bound eNOS
exists as a dimer, a feature required for NOS catalytic activity, and confirmed these
are capable of producing NO which can be inhibited by L-NAME (an eNOS inhibitor).
In addition, flow cytometry evaluation of circulating STBMV from matched PB, and UV
plasma revealed that STBMV-eNOS were released by STB and circulated in the
maternal blood.

NO plays an essential role in mediating normal pregnancy vasodilation, while defective
endothelial NO synthesis and bioavailability have been associated with PE (Burke et
al. 2016; Seligman et al. 1994). Our study reveals ex vivo derived STBMV and STBEX
isolated from placental perfused lobes to have a reduced amount of eNOS activity in
PE in comparison to healthy controls. Similarly, in vivo derived plasma STBMV
analysed by flow cytometry showed less STBMV bound eNOS expression in PE to
compare to the control group.

We were not able to detect INOS in healthy STB and its derived EV either by
immunoblotting or mass spectrometry. The expression as well as activity of INOS has
been described by few groups in STB and placenta lysate (Conrad & Davis 1995;
Kakui et al. 2003). Most recently, INOS differences between normal and hypertensive
pregnancies have been reported (Schiessl et al. 2005, 2006), whilst others have
reported the absence of INOS in the STB (Lyall 2003; Zarlingo et al. 1997), resulting
in a debatable relationship between INOS and PE. Nevertheless, we believe eNOS is
the principal isoform bound to STBMV and STBEX.

Several studies corroborate our findings. Smarason et al. (Smarason et al. 1993b)
were first to report that STB microvillous membranes were shed in increased amounts
in PE (Knight et al. 1998), and that these products affected the growth of endothelial
cells in vitro. Cockell et al. (Cockell et al. 1997) reported that perfusion of
subcutaneous arteries with STB microvillous membranes resulted in an alteration in

the endothelium-dependent behaviour. Most recently, it has been reported that
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isolated EV from plasma exert various effects on endothelial and trophoblast cells
according to the physiological/pathological state of the pregnant woman (Shomer et
al. 2013; VanWijk et al. 2002). A reduction in the expression and the activity of eNOS
bound to circulating non-pregnant EV has also been associated with cardiovascular
diseases (Horn et al. 2012). Kao et al. showed a significant increase in superoxide
levels and impaired endothelial dysfunction in rat uterine arteries incubated with
human PE plasma (Kao et al. 2016). Interestingly, L-NAME abolished this uterine
artery vasodilation in both NP- and PE-derived plasma treated vessels, suggesting
this effect was due to eNOS. Their findings support our data although “circulating

factors” rather than STBEV were described.

We hypothesize that decreased systemic eNOS in the form of circulating STBEV-
eNOS may contribute to the reduced bioavailability of NO seen in PE, potentially
distressing vascular functions. We are not sure whether eNOS is given to endothelial
cells or whether NO is synthesized adjacent to the endothelial cell. Although we show
decreased NO production by STBEV-eNOS, there may also be a few other factors
that can contribute to the reduction of NO bioavailability. This could include (i) variation
in NOS gene expression and activity; (ii) lower substrate L-arginine levels for NOS;
(iii) elevated inhibitors of NOS such as ADMA, or (iv) increased breakdown of NO due
to ROS per se (Myatt & Webster 2009). In addition, altered levels of vasodilatory
stimuli such as VEGF or PIGF (Maynard et al. 2008), and/or endogenous
vasoconstrictors such as endothelin binding to endothelial receptors (ETg) (Bourque

et al. 2011), can also dampen NO production in PE.

Diminished NO release would not necessarily be limited by the shedding of fewer
STBEV-eNOS from the placenta. Other cell types expressing eNOS, such as platelets
(O’Kane et al. 2008), endothelial progenitor cells (Heiss et al. 2015), or circulating EV
derived from endothelial and RBC (Horn et al. 2013), may contribute to overall NO
bioavailability. In addition, we should take into account factors that impinge eNOS
activity and vascular functionality of NO (reviewed in Osol et al. 2017). For example,
in the absence of BHa4 and L-arginine or due to oxidative stress, the oxygenase domain
of eNOS monomer generates superoxide anions instead of NO, a condition referred
to as eNOS uncoupling (d’Uscio 2011; Michel & Vanhoutte 2010). Moreover, eNOS
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translocation from the plasma membrane to intracellular compartments is essential for
eNOS activation and subsequent NO biosynthesis. Coupling of endothelial plasma
membrane receptor systems in the caveolar structure, and how eNOS trafficking
relates to specific protein-protein interactions are indispensable for eNOS multi-site
phosphorylation and signalling (Ramadoss et al. 2013). Changes in shear stress
and/or its mechanical transduction by endothelium can also contribute to defective NO

signalling.

Our study has few limitations. Exosomes cannot be readily examined by routine flow
cytometry because of their size. Thus, we were unable to measure STBEX bound
eNOS expression as we carried out with STBMV. Nevertheless, we detected
decreased levels of NO production in PE-derived STBEX. It is complicated to age
match the placental tissue in a disease condition, which characteristically occurs
earlier in pregnancy. We have endeavoured to mitigate this by using placentae from
patients who developed PE later in pregnancy, but this restriction is common to all PE
studies. In addition, despite measuring STBMV bound eNOS expression in plasma,
attempts to regulate NO production from plasma-derived STBMV and STBEX were
unsuccessful due to the NOS assay limits of detection.
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CHAPTER 4

Effect of STBEV isolated from normal and preeclamptic
placentae on THP-1 macrophages
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4. Effect of STBEV isolated from normal and preeclamptic

placentae on THP-1 macrophages

4.1. Abstract
Extracellular vesicles (EV), now recognised as essential carriers of proteins, lipids and
nucleic acids, play an important role in feto-maternal communication.
Syncytiotrophoblast derived EV (STBEV) from normal pregnancy (NP), comprising
microvesicles (STBMV) and exosomes (STBEX), have previously been shown to
interact with circulating monocytes/B cells, and induce cytokine release. Early-onset
preeclampsia (EOPE) is associated with an exacerbated inflammatory response, yet
there is little data regarding late-onset PE (LOPE) and immune function. Here, using
a macrophage/monocyte cell line THP-1, we investigated the inflammatory potential
of STBEV, isolated from LOPE (n=6) and NP (n=6) placentae via dual-lobe ex-vivo
placental perfusion and differential centrifugation. Isolated NP and LOPE STBMV and
STBEX were applied to THP-1 macrophages. THP-1 cells bound and internalised
both STBMV and STBEX isolated from NP and LOPE placentae, as revealed by flow
cytometry, confocal microscopy and ELISA. STBEV-treated THP-1 cells were
examined for cytokine gene expression by RT-gPCR and the cell culture media
examined for secreted cytokines/chemokines. As has been previously reported, NP
STBMV upregulated the transcriptional expression of TNF-a, IL-6, IL-12, IL-8 and
TGF-B, while NP STBEX upregulated TNF-q, IL-6, IL-10 and IL-8 gene expression. In
contrast, both LOPE STBMV and STBEX did not induce significant inflammatory
responses by differentiated THP-1 cells. This decreased effect of LOPE STBEV was
echoed in cytokine/chemokine release. LOPE STBEV incubated with THP-1 cells
released significantly less macrophage inflammatory protein 1a (MIP-1a) compared to
NP STBEV (1,987 pg/mL, LOPE STBMV vs 20,942 pg/ml, NP STBMV: p<0.0001;
2,181 pg/mL, LOPE STBEX vs 6,816 pg/ml, NP STBEX: p=0.0186). This was also
true for IL-8 (7,221 pg/mL, LOPE STBMV vs 16,638 pg/ml, NP STBMV; 8,132 pg/mL,
LOPE STBEX vs 13,833 pg/ml, NP STBEX: both p<0.0001). Our results appear to
suggest that STBEV from LOPE placentae do not have a major immune-modulatory
effect on macrophages. In contrast, NP STBEV caused THP-1 cells to release pro-
inflammatory cytokines as has been previously described. Our study demonstrates

that trophoblast extracellular vesicles from LOPE dampen immune functions of THP-
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1 macrophages. This may suggest an alternative mechanism to the pro-inflammatory

environment characteristic in LOPE.

4.2. Background

PE is commonly divided into two subgroups: early-onset PE (EOPE), occurring < 34-
weeks gestation, and late-onset PE (LOPE), occurring = 34-weeks gestation. The
pathophysiology of EOPE is widely believed to lie with the placenta (Redman, Sargent
& Staff 2014). Immune imbalance (Vince et al. 1995; Von-Dadelszen et al. 2002;
Zhang et al. 2013) and cardiovascular dysfunction (Vaddamani et al. 2017; Valensise
et al. 2001) are highly significant in EOPE patients. The late-onset disease is more
controversial, with some believing the disease as having a placental origin (Huppertz
2008; Redman, Sargent & Staff 2014) whilst others suggesting the disease is more
likely to be a maternal stress response due to an incompatibility between the metabolic
demands of the growing fetus close to term and maternal supply (Thilaganathan 2017,
Valensise et al. 2008; Von-Dadelszen, Laura A. Magee & Roberts 2003).

STBEV have immunomodulatory roles during pregnancy (Tannetta et al. 2017a; Tong,
Abrahams & Chamley 2018; Tong & Chamley 2015). Unseparated STBEV, isolated
from NP perfused placentae, have been shown to bind to B cells and monocytes, and
enhance the release of pro-inflammatory cytokines by peripheral blood mononuclear
cells (PBMCs) and monocytes (Atay, Gercel-Taylor & Taylor 2011; Germain et al.
2007; Messerli et al. 2010; Southcombe et al. 2011). STBMV isolated from PE
placenta explants have also been shown to further enhance the secretion of pro-
inflammatory cytokines and chemokines in PBMCs, including IL-183, when compared
to NP STBMV (Holder et al. 2012). Similarly, PBMCs, treated with STBMV derived
from trophoblast cells grown under hypoxic conditions, release higher levels of IL-6
and TNF-a compared to controls (Mi Lee et al. 2012).

STBEV, as measured by PLAP ELISA, have been shown to circulate in increased
levels in maternal peripheral plasma (Knight et al. 1998), especially in early-onset PE
(Chen et al. 2012; Goswamia et al. 2006). The different STBEV subtypes (STBMV and
STBEX) and their interaction with macrophages have not been studied. Previous
studies have (a) used pooled extracellular vesicles (or not differentiated the effects of

exosomes from microvesicles); (b) used term placentae taken from a caesarean
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section or vaginal delivery (vaginal delivery subjects’ placenta to labour stresses
(Cindrova-Davies et al. 2007)); or (c) did not clearly define the PE disease state
(Germain et al. 2007; Messerli et al. 2010; Southcombe et al. 2011). Taking into
account that research has been mostly focused on EOPE placentae, we decided to

concentrate our studies on LOPE derived STBEV.

Our hypothesis was that STBEV derived from LOPE placentae would cause an
exacerbated inflammatory effect on human THP-1 macrophages compared to controls
similar to that seen from EOPE. To investigate this, we examined (1) whether THP-1
cells would internalise STBMV and STBEX derived from NP or LOPE perfused
placentae, (2) if there was any difference in the uptake of STBEV derived from NP and
LOPE placentae; and (3) whether STBEYV isolated from LOPE placentae would induce

an altered inflammatory response to THP-1 compared to controls.

4.3. Hypothesis

Our hypothesis was whether STBEV, derived from LOPE placentae, might cause an
exacerbated inflammatory effect on THP-1 macrophages compared to controls. To
investigate this, we examined (1) whether THP-1 cells would internalise STBMV and
STBEX derived from NP or LOPE perfused placentae; (2) if there was any difference
in the uptake of STBEV derived NP and PE placentae; and (3) whether STBEV
isolated from LOPE placentae would cause an altered inflammatory response to THP-
1 compared to controls, as assessed via gene expression and cytokine/chemokine

secretion.

44. Aims

The work described in this chapter aims to:

e Analyse binding of STBMV derived from NP and PE placentae to cultured THP-
1 cells;

e Assess whether specific STB derived vesicles from NP and PE placentae are
being uptaken by THP-1 cells differentially;

e Examine whether the STBEV treatment of THP-1 cells triggers pro-

inflammatory or anti-inflammatory cytokine response differentially.
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e Examine whether the STBEV treatment induces the THP-1 macrophages to
release pro- or anti-inflammatory cytokine/chemokines proteins.

45. Materials and Methods

4.5.1. Human subjects

Clinical characteristics of normal pregnancy (NP) or preeclamptic pregnancy (PE)

women are described in Table 4.1.

Placental STBEV

NP PE P value
(n=6) (n=6)

Age (years) 37.3+£0.7  327%47 NS
Gestation Age (weeks + days) 38+1 + 6.5 36+0 + 5

Mean no. of pregnancies 23+0.3 0703 *
Body Mass Index (kg/m°) 273424 371+67 ns
Max. Proteinuria gPCR (mg/mmol) 16.1+8.6 256.7 £168.7 **
Max. Systolic pressure (mm Hg) 137.3+1.8 181+159 **
Max. Diastolic pressure (mm Hg) 81.7+£8.7 108.7+£6.3 **
New-born weight (g) 4008 £137.2 2418+66 **
Smoking History 3/6 2/6 /

Table 4. 1. Clinical data of human subjects. Data presented as Mean + SEM,
significant difference shown as p<0.01 (**) or not significant (ns).

4.6. Results

4.6.1. Determination of optimal STBEV particle number for challenging THP-1

cells

It is widely reported that there is the greater shedding of STBEV in LOPE, especially
in EOPE (Knight et al. 1998). Thus, experiments using similar volumes of plasma
means that there are potentially more significant numbers of LOPE vesicles exerting
an effect. We were keen to standardise this to ascertain the actual impact of LOPE

vesicles. When we analysed equal quantities (50 ug — as reported earlier; Southcombe
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et al. 2011) of STBEV from NP and LOPE by NTA, we found that there were a
significantly higher number of vesicles in NP compared to LOPE (data not shown).
This might mean that the same protein concentration of NP vesicles would target more
cells. Therefore, we elected to use the same particle number (1 X 10° particles/ml) for

subsequent experiments (Figure 4.1).
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Figure 4. 1. Representative NTA collated graphs demonstrating same particle number
and particle size of STBEV. Pools of STBMV (A) and STBEX (B) gathered from NP

and PE placentae to treat macrophages.

4.6.2. Flow cytometry optimisation of HLA-ABC antibody using THP-1 cells

First, HLA-ABC antibody was titrated to find the appropriate antibody concentration to
stain differentiated THP-1 macrophages (Figure 4.2). Cells were stained with an HLA-
ABC antibody or its corresponding isotype control (IgG1) at different volumes (10 uL,

5 uL, 2.5 pL, 1.25 L) as per manufacturer’s instructions.

Data was collected using FACSDiva software (BD Biosciences) and plotted using side-
scattered light (SSC) and forward-scattered light (FSC) plot (Figure. 4.2A), where
SSC is an estimation of intracellular granularity, and FCS is an estimation of cell size.
Unstained cells were used to assist with the voltage set up and to draw a ‘gate’ of
interest after recording 10,000 events at a low flow rate. Our gate of interest was used
as a numerical or graphical boundary to define the characteristics of cells for further

analysis. Stained samples were passed through the flow cytometer, and events were
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recorded. Histograms plots were used to study fluorescent intensity of labelled cells.
Each isotope control sample was used to draw the ‘1% cut-off gate’ (Figure 4.2B) to
determine the best corresponding eNOS-APC antibody concentration staining (Figure
4.2C).

We concluded that 5 pL (0.5 pg/mL) of HLA-ABC-PeCy7 antibody was optimal for
subsequent STBEV-treated THP-1 analysis. The optimised HLA-ABC-PeCy7 antibody
concentration and its corresponding isotope control (REA-APC) was tested again with
STBMV to confirm if the concentration/dilution was adequate.
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Figure 4. 2. Representative flow cytometry gating strategy used for HLA-ABC-PeCy7
antibody titration analysis using THP-1. A, Side-scattered vs forward-scattered plot
showing a gate with chosen THP-1 population (circled). B, Histogram event count vs
PeCy7 channel plot from THP-1 population gate showing cells stained with isotype
control IgG1-PeCy7. The 1% cut-off gate was set using a vertical line. C, HLA-ABC-
PeCy7 stained THP-1 population events depicted from the set-gate histogram (B).
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4.6.3. Flow cytometry analysis of STBMV from NP and LOPE are taken up by
differentiated THP-1 cells cytometry analysis of the uptake of STBMV
derived from NP and LOPE by THP-1 cells

Uptake of NP and LOPE STBMV in differentiated THP-1 cells was investigated by flow
cytometry via Bio-maleimide (STBEV membrane marker, FITC) and HLA-ABC (THP-
1 cell marker; PeCy7) co-expression (n=3, Figure 4.3). Our data revealed that
treatment of THP-1 cells with NP and LOPE STBMV showed a double positivity
(FITC+PeCy7+) at 2 hours (NP: 70% + 5.6, PE: 54% = 8.6) and 6 hours (NP: 75% =+
4.2, PE: 78% = 6.6), demonstrating uptake of STBMV by THP-1 cells (Quadrant Q2-
2; Figure 4.3.A). Although uptake of STBMV by THP-1 cells revealed a significant
difference in the co-expression of Bio-maleimide and HLA-ABC compared to untreated
cells (2hrs: p<0.01; 6hrs: p<0.001), it was not significant in the case of STBMV derived
from NP and LOPE placentae (p= 0.021; Figure 4.3.B), comparable level of

phagocytosis.
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Figure 4. 3. Flow cytometry analysis of uptake of STBMV derived from NP and LOPE
placentae into differentiated THP-1 cells (n=3). A, Treatment of Bio-Maleimide stained

STBMV to HLA-ABC stained THP-1 macrophages. Representative Bio-Maleimide-

FITC vs HLA-ABC-PeCy7 graph at 2 and 6 h treatment showing untreated THP-1,

treated THP-1 with STBMV derived from NP and LOPE placentae. B, Bar-graph

demonstrating merged results from THP-1 macrophages untreated and treated with
NP and LOPE STBMV plotted as HLA-ABC+ Bio-Maleimide+ against incubation
period. Data presented as Mean £ SEM, significant difference shown as p<0.001 (***)
and p<0.0001 (****).
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4.6.4. Confocal microscopy analysis confirmed internalisation of STBEV from NP

and LOPE placentae into THP-1 macrophages

Confocal microscopy was used to interrogate whether STBEV (n=3) were being
internalised by differentiated THP-1 cells at different time points (2 and 6 hours; Figure
4.4). STBEV from each patient group were pre-stained with PKH26 dye (red), the THP-
1 cells were labelled with WGA-Alexa 488 (green), and the cell nuclei with Hoechst
33342 (blue). STBMV derived from NP and LOPE STBMV placentae (Figure 4.4A),
and NP and LOPE STBEX (Figure 4.4B) appeared to be internalised by THP-1 cells.
THP-1 cells alone were used as the control. We performed a PLAP ELISA in order to
guantitate the STBMYV that had been internalised (PLAP is a marker of STBMV and is
not natively expressed in THP-1 cells).

115



A NP STBMV PE STBMV

Untreated

2 hrs 6 hrs 2 hrs 6 hrs

PKH26 WGA Alexa 488 Hoechst

Merged

Figure 4. 4. The internalisation of STBEV from NP and LOPE placentae into THP-1
cells by confocal microscopy (n=3). STBMV (A) and STBEX (B) derived from NP and
PE patients incubated for 2- and 6-hours incubation with differentiated THP-1 cells.
Channels panel show cells’ nuclei labelled with Hoechst dye (blue), cells’ membrane
labelled with WGA Alexa 488 (green), STBEV labelled with PKH26 dye (red) and
merged channels. THP-1 only incubated with no STBEV are used as the control.
Scale bars, 10 pm.

116



B NP STBEX PE STBEX

Untreated

2 hrs 6 hrs 2 hrs 6 hrs

PKH26 WGA Alexa 488 Hoechst

Merged

Figure 4. 4. Continuation.
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4.6.5. PLAP ELISA confirmed internalisation of STBEV from NP and LOPE
patients into THP-1 cells

To quantitate the STBEV vesicles that had been taken up by THP-1, PLAP (a marker
of STBEV, thus not natively expressed in THP-1 cells) was measured using an STB
specific marker PLAP based ELISA. We confirmed that STBEV were indeed taken up
by THP-1 cells (n=3; Figure 4.5). This quantification included the internalised STBEV
and those bound to the cell membrane of THP-1. STBMV taken up by THP-1 was
time-dependent, although there was no significant difference between each group, i.e.
NP and LOPE (STBEX uptake showed a significant difference between NP and LOPE
at 6-hour time-point (NP < LOPE STBEX: p<0.001). These findings corroborate our
confocal microscopy data in regards to STBEX internalisation by THP-1 cells.
However, we should take into account that PLAP’s expression is reduced in PE
derived STBEV (Tannetta et al. 2013b), thus our results might be underestimated.
Hence, we can only conclude that both STBMV and STBEX from NP and LOPE are
taken up by THP-1 without a significant difference.
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Figure 4. 5. ELISA using STB specific marker, PLAP, on THP-1 macrophages treated
with STBEV derived from NP and PE placentae at 2 and 6 hours incubation.
Quantification analysis of NP and PE STBMV and STBEX expressing PLAP marker
internalised by THP-1 macrophages. Data presented as Mean + SEM, significant
difference shown as p<0.001 (***) and p<0.0001 (****).
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4.6.6. NP-STBEYV upregulated mRNA expression of pro-inflammatory cytokines in
THP-1 macrophages compared to LOPE STBEV

The quantitative real-time RT-qPCR analysis was used to investigate the gene
expression of a group of cytokines by differentiated THP-1 cells incubated for 2 and 6
hours with STBEV derived from NP and LOPE placentae (n=3; Figure 4.6). TNF-a
MRNA was upregulated by log10 1.8 fold following incubation with NP STBMV as well
as NP STBEX, in comparison to those derived from LOPE placentae (STBMV: p<
0.0001, STBEX: p< 0.0001, Figure 4.6A). LOPE STBMV and STBEX did not induce
any changes in TNF-a transcript level. Next, TGF- was significantly upregulated by
log10 1-fold in NP STBMV treated in comparison to LOPE STBMV (p< 0.001, Figure
4.6B). STBEX from both NP and LOPE did not result in any significant change in
MRNA expression of TGF- B. Similarly, IL-6 was highly expressed in THP-1 cells
incubated with NP STBMV, and its expression increased significantly over time. NP
STBMV brought about a greater change in IL-6 expression compared to LOPE STBMV
(p< 0.0001, Figure 4.6C). There was a significant difference in the induction of IL-6 in
NP compared to LOPE STBEX at 6 hours (P< 0.05, Figure 4.6C).

IL-10 mRNA did not show any differences between NP and LOPE STBMV. However,
THP-1 cells, incubated with STBEX derived from LOPE, showed a higher expression
of IL-10 compared to NP STBEX which was significantly at 2 hours (p< 0.01, Figure 4.
D); this difference was not noticeable at 6 hours. THP-1 cells, challenged with NP
STBMV, showed a higher expression level of IL-12 in comparison to LOPE, especially
at 6 hours (p< 0.0001; Figure 4.6E). IL-12 did not appear to be affected by STBEX
from either NP of LOPE. IL-8 showed a significant response to NP STBMV at both 2
and 6 hours compared to LOPE STBMV (p< 0.0001; Figure 4.6F). There was a small
induction of IL-8 with STBEX from NP at 2 and 6 hours. The expression of IL-8 at 6 h
by NP STBEX was significantly higher compared to LOPE STBEX (p<0.05, Figure
4.6F). Overall, THP-1 macrophages challenged with STBMV, especially those derived
from NP, showed upregulation of pro-inflammatory cytokines, while STBEX did not
induce significant alterations in the cytokine profile consistent with the higher uptake.
Surprisingly, LOPE STBEV brought about modest changes in the expression of pro-
inflammatory cytokines whilst LOPE STBEX induced upregulation of IL-10 transcripts.
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These results appear to suggest that NP-derived STBMV and STBEX induce pro-
inflammatory responses, whereas those derived from LOPE placentae (whilst clearly
being internalised) do not cause an inflammatory response. The finding of up-
regulated IL-10 by LOPE derived STBEX appears to suggest an anti-inflammatory and
repair effect.
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Figure 4. 6. RT-gPCR analysis of the STBEV induced expression of cytokines by
differentiated THP-1 cells. Cells were incubated with STBEV from NP and PE
placentae at 2 and 6 h’ time-points. In control experiments, cells were incubated with
filtered PBS at the same time-points. mMRNA expression was measured using real-
time RT-gPCR for TNF-a (A), TGF-B (B), IL-6 (C), IL-10 (D), IL-12 (E) and IL-8 (F).
Data were normalised to 18S rRNA expression that was used as an endogenous
control. Values calculated as mean £ SEM of value from cells treated with 50 ug of
STBEV minus background cytokine gene expression. To determine significant
difference in expression, two-way ANOVA was performed on data: * p< 0.05, ** p<
0.01, ** p< 0.001 and **** p< 0.0001.
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4.6.7. NP-STBEYV cause a significant release of MIP-1a and IL-8 from THP-1 cells
compared to LOPE STBEV

Multiplex array analysis was used to investigate the secreted levels of a range of
cytokines, chemokines, growth factors, and soluble ligands following 12- and 24- hours
incubation of differentiated THP-1 cells with STBEV derived from NP and PE
placentae (Figure 4.7). THP-1 cells challenged with NP STBMV appeared to show a
predominantly pro-inflammatory profile, as evident from the significant higher
guantities of TNF-a (A), IL-6 (B), IL-12p40 (D), IL-1B (J) and GM-CSF (K) secretion
compared to almost absent secretion by LOPE STBMV treated THP-1 cells at both
time points (TNF-a, IL-1B, IL-6, GM-CSF = p<0.0001; IL-12p40 = p<0.001). Similarly,
THP-1 challenged with NP STBEX in comparison to PE STBEX revealed the same
trend as STBMV. NP STBMV treated THP-1 cells released around 2-fold higher levels
of anti-inflammatory cytokine IL-10 (C) compare to LOPE STBMV (p<0.0001) at both
time points. There was only a significant difference between NP STBEX treated THP-
1 release of IL-10 at 12 hours in comparison to LOPE STBEX (p<0.001). Though IL-
10 transcripts were upregulated in LOPE STBEX, this is not consistent with the protein
production by THP-1 after longer incubation with LOPE STBEX.

Chemokines IL-8 (E), MIP-1a (F), IP-10 (G) and MCP-1 (H) were also secreted in
higher quantities in response to NP STBMV compared to LOPE STBMV, as well as
NP STBEX compared to LOPE STBEX. Particularly, NP STBMV released higher
guantities of IL-8 compared to LOPE STBMV (12 hours: p< 0.0001, 24 hours: p< 0.05,
Figure 4.7E). Similarly, IL-8 was significantly secreted when induced with NP STBEX
compared to LOPE STBEX (12 hours: p< 0.0001, 24 hours: p< 0.05, Figure 4.7E).
Both NP STBMV and NP STBEX stimulated the IL-8 release of over 12,500 pg/mL,
whilst LOPE STBMV and LOPE STBEX also seemed to increase production of IL-8
but at a lower level (12 hours: < 5,000 pg/mL, 24 hours: > 5,000 pg/mL). Thus, NP
STBEV challenged THP-1 cells secreted more IL-8 than LOPE STBEV.

Also, NP STBMV stimulated MIP-1a production that increased over time compared to

PE STBMV (12 hours: p< 0.01, 24 hours: p< 0.0001, Figure 4.7F). NP STBMV

stimulated the production of over 20,000 pg/mL of MIP-1 a in THP-1 cells compared

to 2,000 pg/mL for LOPE STBMV at 24 hours. NP STBEX also appeared to induce
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more MIP-1a secretion compared to LOPE STBEX (12 hours: p< 0.0001, 24 hours: p<
0.05, Figure 4.7F). Intriguingly, NP STBEX appeared to cause a higher secretion of
MIP-1a at 12 hours incubation compared to NP STBMV (p< 0.01); this effect was then
significantly reduced at 24 hours (p< 0.0001). Thus, our results revealed that MIP-1a
was released in greater quantities by THP-1 cells when challenged with NP STBEV in

comparison to cells challenged with PE STBEV.

Finally, VEGF was secreted in higher quantities by THP-1 challenged with NP STBMV
compared to LOPE STBMV (p<0.000.1; Figure 4.71); whilst THP-1 challenged with
LOPE STBEX secreted up to 2-fold more quantities of VEGF than NP STBEX
(p<0.0001; Figure 4.71).

Overall, our data validate the results of our gene expression analysis by RT-QPCR,

corroborating our observations.
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Figure 4. 7. Multiplex array analysis of the supernatants of differentiated THP-1 cells
treated with STBEV from NP and PE placentae. Concentrations of TNF-a (A), IL-6
(B), IL-10 (C), IL-12p40 (D), IL-8 (E), MIP-a (F), IP-10 (G), MCP-1 (H), VEGF (1), IL-
18 (J) and GM-CSF (K) released by THP-1 cells at 12 and 24 h incubation with STBEV.
Values calculated as Mean + SEM of value from cells treated with 50 ug of STBEV
minus background cytokine production. To determine significant difference in
production, two-way ANOVA was performed on data: * p< 0.05, ** p<0.01, *** p< 0.001
and **** p< 0.0001.
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4.6.8. Deep Sequencing Data of STBMV and STBEX from PE and NP pregnancy

Next, we performed deep sequencing analysis on STBMV and STBEX from PE (n=8)
and NP (n=6) patients (Tannetta et al. Unpublished data; see Online Data Supplement
Figure S1). STBMV (A) and STBEX (B) were specifically interrogated for the presence
of target cytokines/chemokines from our previous results. Following normalisation,
STBMV revealed expression of IL-8, IL-12B and TGFB1 genes. PE STBMV showed
significant higher expression of TGFB1 in comparison to NP STBMV (p< 0.001).
Similarly, STBEX showed expression for IL-10, IL-12A, IL-12B, IL-8, TNF, IL-6 and
TGFB1 genes. PE STBEX revealed a significant expression of IL-6 and TGFBL1 in
comparison to N STBEX. (IL-6, p<0.05; TGFB1, p<0.01). These results confirm that
our PE STBEV carry a proinflammatory profile cargo in comparison to NP STBEV, yet

this cargo had no discernible effect on THP-1 macrophages in our hands.
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Figure 4.8. Cytokines/chemokines identified by next-generation sequencing. Analysis
included STBMV (10K, A) and STBEX (150K, B) samples from NP (n=8) and PE (n=6)
patients. Legend uses colour to demonstrate the upregulation of chosen genes:
CXCLS8 (IL-8), IL-10, IL-12A, IL-12B, TNF, IL-6 and TGFB-1.

126



4.7. Discussion

PE, most distinctly EOPE, is thought to originate from poor placentation in the first half
of pregnancy leading to ineffective remodelling of the uterine spiral arteries. This
causes a high-pressure pulsatile flow in the intervillous space, which in turn, causes
excess oxidative and hydrostatic stress to the placenta (Redman, Sargent & Staff
2014). Thus, EOPE has been associated with a vigorous maternal systemic
inflammatory response to a damaged placenta (C. W G Redman, Sacks & Sargent
1999), major fetal growth restriction, and the increasing amounts of STBEV shedding
with different phenotype and cargo compared to a healthy pregnancy (Goswamia et
al. 2006; Redman et al. 2012). The late-onset disease is subject to several different
theories of pathophysiology with trophoblast villus overcrowding, leading to oxidative
stress competing with maladaptation of the maternal cardiovascular system as
putative causes. Despite this, a role for the placenta is still evident since delivery
brings about an end to PE-associated symptoms in both EOPE as well as LOPE.
STBEV (STBMV and STBEX) have been suggested to play different roles in the
pathophysiology with STBMV playing a greater role in proinflammatory events
compared to STBEX (Tong et al. 2017). We decided to use the THP-1 cell line to
standardise the sole effect of STBEV and avoid the implementation of patient-related
variances with the use of PBMCs. By using PMA-induced THP-1 cells, we wanted to
understand the true effect of STBEV on both circulating monocytes and tissue
macrophages. Therefore, we hypothesised that the LOPE placenta would release
STBEV, which might have a similar immunomodulatory impact to EOPE, i.e.
proinflammatory. However, we observed a significantly weakened inflammatory effect
of STBEV isolated from LOPE placentae on THP-1 cells.

Our study shows that both STBEV types (STBMV and STBEX) interact with
macrophages and modulate their functions. Flow cytometry revealed co-localisation
of STBMV derived from both NP and PE placentae to THP-1 macrophages. Confocal
microscopy confirmed this co-localisation was secondary to internalisation of the
STBEV. PLAP-based ELISA showing that THP-1 cells internalised placental-derived
EV further confirmed this. This is in line with previous work showing mature PBMCs
from NP donors phagocytosed SW71 trophoblast cell derived EV (Atay et al. 2011)

and STBMV isolated from dual perfusion (Southcombe et al. 2011). When assessing
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PLAP levels within the THP-1 cells, we were unable to see any significant difference
in the uptake of NP and PE STBEV. We were able to determine enhanced uptake of
STBMV compared to STBEX in both NP and LOPE.

Analysis of gene expression via RT-gPCR and cytokine/chemokine secretion via
multiplex array revealed that exposure of PE STBEV to THP-1 macrophages had
significantly less inflammatory impact compared to NP STBEV. NP-STBEV, especially
NP-STBMV, induced a pro-inflammatory response by THP-1 macrophages. Previous
studies have shown that NP placental microvesicles induced significant levels of TNF-
a, MIP-1q, IL-1a, IL-1B, IL-6 and IL-8 by naive PBMC (Southcombe et al. 2011,
Thibault et al. 1991) and an increased release of IFN-y, IL-12, IL-18 and TNF-a by
PBMCs (Germain et al. 2007). Similarly, NP STBMV derived from in vitro explant
cultures from human placentae have been shown to enhance secretion of IL-1(, IL-6
and IL-8 by PBMCs (Messerli et al. 2010). Correspondingly, exosomes derived from
SW71 trophoblast cells have been shown to increase monocyte migration and
production of IL-1B, IL-6, granulocyte-colony stimulating factor (G-CSF), granulocyte-

macrophage colony-stimulating factor (GM-CSF) and TNF-a (Atay et al. 2011).

Collectively, our NP results are consistent with these studies. NP STBMV showed
enhanced up-regulation of TNF-q, IL-6, IL-12 and IL-8 mMRNA and protein secretion by
ThP-1, especially higher levels of MIP-1a and IL-8, implying a proinflammatory
phenotype. However, in addition to pro-inflammatory functions, IL-12 also has anti-
angiogenic properties (Strasly et al. 2001) which might counteract the pro-angiogenic
functions of IL-8 (Strieter et al. 1995). Most surprising, however, was the significantly
lower pro-inflammatory effect seen with LOPE STBEV. We expended significant effort
to confirm that the STBEV in both conditions were being internalised by the THP-1
cells and having confirmed this in three different ways, felt confident in excluding the
possibility that LOPE vesicles were not causing a proinflammatory effect because they

were not being internalised.

STBEX have not been extensively studied, but some groups have suggested NP

placenta explants derived exosomes to have immunosuppressive roles (Hedlund et

al. 2009; Mincheva-Nilsson & Baranov 2014). Our lack of pro-inflammatory phenotype

results would, in some part, support this. Our PE STBEX echoes the results that we
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obtained from STBMV and did not display the pro-inflammatory response we
expected. Our data also provides confirmation by sequencing analysis that our STBEV
are not empty and carry genetic material corresponding to our chosen targets. Thus,
we interpret our results as LOPE STBEV might not directly impact macrophages but
might use an alternative route to induce the proinflammatory state of the disease. This

requires further investigation.

Plasma EV derived from PE patients in comparison to those from NP has been shown
to affect monocyte functions, such as altered phagocytosis-associated molecular
pattern, decreased chemotactic and migratory activity, and increased adhesiveness
(Kovacs et al. 2018). Unfortunately, this previous study did not focus on STBEV.
Hence, we cannot conclude that this effect is directly due to placenta-derived EV.
Alternatively, STBEV derived from LOPE might have an impact on other cells in the
circulation, apart from immune cells that can stimulate the inflammatory response in
PE (Tannetta et al. 2017a). Tannetta et al. provided evidence that STBEV isolated
from NP can cause platelet activation, which is augmented by PE STBEV (Tannetta
et al. 2015). Increased platelet reactivity due to exposure to STBEV from PE might
correlate with the increased thrombotic risk associated with PE, possibly leading to the
inflammatory response (Tannetta et al. 2015). STBEV have also been shown to have
anti-angiogenic and hypertensive effects preventing endothelial cell monolayer growth
in vitro as well as inhibiting relaxation of pre-constricted blood vessels in vivo ( a P.
Cockell et al. 1997; Gupta et al. 2005; Sméarason et al. 1993b). Although these studies
have not separated microvesicles and exosomes and differentiated EOPE to LOPE, it

is necessary to consider their findings when interpreting our results.

Studies have shown key differences between EOPE and LOPE, supporting the idea
that these are separated disease entities. Women with PE show an imbalance
between a pro-inflammatory and anti-inflammatory profile in CD4* T-cell subsets with
polarisation to Tu17 profiles, predominantly in EOPE (Ribeiro et al. 2017). Notably,
this study reported endogenous plasma levels of IL-6, IL-7 and TNF-a to be
significantly higher in the EOPE group than in the LOPE and control groups (Ribeiro
et al. 2017). Another study found substantially higher concentrations of Hsp70, TNF-
a, IL-1B, IL-12, and sTNFRI in patients with EOPE compared to LOPE, as well as
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significantly lower IL-10 levels in the EOPE group (Peracoli et al. 2013). EOPE was,
therefore, associated with higher maternal and fetal impairment, highlighting

differences in the pathophysiology between EOPE and LOPE (Peracoli et al. 2013).

Correspondingly, Liang et al. verified 627 genes were differentially expressed in EOPE
compared to LOPE’s placental tissue, and biological processes including immune
response and cell surface receptor linked signal transduction (Liang et al. 2016).
Likewise, another study showed 362 genes with =2t 1 fold expression difference in
chorionic villous from EOPE compared to LOPE, including genes such as AB13BP,
C7, HLA-G and IL2RB (Nevalainen et al. 2017). Similarly, an association between
EOPE and upregulated expression of neutrophil TLR2, TLR4 and cryopyrin, increased
MRNA expressions of NF-kB subunits p50 and p65, as well as imbalanced pro-
inflammatory and anti-inflammatory cytokine expression in serum has been shown
(Xie et al. 2010); reinforcing EOPE to be a particular form of systemic inflammation.
Despite these findings, no studies have been performed examining the effects of
STBEV from LOPE placenta on immune function. Our data suggest that the
differences seen in immune function in EOPE and LOPE may well in part be mediated
by the differences in the effects of STBEV from these disease states. In addition, the
clear pro-inflammatory phenotype seen in LOPE might not be caused by a direct effect
of STBEV on macrophages, but rather an indirect effect on another yet to be

determined immune cell or cell type (e.g. platelets).
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CHAPTER 5

Characterisation of exosomes released by placental
capillary pericytes cultured under normal and hypoxic
conditions
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5. Characterisation of exosomes released by placental capillary

pericytes cultured under normal an hypoxic conditions

5.1. Abstract
Pericyte cells (PC) are multifunctional cells wrapped around the endothelium of small
blood vessels which play an essential role in vascular development and blood flow
regulation. The role of PC in placental function has not been fully explored. During
pregnancy, a short period of low oxygen tension is necessary for appropriate placental
development. However, chronic hypoxia may lead to the disruption of trophoblast
development, abnormal invasion into maternal decidua, and aberrant remodelling of
the spiral arteries. Thus, chronic placental hypoxia is one of main causes of placental
damage resulting in obstetric diseases such as fetal growth restriction and
preeclampsia. Here, we investigate the role of chronic hypoxia on normal placental
PC (PLVP) function. Using PLVP isolated from term human placentae, we aimed to
examine the release of cytokines and chemokines, as well as exosomes, from PLVP
grown at 20, 8 and 1% O2 conditions. Both secreted levels of cytokines and
chemokines (IL-6, IL-8 and VEGF), as well as exosomes (Alix, Syntenin and CD9-
positive) significantly increased in the supernatant as the O2 levels decreased.
Exosomes derived from these PLVP (PLVPex) were subjected to mass spectrometry
revealing 640 proteins. Biological pathway analysis suggested VEGF signalling and
cell growth and maintenance as being highly regulated by these PLVPex bound
proteins. Stimulation of primary human umbilical vein endothelial cells (HUVEC) with
PLVPex resulted in a significant increase of HUVEC polygon formation number and
tube formation length. We therefore propose that PLVPex act as messengers to
stimulate angiogenesis and vessel stabilisation on neighbouring endothelial cells

during periods of hypoxia.
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5.2. Background

Pericyte cells (PC) are perivascular cells that mainly support microvessels such as
capillaries or post-capillary venules. PC are multipotent contractile cells with finger-
like projections around the vascular circumference of the endothelium, and these
connect functionally and directly to the underlying endothelial cells (EC)(Dore-Duffy &
Cleary 2011). PC have significant roles including immunomodulation(Navarro et al.
2016), angiogenesis, vessel stabilisation and maturation(Jain 2003), regulation of
blood flow(Hall et al. 2014), and pericyte-endothelial cell signalling via PDGF-BB—
PDGFRB and VEGF-A-VEGFR2, among other pathways(Sweeney, Ayyadurai &
Zlokovic 2016). The characteristics and functions of PC are very organ specific,
forming a major part of the blood brain barrier(Mathiisen et al. 2010; Sa-Pereira, Brites
& Brito 2012), but distributed sparsely in tissues such as the skeletal muscle(Diaz-
Flores et al. 2009). PC are also closely related to stromal progenitor cells and they
can differentiate into adipocytes, osteoblasts, chondrocytes and vascular muscle cells
among other cell types(Hirschi & D’Amore 1996). Therefore, their role in angiogenesis
and development is likely to be highly dependent on their functional state and stage of
differentiation(Wang & Zhao 2010).

The local conditions of the human placenta allow fetoplacental vasculogenesis and
angiogenesis to vary from other human vascular beds, constantly changing through-
out gestation to meet the increasing metabolic needs of the growing fetus(Charnock-
Jones, Kaufmann & Mayhew 2004). During the first trimester, placentation occurs in
a relatively hypoxic environment relative to maternal tissues, which is crucial for
appropriate embryonic development(Rodesch et al. 1992). However, during
gestation, the oxygen tension in the intervillious space gradually increases. Tissue
oxygenation in the placental villi seems to be inversely related to the numerical density
of fetal capillaries (Kingdom & Kaufmann 1997). Chronic hypoxia, usually caused by
impaired trophoblast invasion and spiral artery modifications, have been shown to be
associated with complicated pregnancy disorders such as preeclampsia
(PE)(Caniggia et al. 2000; Redman 2005). PE is characterised by endothelial
dysfunction and an imbalance of inflammatory mechanisms, primarily affecting the
maternal vascular and immune systems,(Christopher W.G. Redman, Sacks & Sargent

1999; Staff, Dechend & Redman 2013) as well as fetal development and health.
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Mechanisms by which fetoplacental development becomes altered in PE need to be

further explored to understand how abnormal placental function affects the fetus.

Few studies have directly connected altered placental vasculature with placental PC
(PLVP) function. Placenta from platelet-derived growth factor receptor f (PDGFR)
deficient mice, exhibited dilated embryonic blood vessels and a reduced number of
both PLVP and trophoblasts(Ohlsson et al. 1999), emphasising the importance of
PDGFR signalling in murine placental development. Placental capillaries in women
from high altitude communities showed an increased vessel profile diameter and a
reduced PC association compared to those pregnancies from lowland
environments(Zhang et al. 2002), suggesting that reduction of local oxygen tension
leads to vascular remodelling. Similarly, semi-quantitative analysis of placental
ultrastructural micrographs indicated that PLVP were present in placentae from
normal, term pregnancies but increasingly observed in abnormal capillaries such as
those from pregnancies complicated by diabetes, post maturity, rhesus incompatibility
and PE(Jones & Desoye 2011). While pericyte functions in other organs are now
being extensively studied, there are relatively few studies exploring the role of PLVP
in prenatal research(Barreto et al. 2019; Gauthier-Fisher, Szaraz & Librach 2019;
Jones & Desoye 2011). PLVP are distinctively associated with the fetal circulatory
system of the placenta, which can significantly affect the fetus’ growth and placental
development. There is limited evidence regarding the factors released by the PLVP
in response to severe hypoxia and how these can affect neighbouring endothelial cells
(EC).

5.3. Hypothesis

Our hypothesis was whether PLVP would secrete any soluble factor or EV with altered
number/protein cargo when incubated under different Oz conditions. We first examined
whether supernatant contained any cytokine or chemokine after PLVP incubation in
three different states. We also assessed whether the isolated PLVP derived EV had a
distinctive exosome phenotype. We wanted to assess whether the PLVPex would
enter HUVEC and have a different functional role on HUVEC tube formation when
derived from three different Oz conditions. Finally, we wanted to examine the possible

functions of PLVPex on HUVEC and protein cargo.
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5.4. Aims

The objectives of the work illustrated in this chapter were as follows:

e To determine the soluble factors secreted by PLVP after 24-hour incubation in
EV-free normal and hypoxic media

e To isolate and characterise PLVP derived microvesicles and exosomes from
PLVP after a 24-hour incubation in EV-free normal and hypoxic media

e To investigate the non-toxic particle concentration of PLVP exosomes for
functional studies

e To examine whether PLVPex bind to surface or enter into HUVEC

e To explore the operational characteristics of PLVPex derived from different Oz
conditions using HUVEC cells

e To confirm and interrogate protein cargo of PLVPex derived from different O>

conditions
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5.5. Results

5.5.1. Hypoxia induces morphological alterations in human placental capillary

pericytes

Once PLVP reached 80% confluence in normal conditions, cells were photographed
at the start and the end of the 24 hours incubation at 20, 8 and 1% O2 conditions (n=3,
Figure 5.1). PLVP incubated in hypoxic conditions (8 and 1% O2) showed constriction
and reduced surface area, revealing an elongated and narrower structure compared

to PLVP grown under ambient conditions.

0 hours , 24 hours
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Figure 5. 1. Representative microscopy images of PLVP cells grown at different
oxygen percentages (20%, 8% and 1%) at 0 hours and after 24 hours incubation. Red
arrows show the diameter differences of PLVP cells in normal and hypoxic conditions.
Scale bar indicates 50 um length.
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5.5.2. PLVP release immunomodulatory factors under hypoxic conditions

We assessed PLVP supernatant (after depletion of dead cells and cell debris) from
PLVP incubated at different oxygen concentrations using an immunological
MILLIPLEX assay (n=3; Figure 1). Several cytokines were released by PLVP when
incubated at the three O2 concentrations, however, in relatively low levels (Figure 1.A).
PLVP secreted considerably higher concentrations of IL-1a cytokine when incubated
at 1% O2 conditions, in comparison to those incubated at both control (20% 0O2) and
8% 02 concentrations (both non-significant). Most significantly, IL-6 cytokine was the
most abundant cytokine produced by PLVP (maximum: 8,756 + 101 pg/ml). At normal
conditions, PLVP released more IL-6 in comparison to those incubated at 8% O2
(p<0.0001). However, PLVP incubated at 1% O2 significantly secreted up to 4-fold

more IL-6 in comparison to control conditions (p<0.0001).

Three chemokines: IL-8, monocyte chemoattractant protein-1 (MCP-1) and growth-
regulated oncogene (GRO), were found at greatly elevated levels compared to other
chemokines in PLVP supernatant (Figure 1.B). IL-8 was differentially and significantly
released from PLVP incubated in 1% O2 at higher levels (15,468 + 286 pg/ml)
compared to 8% O2 (p<0.0001), and control (p<0.0001); and in lower levels in those
incubated at 8% O2 compared to control (p<0.05). There seem to be higher levels of
secreted interferon gamma-induced protein 10 (IP-10) by PLVP incubated at normal
(20% 0O2) and 8% O2 conditions compared to those incubated under hypoxia (1%602),

though without any significant difference.

Two growth factors: fibroblast growth factor 2 (FGF-2) and vascular endothelial growth
factor (VEGF), were identified at high levels in PLVP supernatant (Figure 1.C). FGF-2
levels were significantly higher at 8% O2 (control vs 8%02, p<0.001), but lower at 1%
02 (control vs 1%02; p<0.0001). VEGF levels were significantly higher when PLVP
were incubated at 1% O2 conditions (1,064 + 51 pg/ml) compared to both control and
8% 02 conditions (both p<0.0001). At lower quantities, G-CSF and GM-CSF were also
secreted in higher levels at 1% O2 conditions in comparison to 20% and 8% O2
conditions (both non-significant). Overall, PLVP released IL-6, IL-8 and VEGF in

increasing amounts from 20% O2 to 1% O2.
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Figure 5. 2. MILLIPLEX assay analysis of PLVP supernatant after a 24-hour
incubation in 20, 8 and 1% O:2 conditions (n=3). Cytokine (A) chemokine (B), and
growth factors (C) profiles secreted in PLVP supernatant at different growth conditions.
Data presented as Mean = SEM, significant difference shown as p<0.01 (**), p<0.001
(***), p<0.0001 (****) or non-significant (ns).
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5.5.3. Isolated PLVP-derived EV confirmed microvesicular and exosomal

phenotype and increased in number under hypoxic conditions

PLVP cell lysate and PLVP derived EV (PLVPmv and PLVPex) were collected from
PLVP supernatant incubated under 20, 8 and 1% Oz conditions (n=3; Figure 5.3).
PLVPex, but not PLVPmv, were shown to express well-known exosomal markers such
as Alix, Syntenin and CD9, and loading control Actin (Figure 5.3A). Surprisingly, PLVP
also expressed Alix and Syntenin, probably due to continuing production of exosomes

intracellularly.

NTA was used to ascertain the particle size and number of PLVPmv (Figure 5.3B),
and PLVPex (Figure 5.3C). PLVPmv showed a heterogeneous size distribution (EV
2200 nm; Figure 5.3Bi). PLVPmv were found to be significantly increased in particle
number as the Oz percentage dropped (control vs 1% Oz, p<0.001; 8% Oz vs 1% Oz,
p<0.001; Figure 5.3Bii), while modal size remained unchanged between samples
(Figure 5.3Biii). PLVPex demonstrated a more homogenous size distribution (EV<
200nm; Figure 5.3Ci). PLVPex increased significantly in particle number under more
hypoxic (control vs 8% O2: p<0.05; control vs 1% O2: p<0.0001; Figure 5.3Cii).
PLVPex modal size remained unchanged between samples (Figure 5.3Ciii).

Since the amount of isolated PLVPmv material was quite limited, we decided to focus
on PLVPex.
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Figure 5. 3. Characterisation and analysis of PLVPev, PLVPmv and PLVPex. A,
Representative immunoblot showing enrichment of Actin (42 KDa), the loading control
on PLVP cell lysate, PLVPmv and PLVPex; and enrichment of exosomal markers Alix
(96 KDa), Syntenin (60 kDa) and CD9 (24 kDa) on mainly PLPVex. B, Representative
NTA size and particle number distribution profiles of PLVPmv (Bi), focusing on particle
number changes among PLVPmv samples (Bii) and modal size (Biii). C,
Representative NTA size and particle number distribution profiles of PLVPex (Ci),
focusing on particle number changes among PLVPex samples (Cii) and modal size
(Ciii). Data presented as Mean + SEM, significant difference shown as p<0.05 (*),
p<0.001 (***), p<0.0001 (****) or non-significant (ns).
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5.5.4. Determining non-toxic PLVPex particle number for functional studies

Before functional studies, we determined the non-toxic particle concentration that
could be used to treat HUVEC (n=3; Figure 5.4). We used the CellTox™ Green
cytotoxicity assay, in which cyanine dye binds DNA released by dead cells following
the disruption of the cell membrane. Experiments were set up using three-particle
concentrations (1 x 108, 1 x 10° and 1 x 10%° particles/mL) derived from each O2
condition, each in triplicate. Figure 5.4A shows the treatment of PLVPex derived from
different Oz percentage conditions on HUVEC over 21 hours, demonstrating the
maximum cytotoxicity (red line), untreated/control (green line) and the three PLVPex
particle concentrations. There was not much difference in the fluorescence emitted by
cells treated with PLVPex (1 x 108 -1 x 10%° particles/mL) compared to control.
However, the fluorescent intensity seemed to rise as the particle number increased
over time, especially HUVEC treated with PLVPex derived from 1% Oz condition. Thus,
we decided that 1 x10° particle/mL, the median EV concentration, which showed low
cytotoxic effects among the three Oz conditions (Figure 5.4B), would be optimal for

subsequent experiments.
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Figure 5. 4. CellToxTM Green cytotoxicity assay to determine non-toxic PLVPex
particle concentration on HUVEC. A, Cytotoxicity of PLVPex derived from each O2
conditions at varying particle concentrations and B, cytotoxicity comparison of chosen
PLVPex particle concentration (1 x 109 particle/mL) derived from each O2 condition.

5.5.5. Confocal microscopy to assess internalisation of PKH26 stained PLVPex
into HUVEC

Confocal microscopy was used to interrogate whether PLVPex derived normal O:2
conditions were being internalised by HUVEC at different time points (2 and 6 hours;
n=3; Figure 5.5). PLVPex from normal Oz conditions (20% O2) were pre-stained with
PKH26 dye (red), the HUVEC membrane was labelled with WGA-Alexa 488 (green)
and the cell nuclei with Hoechst 33342 (blue). PLVPex derived from normal conditions
appeared to be internalised by HUVEC in similar numbers at both incubation time
points. Due to the low PLVPex material, we decided to save PLVPex derived from
hypoxic conditions for subsequent studies, assuming that these would also be

internalised by HUVEC as those derived from normal conditions.
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Figure 5. 5. The internalisation of PLVPex derived from normal O2 conditions (20%
0O2) into HUVEC by confocal microscopy (n=3). HUVEC treated with PKH26 stained
PLVPex at 1 x109 particle/mL at 2- and 6-hours incubation. Channels panel show
cells’ nuclei labelled with Hoechst dye (blue), cells’ membrane labelled with WGA
Alexa 488 (green), PLVPex labelled with PKH26 dye (red) and merged channels.

HUVEC incubated with no PLVPex were used as the control. Scale bars, 10 um.
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5.5.6. PLVPex stimulates HUVEC tube length and polygon formation

PLVPex and factors derived from PLVP incubated in normal and hypoxic conditions
were used to treat HUVEC using a matrigel tube formation assay (n=3; Figure 5.6).
Using the same number of particles/ml (1 x109), PLVPex stimulated a significant
increase in polygon number on HUVEC compared to untreated HUVEC, regardless of
the O2 conditions in which PLVP were cultured (Figure 4.B). There were no significant
differences in polygon number between PLVPex derived from cells cultured in 20%,
8% or 1% O2. HUVEC were also treated with EV-free supernatant from PVLP cultured
in different O2 conditions. Only HUVEC treated with EV-free supernatant derived from
1% O2 conditions revealed a significantly reduced polygon number when compared
to untreated HUVEC (p<0.05) and EV-free supernatant from 20% O2 conditions
(p<0.05).

PLVPex also stimulated a significant increase in HUVEC tube formation length
compared to no treatment (under all three O2 conditions) (Figure 4C). Again, there
were no significant differences in tube formation length between PLVPex derived from
cells cultured in different O2 conditions. Similarly, EV-free supernatant from PLVP
cultured under 1% O2 conditions, reduced HUVEC tube formation length compared to
untreated HUVEC (p<0.05) and EV-free supernatant from 20% O2 (p<0.05).

These results suggest that PLVPex at the same particle number stimulate tube
formation in HUVEC, irrespective of O2 percentage. Conversely the secreted factors
in the EV-free supernatant from PLVP inhibited HUVEC tube formation as the 02

concentration decreased.
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Figure 5. 6. Tube formation analysis of HUVEC treated with PLVPex and EV-free
supernatant from normal and hypoxic conditions (n=3). A, Captured images analysed
by ImageJ software of HUVEC treated with PLVPex and EV-free SN (EV-free
supernatant) derived from 20 %, 8% and 1% O2 conditions and untreated HUVEC.
Analysis of HUVEC tube polygon formation (B) and tube length formation (C) when
treated with each sample. Data presented as Mean + SEM, significant difference
shown as p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). Scale bar, 100 pum.
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5.5.7. Mass Spectrometry Analysis of PLVPex

To understand fully the likely mechanism of tube formation, we carried out mass
spectrometry analysis on PLVPex derived from 20%, 8% and 1% O:2 conditions
(pooled of n=3 technical repeats). Figure 5.7 shows a Venn diagram where 640
proteins were identified from all three PLVPex samples. We were able to locate 366
protein molecules in common among all PLVPex. 93 proteins were shared among 20%
O2 PLVPex and 8% Oz PLVPex; 62 proteins were shared among 20% O2 PLVPex and
1% O2 PLVPex; and 4 proteins were shared among 8% O2 PLVPex and 1% O:2
PLVPex. Unique peptides were also found per group: 20% O2 PLVPex (150 proteins),
8% O2 PLVPex (11 proteins) and 1% O2 PLVPex (16 proteins).

8%0xygen

150 20%0xygen

1%0xygen

Figure 5. 7. Mass spectrometry analysis of PLVPex derived from 20%, 8% and 1%
O:2 conditions.

Top five biological pathways identified from mass spectrometry analysis of PLVPex
samples are summarised in a chart in Figure 5.8. Top biological pathways included

signalling networks such as syndecan-1 mediated, VEGF and VEGFR, proteoglycan
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syndecan-mediated, B1-integrin and integrin-family cell surface interactions. The chart
demonstrated that PLVPex derived from all Oz conditions expressed from 34.8 % to

43% of proteins that contribute to these biological pathways.

In particular, proteins contributing to the VEGF and VEGFR signalling network were
identified in each PLVPex sample. Lower the O2 percentage conditions, higher the
expression of proteins of this signalling network, although this increase is not
significant. PLVPex derived from 20% Oz conditions expressed 149 out of 420 proteins
available in the biological pathway database (35.5%, p<0.001). Similarly, 8% O:
PLVPex expressed 115 out of 313 proteins (36.74%, p<0.001), while 1% O2 PLVPex
expressed 110 out of 279 proteins (39.3%, p<0.001). Well-known molecules from the
VEGF and VEGFR signalling network identified on PLVPex from all Oz conditions
included soluble Flt-1 (FLT1), Neuropilin 1 (NRP1), Endoglin (ENG), TGF beta
receptor 2 (TGFBR2) and PDGFRB among others.

Top five biological processes identified from mass spectrometry analysis of PLVPex
samples are summarised in Figure 5.9. Top biological processes included cell
communication, transport, signal transduction, protein metabolism and cell growth and
maintenance. In general, each PLVPex sample expressed similar percentages of
proteins contributing to each biological process, without revealing any significant trend.
Only the portion of PLVPex derived from 8% O2 conditions showed a reduction in the

cell communication process compared to PLVPex from control and 1% O2 conditions.

We were interested in the proteins contributing to the cell growth and//or maintenance
process. The chart demonstrated that PLVPex derived from all Oz conditions
expressed from 16.2% to 19.7% of proteins that contribute to these biological
processes. PLVPex derived from 20% Oz conditions expressed 106 out of 656 proteins
available in the biological process database (16.2 %, p<0.001). Similarly, 8 % O:
PLVPex expressed 82 out of 462 proteins (17.7 %, p<0.001), while 1% Oz PLVPex
expressed 86 out of 437 proteins (19.7 %, p<0.001). Molecules from the cell growth
and maintenance identified on PLVPex from all O2 conditions included collagen type
Il alpha chain 1 (COL2A1), Biglycan (BGN), laminin subunit beta 1 (LAMB1), actinin 4

and vimentin among others.
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Figure 5. 8. Biological pathways found in mass spectrometry PROGENESIS analysis

of PLVPex derived from 20%, 8% and 1% O2 conditions.
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Figure 5. 9. Biological processes found in mass spectrometry PROGENESIS analysis
of PLVPex derived from 20%, 8% and 1% O: conditions.
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5.5.8. Mass Spectrometry validation of pro-angiogenic factors carried within
PLVPex

We individually interrogated the mass spectrometry analysis for the presence of pro-
angiogenic proteins and confirmed exosomal phenotype by the presence of specific
exosomal markers (Table 5.1). As the starting material gathered for this mass
spectrometry analysis was quite low in regards to protein concentration, we decided

to focus on most abundant proteins.

We identified some essential pro-angiogenic molecules including NRP1, ENG and
PDGFR. There was no significant difference between each PLVPex condition. Most
significantly, NRP1 was shown to be present via highest number of unique peptides

(24) and confidence score (1,263.7) compared to our other chosen proteins.

We were also able to identify exosomal markers CD9 and Syntenin, but not Alix,

confirming our PLVPex material possess an exosomal phenotype.

. Unique Confidence Normalised Spectral
Protein .
peptides  Score abundance Count
1% 8% 20% 1% 8% 20%
NRP1 24 1,263.7 1,638,861 2,907,360 1,707,978 12 9 24
ENG 6 327.8 432,701 604,812 423,217 3 2 6
PDGFRB 3 110.2 46,721 63,250 38,665 1 0 3
CD9 2 140.7 362,130 772,525 451,558 2 1 3
Syntenin 13 721.2 4,517,733 4,283,341 4,494,915 10 8 11

Table 5. 1. Mass spectrometry analysis of PLVPex derived from 20%, 8% and 1% O2
conditions (n=3). Presence of pro-angiogenic molecules: NRP1, neuropilin 1; ENG
endoglin and PDGFRp, platelet-derived growth factor receptor B. Presence of
exosomes markers: CD9 and Syntenin.
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Given these findings, we decided to corroborate the expression of these pro-
angiogenic proteins connections and validate their presence on PLVPex via Western
blotting (Figure 5.10). Using the String-Database platform, we were able to analyse
the interaction map of our chosen proteins (PDGFRB, NRP1 an ENG) found in the
PLVPex derived from all three Oz conditions, with no more of 5 interactors on the first
shell (Figure 5.10A). The String analysis revealed the presence of other key pro-
angiogenic molecules such as Fltl and VEGR2 or KDR, among others. Soluble Flt1

was also shown in our Biological pathway from the PROGENESIS analysis.

Consequently, we decided to validate our MS analysis by Western blotting. Pooled
PLVPex (n=3 technical replicates) were run on SS-PAGE and probed for chosen
proteins (PDGFRB, NRP1 and ENG), Actin as our loading control, and VEGFR2 as
one of the interactors found in our String analysis (Figure 5.10B). Our results
demonstrated that PLVPex derived from all three Oz conditions express PDGFR[ and
ENG at their corresponding molecular weights. Interestingly, we were not able to
localise the monomer form of NRP1 (130 kDa) on PLVPex, but the dimer form (250
KDa). Furthermore, VEGR2 was expressed on PLVPex. The expression of the dimer
form of NRP1 and VEGFR2 on PLVPex reveals that NRP1 is found in its active form
on PLVPex, forming a bridge between VEGFR2 and VEGFAues (Figure 5.10C; Pellet-
Many et al. 2008). Further investigations are needed to corroborate this hypothesis
and to understand the purpose of this NRP1-VEGR2 bridge on the surface of PLVPex.
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Figure 5. 10. Mass spectrometry analysis validation of pro-angiogenic molecules. A,
STRING analysis on PDGFRB, ENG, NRP1 and interactions with no more of 5
interactors on the first shell. B, Representative western blotting image of PLVPex
protein from 20%, 8% and 1% O2 conditions (n=2) expressing PDGFRf (180 KDa),
ENG (95 KDa), as well as VEGFR2 or KDR (105 KDa). The dimer form of NRP1 (250
kDa) was observed but not its monomer form (130Kda). Actin was used as the loading
control. C, Mechanism of VEGFAL165 binding to NRP1. Image modified from (Pellet-
Many et al. 2008a). STRING analysis was performed online at www.string-db.org.
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5.6. Discussion

In this report, for the first time, we demonstrate in human placental capillary pericytes
that severe hypoxia leads to secretion of different interleukins, growth factors, and
exosomes (PLVPex). Additionally, we report the distinctive response of PLVP by
showing the oxygen-dependent secretion of diverse molecules and PLVPex particle
number. Moreover, we provide novel evidence that PLVP derived exosomes are
secreted in a stimulus-specific manner by increasing in particle number as the oxygen
gets reduced, can be internalised by endothelial cells as well as having a potential pro-
angiogenic function by inducing tube formation in primary HUVEC and carrying growth
factors in their protein cargo.

As mentioned in the background, pericytes are known to have immunoregulatory
functions (Navarro et al. 2016). By responding to a series of different stimuli, pericytes
have been shown to discharge a heterogenous secretion of pro/anti-inflammatory
molecules, pleiotropic cytokines and various stem cell chemokines (Gaceb et al.
2018). Only a few papers use hypoxia as a form of stimulus on pericytes. Chen et al.
showed microvascular pericytes to express high levels of IL-6, leukemia inhibitory
factor, cyclooxygenase 2, heme oxygenase 1 (HMOX-1), and HIF-1a, which were
sustained under hypoxic conditions (Chen et al. 2013). This study also reported
pericytes to secrete molecules related to vascular physiology and remodelling; among
which VEGFA, PDGFRp, TGF 1 were substantially upregulated under hypoxia, while
receptors such as FGF2, were suppressed (Chen et al. 2013). Another study revealed
pericytes to increase their production of neurotrophins such as NGF, BDNF, NT4-5
(Ishitsuka et al. 2012) in vitro in response to hypoxia, emphasising a neuroprotective
role of pericytes. Our results demonstrated that PLVP secreted IL-6 and VEGF under
hypoxic conditions. However, FGF2 was substantially released by PLVP cultured in
8% O2 hypoxia in comparison to 1% O2. PLVP might also respond to hypoxia by
releasing molecules to protect the vascular physiology and remodelling in the human

placenta.

Likewise, pericyte increased NF-kB activation in response to muscle damage has
been shown to enhance the proliferation and angiogenesis of co-cultured endothelial
cells (LaBarbera et al. 2015). Thus, secretion of high levels of IL-8, RANTES and
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monocyte chemoattractant protein-1 (MCP-1) have been postulated to mediate the
cross-talk between pericytes and endothelial cells (LaBarbera et al. 2015). Although
PLVP in our study secreted MCP-1, yet no difference was found among the O
conditions. Likewise, significant quantities of IL-8 in response to 1% O2 hypoxia
stimulus were produced by PLVP. The pro-angiogenic cytokine IL-8 is part of the CXC
family, and it signals through CXCRA receptor to directly affect angiogenesis (Strieter
et al. 1995). We should consider that the factors analysed in our study might be bound
to PLVP derived EV, as PLVPex demonstrated tube formation stimulation when co-

cultured with primary HUVEC.

PLVP have not been sufficiently explored in regards to their response to a stimulus.
PLVP actively participates in the innate immune response. In response to
inflammatory mediators, PLVP upregulated their expression of adhesion molecules
ICAM-1 and released of chemoattractant MIF, activating leukocytes and ‘instructing’
them with pattern-recognition and motility programs (Stark et al. 2013). In addition, the
placental growth factor (PLGF), an angiogenic factor that belongs to the VEGF family,
has been found to be secreted by brain pericytes after being treated by PDGF-BB in
vivo (Gaceb et al. 2017). Consequently, PLGF was also demonstrated to exhibit
survival-promoting effects on cultured primary cortical neurons under oxygen and
glucose deficiency (Du et al. 2010); to enhance angiogenesis in cerebral ischemia
conditions (Liu et al. 2006), and to be upregulated predominately in vessels, neurons
and astrocytes (Beck et al. 2002). Although we did not investigate these conditions or
molecules in our study, it gives us an idea that PLVP might also contribute to the

immunosurveillance and survival methods to deprived conditions.

We demonstrate, for the first time, that PLVP secretes EV (both microvesicles and
exosomes), and this number increases in an oxygen percentage-dependent manner,
possibly as a survival mechanism. Also, we showed PLVP derived exosomes
internalisation on primary HUVEC and their stimulation of HUVEC tube formation
using the same number of vesicles per O2 % condition. Though hypoxia did not cause
a significant difference in HUVEC tube formation, an excessive amount of exosomes
released by PLVP under hypoxia, and the high production of pro-angiogenic molecules
such as IL-8, VEGF and FGF-2, which might be bound to exosomes are important

154



observations to consider further. The EV free culturing conditioned media did not
induce a pro-angiogenic function on HUVEC; instead, we observed an inhibitory
behaviour especially at hypoxic conditions. This leads us to believe that exosomes

exclusively mediated angiogenesis in HUVEC.

Our results align well with other studies on pericytes derived exosomes. Brain
pericytes stimulated with CoCl2 have been shown to promote wound healing in cell
culture, cord formation in collagen matrices, and microvascular density in spinal cord
explants through the secretion of exosomes (Mayo and Bearden, 2015). Similarly,
Gaceb et al. demonstrated brain pericytes to secrete pro-regenerative molecules,
including the release of microvesicles carrying growth factors, in response to PDGF-
BB ligand treatment (Gaceb et al. 2017). This study have also emphasised the
importance of extracellular vesicles in the signalling cell-to-cell communication
between pericytes and endothelial cells, especially with respect to vessel regeneration
and repair (Gaceb et al. 2018).

We are also the first to analyse protein content of exosomes derived from PLVP. We
were able to identify several proteins reported to be involved in cell growth and
maintenance, cell communication and signal transduction. PLVPex associated ENG,
and NRP1 could promote the neighbouring cells’ angiogenesis, as well as directly
regulate cell communication and signal transduction through control protein PDGFRf3
present in the vesicular cargo. Specifically, we found significantly high protein
expression of NRP1 in our MS analysis. Interestingly, we showed only the dimer form
of NRP1 and the appearance of VEGR2 on PLVPex by immunoblotting, implying the
presence of VEGFA1es -bridge forming between NRP1 and VEGFR2 (Pellet-Many et
al. 2008a). NRP1 facilitates transduction of arterial effects of VEGF and has been
shown to have essential roles in vascular and neuronal development (Pellet-Many et
al. 2008b; Raimondi & Ruhrberg 2013). NRP1 has been shown to be critical for VEGF-
induced sprouting and branching of endothelial cells by demonstrating attenuated
angiogenesis and weak association with pericytes when p38MAPK inhibitor
VEGFAu:es-containing matrigel plugs were included (Kawamura et al. 2008). Another
study showed that vessels from tumours treated with both anti-NRP1 and anti-VEGF

lack a close association with pericytes, thus proposing that blocking NRP1 function
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inhibits vascular remodelling (Pan et al. 2007). Hence, the secretion of PLVPex bound
to active NRP1 in high amounts under hypoxia might potentially outline a survival
mechanism by which PLVP sustain fetoplacental vasculogenesis and angiogenesis in

response to reduce oxygen.

We are not the first to imply that the content of EV might have a role in the pericyte-
endothelial cross-talk communication (Caporali et al. 2017). In response to high
glucose culturing conditions, Caporali et al. showed the shedding of microparticles
bound to miR-503 by endothelial cells, and the integrin-mediated uptake in the
recipient pericytes to reduce the expression of ENFB2 and VEGFA, resulting in
impaired migration and proliferation (Caporali et al. 2015). Another group revealed that
stimulation with inflammatory cytokines and endotoxin-induced the shedding of
endothelial cell-derived EV loaded with miRs such as miR-328-3p and let-7d-3p
(Yamamoto et al. 2015). Correspondingly, microparticles uptake by pericytes
upregulated their VEGF-B mRNA and protein expression which could regulate
neovascularisation and vascular leakage after inflammatory stimuli (Yamamoto et al.
2015). However, these studies study the pericytes as the recipient target cells while
we proposed that pericytes derived exosomes play a role in the regulation of

endothelial cells’ function.

Our study has some limitations. Hypoxia might not be the only factor implicated in PE,
yet we were interested in using the available resources to establish the response of
PLVP to reduce oxygen stimulus. Furthermore, our cultured PLVP isolated from one
human placenta were purchased commercially. For this study, we were able to
determine the pro-angiogenic functions of PLVPex under different oxygen conditions.
Further investigation using primary PLVP and its derived EV from different patients

from normal and complicated pregnancies is urgently required.
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CHAPTER 6

General Discussion and Future Work

157



6. General discussion

Pregnancy is a fascinating and meaningful period in the lives of the parents-to-be and
the rest of the family, but it also accompanies extensive changes in the maternal body
systems to create and maintain a pregnancy-promoting environment. Several
complications might occur during pregnancy. PE is one of the leading causes of
maternal and perinatal morbidity and mortality, affecting 3-8% pregnancies worldwide
(World Health Organization 2011). PE can jeopardise both the mother and the unborn
fetus. The pathological mechanisms are not fully understood despite considerable
research in the field. Both maternal and placental factors are thought to play a part in
the development of the disease, including orchestrated communication between cells

and tissues.

Recently, the role of EV has generated great interest due to their vital role in cell-to-
cell communication. Notably, both microvesicles and exosomes can transfer the
intravesicular cargo of proteins and nucleic acids to their target cells in the blood
circulation, mediating intercellular communication throughout the entire circulatory
system (Yafez-Mo et al. 2015). EV derived from the placenta, specifically STBEV,
have been demonstrated to be of great importance in normal and complicated
pregnancies (Tannetta et al. 2014b, 2017b). In this thesis, we tested the hypothesis
that STBEV (isolated from normal and preeclamptic placentae) may affect the
maternal vascular and immune systems. Additionally, we investigated human PLVP,
a wholly disregarded placental cell type that wraps around the endothelium, and have
been postulated to be involved in signalling, angiogenesis and blood flow control
(Armulik et al. 2011). We tested the hypothesis that PLVP secretes essential factors
in response to hypoxia, including extracellular vesicles. Our data advances the current

research in elucidating the mechanisms by which PE might occur.

6.1. The potential effect of STBEV on maternal vascular and immune system

Following a systematic approach to identify potential vascular molecules in PE, we
encountered eNOS, an enzyme essential for the generation of NO, which it is a potent
vasodilator in circulation. We were the first to demonstrate that both STBEV groups,

STBMV and STBEX, transport functionally active bound eNOS. We confirmed that
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INOS, another enzyme known to be involved in NO production, was not expressed on
either STBMV or STBEX, thus making STBEV-eNOS the first moiety. Furthermore,
we established that eNOS co-localised with the specific placental marker, PLAP. This
co-expression was also found in the circulating vesicles of both the peripheral and
uterine vein blood, higher expression in the plasma derived from a uterine vein,

reinforcing STBEV-bound eNOS originating from the placenta.

Most importantly, we interrogated the expression and activity of plasma and placenta-
derived STBEV from both healthy and PE pregnancies. We reported STBEV-eNOS
expression and activity to be reduced in PE, significantly in STBEX bound eNOS. PE
is characterised by endothelial dysfunction, which results from generalised
vasoconstriction and reduced blood to multiple organs (Roberts et al. 1990). NO
synthesis deficiency has been shown to cause vasoconstriction and inadequate
perfusion in the feto-maternal unit (Noris, Perico & Remuzzi 2005), partly explaining
the pathogenies of PE. Our results suggest that STBEV-eNOS might contribute to the
overall decreased NO bioavailability, generally associated with the endothelial

dysfunction and overall maternal vascular manifestations seen in PE.

Calcium channel blockers (CCBs) are normally used in pregnancy and lactation to
treat hypertension, arrhythmia, PE, and to prevent premature labour and its
complications (Alabdulrazzag & Koren 2012; Jiang et al. 2015). CCBs are direct
smooth-muscle dilators that have a negative inotropic effect on the working myocardial
cells of the atria and ventricles of the heart (Katz 1986). In vascular smooth muscle
cells, entry of Ca?* through the L-type calcium channels lead to activation to myosin
light chain kinase which then leads to phosphorylation of light chain myosin, resulting
in actin-myosin cross bridging which in turn leads to vasoconstriction. CCBs block the
calcium channels resulting in vasodilation, predominantly in arteriolar smooth muscle.
Our results resonates and provides understanding to the need of this treatment in PE.
We showed that circulating eNOS bound STBMV expression is reduced in PE as well
as isolated eNOS-bound STBEV activity in comparison to normal pregnancy derived
STBEV. This means that NO synthesis via Ca?* dependent-eNOS is defective in PE

159



due to low enzyme levels, thus defective vasodilation occurs which might lead to

chronic hypertension.

We subsequently found that the NOS activity differed with gestational age, especially
in STBMV derived from PE placentae. Although we observed reduced NO production
on STBEV in PE, we realised that we should have divided STBEV between early-onset
and late-onset PE. STBEV isolated from early-onset and late-onset PE could differ in
cargo and function to target cells. Thus, we examined the possible functions of STBEV
from normal and late-onset PE placentae to recipient immune cells, specifically a
macrophage model, differentiated THP-1 macrophages. We showed that EV derived
explicitly from the STB from late-onset PE and normal placentae can be internalised
by differentiated THP-1 cells within 2 to 6 hours of treatment.

Interestingly, our data showed that STBEV derived from normal pregnancies caused
a pro-inflammatory response by THP-1 cells while those from late-onset PE hardly
altered the macrophage cytokine/chemokine profiles. Instead, STBEV from late-onset
PE suppressed inflammatory response. Additionally, within the EV groups, we
observed that STBMV, not STBEX, predominantly induced an effect on macrophages.
The pathophysiology of early-onset and late-onset PE has been previously observed
to vary (Von Dadelszen et al. 2003; Vatten and Skjaerven, 2004). However, there is
not enough evidence suggesting different cargo and functions among these two
groups. Thus, our data contribute to the progressively accumulating evidence that
early- and late-onset PE are two distinct disease aetiologies of PE. Thus, STBEV could
enter and ferry cargo into recipient cells, in this case, immune cells, enhancing or

suppressing pro-inflammatory immune response.

6.2. The possible impact of PLVPex on fetal and placental development

Capillary pericytes have been shown to be essential in immunomodulation, vessel
stabilisation and maturation, and angiogenesis and vascular homeostasis (Armulik et
al. 2011; Navarro et al. 2016). PLVP have not been examined for their association with
PE. Severe hypoxia has been associated with PE, thus, we investigated PLVP

response under normal and hypoxic conditions. We found that PLVP released high
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guantities of IL-6, IL-8, VEGF an FGF-2 under hypoxia. Furthermore, PLVP released
EV, both microvesicles as well as exosomes, in higher quantities under hypoxic

conditions.

Using PLVPex, we were also able to show, using the same number of particles, that
PLVPex can enter inside and bring out a pro-angiogenic effect on primary HUVEC.
Additionally, we indicated that PLVPex carry a cargo of proteins associated with cell
growth and maintenance, and cell communication and signal transduction. In
particular, we showed PLVPex to express PDGFRp, a pericyte marker, as well as
NRP1, ENG and VEGR2, molecules known to be involved in angiogenesis. Although
hypoxia did not alter the pro-angiogenic function of PLVPex on primary HUVEC,
reduced oxygen did induce a significant shedding of PLVPex. This might be a survival

mechanism by which PLVP responds under hypoxic conditions.

Although few researchers have implicated extracellular vesicles as a signalling
mechanism between capillary pericytes and endothelial cells (Caporali et al. 2017;
Gaceb et al. 2018), we are the first to show that PLVP secrete exosomes carrying
functional molecules that induce angiogenesis to EC. Hence, our data emphasised the
importance of including PLVP in placental biology when investigating pregnancy
complications, such as PE, due to its association with vessel formation. In addition,
we also explored the idea that the placenta can secrete extracellular vesicles which
might also signal to the fetal vasculature since PLVP wraps around the endothelium

of capillary vessels.

6.3. Future work

In Chapter 3, we have demonstrated STBEV carry active bound eNOS and that there
is an overall reduced activity in STBEV from PE placentae. Although we have
suggested that STBEV-eNOS is the central moiety synthesising low NO production, it
would be interesting to confirm eNOS activity using circulating STBEV from plasma.
Currently, it is challenging to isolate STBEV from plasma. Still, we have shown the
expression of circulating microvesicles that co-express eNOS and PLAP, and display

a low expression of eNOS+ PLAP+ levels in STBMV from PE using a method
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developed in our laboratory (Zhang et al. Unpublished). It would be interesting to
optimise this technique further and analyse both microvesicles and exosomes from
plasma. Thereby, we could use FACS to sort those STBEV co-expressing eNOS and
PLAP and test whether there is an activity difference among patient groups or among

gestational trimesters.

Furthermore, microvesicles derived from plasma of PE patients have been shown to
affect inflammation, apoptosis, and angiogenesis (Shomer et al. 2013). Accordingly,
we could use plasma derived STBEV-eNOS from normal and preeclamptic women to
treat EC and evaluate their impact on apoptosis, migration and tube formation, and
corroborate whether STBEV-eNOS is the cause of endothelial dysfunction. Lastly, in
pregnancy, endothelial dysfunction leading to hypertension is a known feature of PE.
Thus, it would be remarkable if we could optimise the measurement of vesicular levels
of eNOS specifically bound to STBEV in the plasma of healthy pregnancy and PE
patients. Techniques such as flow cytometry or ELISA could help determine whether
eNOS levels can predict which patients would develop hypertension in pregnancy.

Related to Chapter 4, a study has reported an exacerbated pro-inflammatory impact
of EV from the plasma of PE patients to THP-1 macrophages (Kovacs et al. 2018).
However, this group did not consider the different PE groups, either divided
microvesicles from exosomes, and used all circulating vesicles, not specifically those
derived from the STB. Hence, it would be interesting to analyse whether specific PLAP
positive EV from plasma from normal, early-onset, and late-onset patients induce a
similar response from THP-1 macrophages. Likewise, it would be interesting to
interrogate the protein and RNA content of circulating STBMV and STBEX, and
examine whether there are any differences among STBEV and patients’ groups.
Perhaps, after examinations of these prospective results, we could find a specific
marker for early-onset and late-onset PE, and further analyse their functions.

In Chapter 5, we showed that our PLVPex mainly carry the active dimer form of NRP1
and VEGR2, irrespective of oxygen treatment. First, it would be interesting to
interrogate whether this complex NRP1-VEGFA165-VEGR2 is fully expressed in
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PLVPex. Furthermore, whether this complex modulates angiogenesis that have been
observed in our PLVPex is unknown to us. We could do use magnetic Dynabeads to
deplete our PLVPex from this complex, followed by treatment of these with primary
HUVEC using the tube formation assay. It would also be interesting to interrogate if
other molecules involved in the VEGF/VEGFR signalling network are also present on
PLVPex.

Few protocols have been published about the isolation of capillary pericytes,
especially those derived from the human placenta. It would be most exciting to isolate
primary PLVP of placentae from normal and complicated pregnancies, such as early-
onset PE and intrauterine growth restriction. Next, it would be fascinating to
interrogate, using tube formation assays, whether PLVP from complicated
pregnancies incubated with EC function differently to those from healthy placentae.
Not only it would be remarkable to investigate the content mRNA content of these

cells, but also the protein and mRNA cargo of derived extracellular vesicles.

6.4. Conclusions

In conclusion, PE is a potentially fatal and distressing disorder for both the mother and
the fetus. EV hold a potential which could be utilised to understand further the exact
mechanisms by which the maternal and fetal manifestations of this disease may occur.
Alternatively, EV could be used as diagnostic markers to endothelial dysfunction, or to
distinguish between early and late-onset PE. The examination of EV in the unborn
fetal plasma has not yet been explored. Here, we propose that the placenta not only
sheds vesicles which may affect the maternal body systems as well as the

fetoplacental vascularisation and angiogenesis, leading to fetus growth alterations.
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