
Measurement and characterisation of

microvesicles and nanovesicles in pregnancy

and pre-eclampsia

Rebecca Dragovic

Mansfield College

Michaelmas Term 2011



i

Abstract

Measurement and characterisation of microvesicles and nanovesicles in

pregnancy and pre-eclampsia

Rebecca Dragovic, Mansfield College

A thesis submitted in partial fulfilment of the requirements for the degree of Doctor of

Philosophy at the University of Oxford, Michaelmas Term 2011

Excessive release of syncytiotrophoblast vesicles (STBM) from the placenta into the
maternal circulation may cause the inflammatory response, endothelial dysfunction and
activation of the coagulation system characteristic of pre-eclampsia (PE). Consequently,
other cell types including platelets, leukocytes, red blood cells (RBC) and endothelium
may be activated to release cellular vesicles which exacerbate the disease. This thesis
aimed to develop methodology for enumerating and phenotyping STBM and the other
vesicle types to determine whether they could be used as biomarkers for PE.

In vitro derived STBM and vesicles from the other cells of the vascular compartment were
examined to select a suitable panel of antibodies to analyse these same vesicle types in
plasma samples from non-pregnant (NonP), normal pregnant (NormP) and PE women.

Our flow cytometer was shown to detect microvesicles ≥290nm, hence smaller 
nanovesicles and exosomes could not be detected by this method. Therefore, a novel
technique for analysing both microvesicles and nanovesicles, Nanoparticle Tracking
Analysis (NTA), was explored and was found to be able to detect vesicles as small as
70nm.

The origins of the vesicles that change in pregnancy are not yet known. Flow cytometry
and NTA were used in parallel to determine the size, number and phenotype of STBM and
other cellular vesicles in NonP, NormP and PE women. Flow cytometry showed that
majority of vesicles were derived from platelets, followed by RBC vesicles, leukocyte
vesicles and STBM. NTA showed that the total number of vesicles in plasma was
significantly elevated in NormP and late-onset PE women compared to NonP controls, and
the vesicles were smaller in size. Similarly, flow cytometry showed differences in the
composition of vesicles between pregnant and non-pregnant women, demonstrating that
pregnancy affects vesicle release. However, no differences were found between NormP
and PE women. This was probably due to the majority of samples studied being from late
rather than early-onset PE. Thus, although this is the most comprehensive analysis of
circulating vesicles in pregnancy to date, their use as biomarkers for PE remains an open
question.
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1.1 Pre-eclampsia

Pre-eclampsia (PE) is a multi-system disorder of pregnancy that can be life threatening to

both mother and fetus. The condition is relatively common and affects about 3.0% of

pregnancies. PE may develop at anytime during pregnancy after 20 weeks gestation and

the maternal syndrome is characterised by the onset of clinical symptoms such as

hypertension and proteinuria. The maternal complications of PE include: renal failure,

pulmonary oedema, impaired liver function, cerebral oedema and stroke, HELLP

syndrome (haemolysis, elevated liver enzymes and low platelets) and disseminated

intravascular coagulation. The condition can be divided into two distinct entities: early-

onset PE which develops at ≤34 weeks gestation and late-onset PE which develops ≥34 

weeks The gestational age chosen to distinguish the two is arbitrary (Eastabrook et al.,

2011, Raymond and Peterson 2011) and both are related to poor pregnancy outcomes, but

evidence suggests that they are different with regard to biochemical markers, heritability

and clinical features (von Dadelszen et al., 2003, Vatten and Skjaerven 2004, Raymond

and Peterson 2011). Early on-set PE is commonly associated with incomplete placentation

and the fetus is at increased risk of intrauterine growth restriction (IUGR), whereas late-

onset PE is more associated with adequate placentation and normal fetal growth

(Eastabrook et al., 2011, Raymond and Peterson 2011). There is no predictive test

available, nor can PE be prevented and the condition will only resolve after delivery of the

baby and placenta. The fetal complications of PE that arise are most commonly associated

with inducing pre-term delivery. Very severe early on-set PE can result in fetal intrauterine

or perinatal death.

Risk factors for PE include: a personal or family history of the condition, nulliparity,

multiple pregnancy, increased maternal age, obesity, new paternity and a history of certain
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medical conditions such as hypertension, diabetes, kidney disease or antiphospholipid

syndrome (Duckitt and Harrington 2005).

1.2 Placental Pre-eclampsia

The general consensus is that PE originates in the placenta (Redman 1991). PE is typically

referred to as a “two stage disease” (Figure 1). The first (pre-clinical) stage results from

poor placentation in early pregnancy (8-18 weeks). In normal pregnancy, extravillious

cytotrophoblast cells invade the decidua to mediate spiral artery remodelling which

increases maternal blood flow to the placenta (Pijnenborg et al., 1983, Moffett-King 2002)

(Red-Horse et al., 2004). In PE, cytotrophoblast invasion is restricted and remodelling of

the spiral arteries is impaired, resulting in inadequate uteroplacental circulation causing

areas of the placenta to become hypoxic. Insufficient spiral artery remodelling may not

only reduce the volume of blood flow, but retention of their smooth muscle may also cause

periodic vasoconstriction of the spiral arteries resulting in intermittent blood flow,

triggering placental oxidative stress through ischemia/reperfusion injury (Hung and Burton

2006, Burton et al., 2009, Redman and Sargent 2009).

The reduced blood flow and generation of oxidative stress has consequences for both the

mother and fetus (second stage). The fetus may not receive adequate oxygen and nutrients

which can result in IUGR. The mother is affected by various pro-inflammatory and anti-

angiogenic factors released from the oxidatively stressed placenta into the maternal

circulation. These cause endothelial dysfunction (Roberts et al., 1989) and systemic

inflammation (Redman and Sargent 2003) both of which contribute to the maternal clinical

symptoms and signs of PE.
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Figure 1. The two-stage model of pre-eclampsia. Stage 1 of the condition develops in the first half of
pregnancy and is asymptomatic. Impaired cytotrophoblast invasion of the decidua results in poor
placentation leading to placental oxidative stress and ischemia. In stage 2 of the disorder the oxidatively
stressed placenta can affect both the mother and fetus. Placental soluble factors (e.g. sFlt-1 and Endoglin)
and syncytiotrophoblast vesicles (STBM) are released and lead to maternal systemic inflammation,
endothelial dysfunction and activation of the coagulation system. In turn this leads to the clinical signs of
pre-eclampsia. Adapted and modified from (Redman and Sargent 2009).

A mild systemic inflammatory response is also apparent in the third trimester of normal

pregnancy (Sacks et al., 1998, Redman et al., 1999). As pregnancy advances, systemic

oxidative stress increases (Gratacos et al., 1998, Morris et al., 1998) and there is evidence

showing activation of granulocytes (Rebelo et al., 1995, Sacks et al., 1998) and monocytes

(Sacks et al., 1998). In PE the inflammatory response is more exaggerated and this is

thought to be due to a plethora of placental derived factors.
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1.3 The Role of Placental Derived Factors in Pre-eclampsia

It is unlikely that the maternal syndrome of PE is caused by one sole factor. The

syncytiotrophoblast layer of the placenta is in direct contact with the maternal circulation

and has been shown to secrete many different factors, including corticotrophin releasing

hormone (CRH) (Perkins et al., 1995), activin-A (Muttukrishna et al., 1997), inhibin-A

(Muttukrishna et al., 1997), leptin (Mise et al., 1998), placental growth factor (PLGF)

(Torry et al., 1998, Thadhani et al., 2004) and free heme (Olsson et al., 2010), all of which

are altered in PE and potentially contribute to maternal systemic inflammation and

endothelial dysfunction. Of major interest is the anti-angiogenic factor Fms-like tyrosine

kinase-1 (sFlt-1). sFlt-1 is the soluble receptor for vascular endothelial growth factor

(VEGF) -1 and PLGF and its release is stimulated by hypoxia (Nevo et al., 2006). In PE

sFlt-1 levels are raised and it is thought to bind to and inactivate VEGF and PLGF, both of

which are essential factors for the maintenance of the endothelium (Maynard et al., 2003,

Levine et al., 2004). Hence, deprivation of VEGF and PLGF may induce systemic

endothelial dysfunction (Bdolah et al., 2004, Karumanchi and Bdolah 2004). Another anti-

angiogenic factor also shown to be elevated in PE is soluble endoglin, the co-receptor for

transforming growth factor (TGF) (Levine et al., 2006, Venkatesha et al., 2006).

Together these placental factors may play a role in the pathogenesis of PE. However it is

not just soluble molecules that are released from the placenta and these factors alone

cannot account for the diversity of the maternal features. Other factors must be involved

that contribute to the systemic inflammatory response and disseminated intravascular

coagulation.

There is a range of debris shed from the placenta, including deported trophoblast (20 -

100µm). Autopsies carried out on pregnant women who died for various reasons showed
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deported trophoblast trapped within the lungs and this was most commonly observed in

women with PE or eclampsia (Attwood and Park 1961). Syncytiotrophoblast vesicles

(abbreviated in this thesis to STBM) are also shed from the placenta (Jones and Fox 1980,

Jones and Fox 1991, Redman et al., 2012) and are thought to be a product of normal

turnover and renewal of the syncytial surface of the placenta by apoptosis (Huppertz et al.,

1998). Unlike deported trophoblast which are filtered out in the lungs, STBM will reach

the maternal peripheral circulation. STBM have previously been shown to be elevated in

the maternal circulation in PE (Knight et al., 1998) and these are a major focus of this

thesis.

1.4 Syncytiotrophoblast Vesicles (STBM) in Normal Pregnancy and

Pre-eclampsia

STBM can be detected in plasma from normal pregnant women in increasing amounts

from late in the first trimester onwards and levels are significantly increased in PE (Knight

et al., 1998, Germain et al., 2007). However, vesicle shedding is not unique to the

syncytiotrophoblast. Many if not all cells shed or secrete vesicles from their surface.

1.4.1 Formation and Composition of Cellular Derived Vesicles

There are three types of vesicles: microvesicles, exosomes and apoptotic bodies, all which

differ with respect to size, protein content and mode of production. Microvesicles range in

size from 100nm - 1μm and are released in response to cell activation or apoptosis. 

Microvesicles are generated by direct budding or shedding of the plasma membrane

(Figure 2). They are also sometimes referred to as microparticles or ectosomes.

Microvesicles are released in response to stimuli which lead to an increase in intracellular
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calcium levels, causing remodelling of the plasma membrane and the release of vesicles

(Hugel et al., 2005). Exosomes are smaller, their size is 30 – 100nm. These vesicles are

generated by invagination within the cell to form a structure called the endosome. Reverse

budding of the endosome membrane results in multivesicular bodies which fuse with the

plasma membrane of the cell and are released by exocytosis (Figure 2). Exosome release is

dependent on the cell type and can be released constitutively by cells or in response to

cellular activation (Théry et al., 2009). Apoptotic bodies are released from blebbing cells

undergoing apoptosis (Figure 2). They can be much larger, up to 4μm in diameter but may 

overlap in size with apoptotic microvesicles (Hristov et al., 2004). Shedding of large

apoptotic and necrotic trophoblast debris has been demonstrated in vitro (Chen et al.,

2009a, Chen et al., 2009b, Chen et al., 2010a, Chen et al., 2010b).

Figure 2. Three vesicle subtypes: Exosomes, Microvesicles and Apoptotic bodies. Exosomes (30-100nm)
are generated from reverse budding of the endosome membrane, resulting in a multivesicular body which
fuses with the plasma membrane of the cell and exosomes are released by exocytosis. Microvesicles (100nm
- 1μm) are produced by direct budding or shedding of the plasma membrane. They are released in response 
to stimuli causing an increase in intracellular calcium levels and remodelling of the plasma cell membrane.
Apoptotic bodies (1 - 4μm) are released from cells undergoing apoptosis. Figure adapted and modified from 
(Cocucci et al., 2009).
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Microvesicles and exosomes are rich in lipid rafts and generally express

phosphatidylserine on their surface (Théry et al., 2009). They have been described as

“miniature versions” of their parent cell as the orientation of the membrane is the same and

they also retain molecules expressed on the cell of origin (Théry et al., 2009). For

example, microvesicles released from platelets strongly express the integrin 3 subunit

(CD61) (Abid Hussein et al., 2003), and exosomes secreted from B-Cells or dendritic cells

are enriched with Major Histocompatibility Complex (MHC) Class I and Class II

molecules (Raposo et al., 1996, Zitvogel et al., 1998). Microvesicle phenotype may also be

influenced by the stimuli used to trigger their release (Jimenez et al., 2003). Moreover,

both vesicle subtypes contain mRNA, micro RNAs (miRNAs) and DNA (Valadi et al.,

2007, Pisetsky et al., 2011). Exosomes contain various cytoskeletal proteins, but do not

contain mitochondrial, golgi or endoplasmic reticulum proteins, indicative that their mode

of formation is different to microvesicles (Smalheiser 2007). Exosome formation has been

shown to involve protein sorting, for example during reticulocyte maturation the

transferrin receptors and GPI-anchored proteins CD55 and CD59 are incorporated into

exosomes (Denzer et al., 2000). Although there is not one particular cellular protein that

clearly distinguishes a microvesicle from an exosome, there are certain proteins that are

enriched in exosomes. These include: MHC Class I and Class II in exosomes secreted from

many different antigen presenting cells, heat shock proteins HSP70 and HSP90, the

cytoskeletal proteins actin and tubulin, and the tetraspanin protein family CD9, CD37,

CD53, CD63, CD81 and CD82 (reviewed in Denzer et al., 2000, Thery et al., 2002, Théry

et al., 2009). In this thesis the term “vesicles” will refer to both microvesicles and

exosomes unless otherwise stated. The composition of STBM in terms of microvesicles

and exosomes is not yet known.
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1.4.2 Function and Role of Cellular Derived Vesicles

Circulating vesicles may play a role in normal physiological processes including, stress

responses, inflammation and tissue regeneration (Simak and Gelderman 2006). Vesicles

are involved in cell to cell communication and cell signalling, possibly by transferring

functional molecules to the target cell. Upon release vesicles will deliver their cargo to

their target cell by one of three ways: 1) binding via a receptor, 2) direct fusion with the

target cell membrane, 3) internalisation by endocytosis (Cocucci et al., 2009) (Figure 3).

Interaction of vesicles with their target cell is a highly regulated process as vesicles will

only interact with certain types of recipient cells. For example, platelet vesicles have been

shown to interact with monocytes, but not neutrophils (Losche et al., 2004). Vesicles have

been shown to function in a variety of different ways including: 1) transferring of receptors

between cells, 2) delivering mRNAs and miRNAs to recipient cells, 3) transmission of

infectious particles including HIV and prions and 4) transferring organelles (e.g.

mitochondria between cells) (all reviewed in Ratajczak et al., 2006). Furthermore, vesicle

interaction has been shown to induce functional and phenotypic changes in the target cell;

with vesicles released from neutrophils modulating maturation of monocyte-derived

dendritic cells (Eken et al., 2008) and tumour cell derived vesicles interacting with

monocytes to alter their phenotype and biological function (Baj-Krzyworzeka et al., 2006).
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Figure 3. Interactions of vesicles with their target cell. Vesicles are released into the extracellular space
and can interact with their target cell via three different ways: 1) bind via a receptor, 2) direct fusion, 3)
internalisation via endocytosis. Vesicle interaction with its target cell is a highly regulated process and
vesicles have been shown to function in a variety of different ways. Figure adapted and modified from
(Cocucci et al., 2009).

Vesicles have been implicated in a large number of vascular pathologies where they have

been found to be elevated, including cardiovascular diseases (VanWijk et al., 2003),

rheumatoid arthritis (Distler and Distler 2010), haematological diseases (Ardoin et al.,

2007), inflammatory diseases (Ardoin et al., 2007) and cancer (Mostefai et al., 2008).

Cardiovascular diseases such as atherosclerosis and acute coronary syndrome are typically

associated with endothelial activation, vascular inflammation and coagulation, and in these

conditions endothelial, leukocyte and platelet vesicles are elevated (VanWijk et al., 2003,

Enjeti et al., 2008b). In rheumatoid arthritis there is evidence showing that elevated

leukocyte and platelet vesicles are related to the clinical features of the condition including

increased inflammation and tissue damage (Distler and Distler 2010). Measurement of

circulating vesicles in plasma raises the possibility of their use as potential prognostic and

diagnostic biomarkers for a range of clinical diseases, including PE.
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1.4.3 Syncytiotrophoblast Vesicles (STBM)

Endothelial dysfunction is central to the pathophysiology of PE and STBM have been

shown to interact with the endothelium causing dysfunction to cultured human umbilical

vein endothelial cells (HUVEC) (Smarason et al., 1993, Gupta et al., 2005b) and ex vivo

preparations of subcutaneous arteries (Cockell et al., 1997). STBM carry potent anti-

endothelial activity suppressing HUVEC proliferation and disrupting the cell monolayer to

give a honeycomb like pattern (Smarason et al., 1993). Endothelial damage is one

component of the systemic inflammatory response in PE. STBM also interact with

immune cells which are the major contributors to systemic maternal inflammation. This

was first shown by co-culture of STBM with HUVECs in vitro and the subsequent

activation of neutrophils (von Dadelszen et al., 1999). This observation was later followed

up by showing that STBM can directly activate neutrophils to stimulate superoxide

production (Aly et al., 2004).

To study the functional properties of STBM in vitro it is possible to prepare vesicles in a

variety of ways. STBM can be produced by; 1) mechanical dissection of the placenta

(mSTBM), 2) shedding from placental explants in culture (eSTBM) and 3) perfusion of

the maternal side of a placenta lobe (pSTBM). All of the early studies used mSTBM

(Smarason et al., 1993, von Dadelszen et al., 1999, Aly et al., 2004), which may not be as

representative of the in vivo material as eSTBM or pSTBM (Gupta et al., 2005b).

Flow cytometry analysis has shown that monocytes will bind STBM in vivo (Germain et

al., 2007). This observation has recently been extended by a study in our laboratory

showing that pSTBM in vitro will bind both monocytes and B cells (Southcombe et al.,

2011). Furthermore pSTBM, but not mSTBM have been shown to stimulate pro-
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inflammatory cytokine (tumour necrosis factor- (TNF-, interleukin (IL)-18, IL-12 and

interferon  (IFN) release from cultured peripheral blood mononuclear cells (PMBC)

(Gupta et al., 2005a, Germain et al., 2007). Three separate studies have shown that it is

specifically the monocytes that are stimulated to produce pro-inflammatory cytokines

(TNF-, IL-1a, IL-1b, IL-6 and IL-8) in response to pSTBM (Morelli 2006, Messerli et

al., 2010, Southcombe et al., 2011). More recently, an up-regulation of PBMC secretion of

many cytokines and chemokines was observed in response to eSTBM from pre-eclamptic

placentas opposed to eSTBM from normal term placentas (Holder et al., 2012).

The first study to measure STBM in vivo from plasma was carried out in our laboratory

using an in house ELISA with an anti-placental alkaline phosphatase antibody (NDOG2)

used to capture the STBM. STBM were detected in the third trimester of normal pregnancy

and in significantly higher concentrations in PE (Knight et al., 1998). In a subsequent

study, circulating STBM were detected as early as the late first trimester of normal

pregnancy and were shown to increase throughout normal pregnancy gestation (Germain et

al., 2007). Moreover, the significant elevation of STBM in PE compared to normal

pregnancy seen in the original study (Knight et al., 1998) was confirmed (Germain et al.,

2007). In a further study the differences in STBM levels between normal pregnancy and

PE was found to be greater in early-onset PE (≤ 34 weeks gestation) compared to late- 

onset PE (≥34 weeks gestation) (Goswami et al., 2006). However there was no difference

in STBM levels in women with normotensive IUGR compared to controls (Goswami et

al., 2006). STBM levels have also been examined during labour (Reddy et al., 2008).

Significantly more STBM were detected in the maternal circulation in PE women during

labour compared to pre-labour, however no difference was detected in normal pregnant

women (Reddy et al., 2008). The enhanced STBM shedding in labour may be a cause of
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post-partum worsening of PE. By measuring changes in STBM levels in the maternal

circulation prior to the onset of the disorder, STBM have the potential to be used as a

biomarker for PE.

1.5 Measurement of Cellular Derived Vesicles

Cellular vesicles can be isolated and measured in cell-culture supernatants, blood, urine

and saliva (Théry et al., 2006). To date, much of the research investigating in vivo derived

cellular vesicles has been carried out using plasma. Many different detection methods are

available, all of which have advantages and disadvantages associated with them. There are

three main methodologies: 1) flow cytometry, 2) capture based ELISA and, 3)

transmission electron microscopy. The advantages and disadvantages of these techniques

are outlined in Table 1.

Method of Detection Advantage(s) Disadvantage(s)

Flow Cytometry Quantitative
Biological samples can be analysed
directly (although sometimes
preliminary concentration of the
sample may be required)
Simultaneous analysis of multiple
antigens

Expensive
Experienced operator required
Size limitation (sensitivity of standard
flow cytometers is ~500nm and digital
flow cytometers ~300nm)

Capture Based ELISA Quantitative Detects only a single antigen at a time
Detects soluble antigens
No information on cellular vesicle size

Transmission Electron
Microscopy

Measure all vesicle sizes
Immunolabelling of vesicles
Analyse internal structure

Expensive
Experienced operator required
Vesicle undersizing (due to fixation and
shrinkage)
Not quantitative

Table 1. The three main methodologies used to analyse vesicles. The advantages and disadvantages
associated with all methods. Table adapted and modified from (Harrison and Gardiner 2010).

The most widely used method to investigate vesicles is flow cytometry. This technique is

typically used to analyse cells, but when analysing much smaller sized vesicles it is
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associated with a number of technical limitations and standardisation issues (Gelderman

and Simak 2008). One of the major limiting factors is resolving vesicles from the

instrument electronic noise and this can be highly variable between instruments. Analogue

flow cytometers can only resolve vesicles down to ~500nm whereas newer digital

instruments are reported to analyse vesicles of ≥300nm (Perez-Pujol et al., 2007), but both

are probably only analysing a fraction of the total vesicles. Most studies use the

phosphatidylserine probe Annexin V to define vesicles, however it is now evident that not

all vesicles expose phosphatidylserine on their surface (Shet et al., 2003, Perez-Pujol et al.,

2007). Immunophenotyping of vesicles is used to identify their origin, using either direct

or indirect conjugated antibodies. Most studies investigating in vivo derived cellular

vesicles from plasma phenotype vesicles using single- or double-antibody labelling.

1.6 Hypothesis for the Pathogenesis of Pre-eclampsia

It is hypothesised that the release of STBM into the maternal circulation may cause the

inflammatory response, endothelial dysfunction and activation of the coagulation system

characteristic of PE. This in turn leads to the activation and release of cellular vesicles

from other cell types, including the endothelium, platelets, red blood cells (RBC) and

leukocytes to further exacerbate the disease (Figure 4). By measuring STBM (the cause) in

parallel with other circulating derived vesicles (the consequence) the prediction and

monitoring of the condition may be improved. STBM thus may have the potential to be

used as predictive biomarkers of the maternal disorder, whereas the other circulating

vesicles may be used diagnostically when the disorder is underway. The populations of

vesicles present in the maternal circulation are incompletely characterised. There is an

absolute requirement for improved approaches to address this issue.



15

Figure 4. Hypothesis for the pathogenesis of pre-eclampsia. Poor placentation results in placental
oxidative stress and ischemia. This triggers the release of STBM into the maternal circulation leading to
systemic inflammation, endothelial dysfunction and activation of the coagulation system, which in turn
results in the release of vesicles from leukocytes, endothelium, RBC and platelets. STBM has potential to be
used as a predictive marker, whereas the other cellular derived vesicles could be used as diagnostic markers.
Measuring these vesicles together may improve the prediction and monitoring of the condition.

1.7 Aims and Hypotheses of this Thesis

In the introduction to this thesis, previous work in our laboratory has been described

showing that STBM are shed from the placenta during pregnancy and using an ELISA

these STBM were shown to be significantly elevated in PE compared to normal pregnancy

(Knight et al., 1998, Germain et al., 2007). Furthermore, STBM have been shown to

interact with the maternal immune and endothelial cells. The hypothesis for the

pathogenesis of PE is presented above in Section 1.6. The analyses of vesicles released

from the placenta and from other cells of the vascular compartment have been limited by
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the detection methods available and by an inability to address issues such as differences in

vesicle size and composition. For example, the levels of STBM measured using an ELISA

measures the entire population of vesicles (microvesicles, nanovesicles and vesicles >1μm) 

and cannot discriminate vesicles of different sizes or the level of surface PLAP. New

technological advances in instrumentation and methodologies have become available for

improved characterisation of STBM and other circulating derived vesicles.

Hypotheses

- Vesicles are present in the maternal circulation at a size too small previously to have

been detected and individually characterised.

- Circulating STBM released in the maternal circulation is altered in PE compared to

normal pregnancy.

- STBM triggers the release of other cellular vesicles from the vascular compartment

(platelets, RBC, endothelium and leukocytes) and these too are altered in PE compared to

normal pregnancy and non-pregnancy.

Aims

The overall aim of the thesis was to develop methodology for counting and phenotyping

STBM and other cellular vesicles to determine whether they could be used as biomarkers

for PE. Previous studies using flow cytometry to investigate cellular derived vesicles in

plasma from normal pregnant and PE women have produced conflicting data. Differences

in flow cytometry instrumentation and methodologies, including their isolation from

plasma, antibody choice and labelling procedures, probably account for the variation

between studies.
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Chapter 2 describes the optimisation of our digital flow cytometer for the detection and

enumeration of vesicles. Following this, panels of antibodies were tested on in vitro

derived vesicles from a variety of cell types found in plasma to examine antibody

specificity. These data were used to select a suitable panel of antibodies to analyse vesicles

in vivo in plasma samples in non-pregnant (NonP), normal pregnant (NormP) and PE

women (presented in Chapter 4).

During the course of chapter 2, it became apparent that there are large numbers of vesicles

present that are undetectable by flow cytometry due to their small size. This led me to

investigate an alternative method for analysis of vesicles, Nanoparticle Tracking Analysis

(NTA), and its use is explored in Chapter 3.

The final aim of this thesis was to use flow cytometry and NTA to determine the number,

size and phenotype of STBM and other cellular derived vesicles in normal pregnancy and

PE. This is investigated in Chapter 4.
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Chapter 2

Measurement of in vitro cellular derived vesicles

using flow cytometry
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2.1 Introduction

2.1.1 Flow Cytometry Instrument Set-up for Vesicle Analysis

Flow cytometry is the method most used to analyse cellular derived vesicles from culture

supernatants or blood. This technique measures the size and granularity of vesicles from

the laser light they scatter at 180 (forward light scatter - FSC) and 90 (side scatter –

SSC) respectively. Flow cytometry is quantitative in that the number of vesicles in a

sample can be determined using reference beads. Its major advantage is that vesicles can

be phenotyped using fluorescent antibodies, ligands or dyes.

Typically, flow cytometers are set-up to visualise cells. However, vesicles cannot be

analysed using the standard instrument settings for cells as they are too small to be

detected at these settings. It is therefore necessary to adjust the voltages of the FSC and

SSC detectors so that they can detect particles in the size range of cellular vesicles. This is

done using size calibration beads (Aras et al., 2004, Enjeti et al., 2007, Perez-Pujol et al.,

2007, Ayers et al., 2011). It is important to note that the ability of a flow cytometer to

detect vesicles varies greatly between instruments. Most reports in the literature use older

analogue instruments which have a sensitivity of ~500nm, whereas the newer digital

cytometers can analyse vesicles down to ~300nm (Perez-Pujol et al., 2007). The first aim

of this chapter was therefore to investigate the sensitivity of our laboratory’s digital flow

cytometer to determine its ability to size, quantify and phenotype cellular vesicles.

2.1.1.1 Measuring STBM and Other Cellular Vesicles Using Flow Cytometry

One of the primary aims of this thesis was to develop a flow cytometry method to count

and phenotype STBM in plasma from normal pregnant and PE women and distinguish
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these from other types of vesicles that are also released into the maternal circulation

including those derived from platelets, RBC, endothelial cells and leukocytes

(lymphocytes, monocytes and granulocytes). To do this requires a panel of markers which

can be used in parallel to distinguish the specific populations of vesicles released from the

different cell types.

To determine which markers should be included in this panel, vesicles were derived from

pure populations of the different cell types in vitro. This was done in different ways

depending on the cell type. STBM were prepared simply by perfusing the maternal side of

a placental lobe (pSTBM). However, other cell types need to be activated to shed vesicles

in vitro. There are many studies using a variety of agonists to stimulate vesicles from

different cell types. For example, calcium ionophore A-23187 (A-23187) is a common

agonist used to generate vesicles from platelets (Abid Hussein et al., 2003, Perez-Pujol et

al., 2007, Trummer et al., 2008) and RBC (Hugel et al., 1999, Salzer et al., 2002,

Trummer et al., 2008, Nantakomol et al., 2011) whereas endothelial cells can be

stimulated to release vesicles using TNF-α (Combes et al., 1999, Jimenez et al., 2001,

Sabatier et al., 2002).

With respect to vesicle markers, Annexin V is the most widely used. However its binding

is dependent on the availability of phosphatidylserine on the cell membrane and it is

evident that not all vesicles expose sufficient phosphatidylserine on their surface to be

detected by Annexin V (Shet et al., 2003, Perez-Pujol et al., 2007). Other markers such as

Lactadherin can be used as an alternative to Annexin V as it has a higher affinity for

phosphatidylserine (Shi et al., 2004). Alternative markers which label cell membranes

independent of phosphatidylserine are now being explored to better define the total
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number of vesicles present. These include calcein acetoxymethyl ester (calcein AM)

(Bernimoulin et al., 2009), phalloidin (Mobarrez et al., 2010), SYTO 13 (Ullal et al.,

2010) and Bio-Maleimide (Enjeti et al., 2008a), the use of which has been investigated in

this thesis. The antibodies used to phenotype the vesicles were chosen based on literature

searches, whereby positive staining was evident for the cell type of interest.

In vitro derived vesicles provide the ideal platform to test and verify whether cell specific

antibodies that recognise and bind surface antigens on cells can also bind the vesicles

derived from them. Once suitable vesicle markers and specific antibodies are identified

they could be used in a multi-colour flow cytometry assay to analyse in vivo derived

vesicles in plasma.

2.2 Aims

1. To optimise our digital flow cytometer for the detection of STBM and other

cellular derived vesicles using standard size calibration beads.

2. To generate in vitro derived vesicles from placenta and a variety of cell types

found in the plasma pool to examine antibody specificity.

3. To define a suitable panel of antibodies that could subsequently be used to analyse

STBM and other types of cellular vesicles in plasma samples in non-pregnant,

normal pregnant and PE women.
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2.3 Materials and Methods

2.3.1 Flow Cytometry Instrument Set-up for Vesicle Analysis

A BD LSRII Flow Cytometer (BD Biosciences, Oxford UK) equipped with a 488nm

(blue) and 633nm (red) laser was used for vesicle analysis. Logarithmic voltages were

used for all channels and a side scatter (SSC) threshold of 200 (arbitrary units) was set. To

help obtain optimal flow cytometry settings for measuring vesicles, fluorescent 1m

Fluoresbrite YG microspheres (Polysciences Europe GmbH, Eppelheim, Germany) and

NIST polystyrene YG microspheres; 200nm, 290nm, 390nm, 590nm (Thermo Scientific,

Fremont, CA) were used. Beads were diluted to achieve a flow rate of ~170-250

events/sec (see Materials and Methods Section 2.3.4.1) in phosphate buffered saline (PBS)

which had been filtered through a Whatman Anotop 0.1m filter to remove particulate

debris (Scientific Laboratory Supplies, Nottingham, UK). Data were analysed using BD

Diva 5.03 software.

2.3.2 Preparation of In vitro Derived Vesicles

2.3.2.1 Placenta

Placental syncytiotrophoblast vesicles (pSTBM) were prepared in the laboratory by Dr

Dionne Tannetta using a dual placental perfusion system (Southcombe et al., 2011).

Placentas were obtained after caesarean section from normal healthy women with

informed consent. In brief, an individual placental lobule was isolated and the fetal

circulation was perfused at a rate of 5 mL/min with 0.1µm filtered medium (Medium 199

with L-glutamine and Earle’s salts, supplemented with 0.8% (w/v) Dextran 20, 0.5% (w/v)

bovine serum albumin (BSA), 5000 U/L sodium heparin and 2.75g/L NaHCO3, pH 7.4)

containing a 20ml bolus of 100,000 IU streptokinase, to prevent blood clots. The whole
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placenta was turned upside down and laid inside a Perspex water jacket maintained at

37°C. The maternal circulation was then perfused with oxygenated (95% O2, 5% CO2)

medium (Medium 199 with l-glutamine and Earle’s salts, supplemented with 0.5% (w/v)

BSA, 5000 U/L sodium heparin and 2.75g/L NaHCO3, pH 7.4) at a rate of 20 mL/min for

three hours. Following this, the maternal perfusate was centrifuged in a Beckman J6-M

centrifuge at 600  g for 10 min at 4°C. The remaining supernatant was centrifuged at

150,000  g (max) for 1 hour at 4°C in a Beckman L8-80M ultracentrifuge. The resultant

pellets were pooled and washed in PBS and then resuspended in PBS to a final total

protein concentration of 5mg/ml. Protein content was determined by using a Pierce BCA

protein assay kit (Thermo Scientific, Illinois, USA). pSTBM were stored in aliquots at -

80°C until use. These studies were approved by the Oxfordshire Research Ethics

Committee C.

2.3.2.2 Platelet Vesicles

Blood was taken from three healthy volunteers after obtaining informed consent (this study

approved by the Oxfordshire Research Ethics Committee C). Platelet vesicles were derived

as previously described (Abid Hussein et al., 2003), but with slight modification. Blood

was drawn through a 20-gauge needle into 4.5ml 0.105M buffered sodium citrate

vacutainers (BD Biosciences) and processed immediately. Blood was centrifuged at 200 

g for 15min at room temperature to generate platelet rich plasma (PRP). PRP was

centrifuged at 1000  g for 20min at room temperature, the supernatant was discarded and

the platelet pellet was resuspended in 10ml of Tyrode buffer (136.9 mmol/L NaCl,

11.9mmol/L NaHCO3, 5.6mmol/L glucose, 2.7mmol/L KCl, 1.0mmol/L MgCl2H2O and

0.36mmol/L NaHPO42H2O (all from Sigma-Aldrich, Dorset, UK)) pH 6.5 containing
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0.25% w/v BSA and 2mmol/L Ethylenediaminetetraacetic acid (EDTA) (both from Sigma-

Aldrich). The platelet suspension was then washed by centrifugation at 1000  g for 20min

at room temperature. The supernatant was discarded and the platelet pellet was

resuspended in 0.5ml Tyrode buffer (pH 7.4) containing 2mmol/L CaCl2 (Sigma-Aldrich).

Platelets were counted by flow cytometry using Trucount Beads (BD Biosciences)

following the manufacturer’s instructions and adjusted to 5x107/ml. Platelets were then

analysed by flow cytometry (using various markers of interest described below in

Materials and Methods 2.3.3) and 200μl aliquots containing 1x107 platelets were used to

generate vesicles. These were activated using 2.5mol/L calcium ionophore A-23187 (A-

23187) (Sigma-Aldrich) and incubated at 37°C for 20min. After 20min 5mmol/L EDTA

(Sigma-Aldrich) was added to each tube to stop the activation process and the platelets

were pelleted by centrifugation at 1000  g for 20min at room temperature. The

supernatant containing the platelet vesicle population was analysed using flow cytometry.

2.3.2.3 Red Blood Cell (RBC) Vesicles

Blood from healthy volunteers was taken after obtaining informed consent. RBC vesicles

were derived with slight modification as previously described (Hugel et al., 1999). Blood

was drawn through a 20-gauge needle into a 4.5ml 0.105M buffered sodium citrate

vacutainer. Blood was centrifuged at 200  g for 15min. The PRP was discarded and the

pelleted RBCs were washed twice with PBS. RBCs were resuspended in PBS containing

2mmol/L CaCl2. Aliquots of RBCs (~1x107/ml) were stimulated with 5mol/L A-23187

for 30min at 37°C. After incubation, 5mmol/L EDTA was added to each aliquot to stop the

activation process and the stimulated RBCs were centrifuged for 30sec at 12,000  g to

pellet RBCs and the vesicle containing supernatant was collected and analysed by flow

cytometry.
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2.3.2.4 Human Umbilical Vein Endothelial Cells (HUVEC) Vesicles

HUVEC were prepared from human umbilical cords by Dr Dionne Tannetta using a

previously described method (Jaffe et al., 1973). Three HUVEC preparations from

different cords were used. HUVEC (2x106) stored in liquid N2 were thawed, washed free

of Dimethyl sulfoxide (DMSO; Sigma Aldrich) and cultured in M199 medium

supplemented with 0.03mg/ml endothelial growth supplement, 90g/ml heparin, 50 IU/ml

penicillin-streptomycin, 2mmol/L l-glutamine (all from Sigma-Aldrich) and 10% (v/v)

fetal bovine serum (FBS; PAA Laboratories, GmbH, Austria), in a 175cm2 flask pre-

coated with 1% (v/v) gelatin (Sigma-Aldrich). Upon confluency HUVEC were seeded into

6 well plates coated with 1% gelatin at a density of 1x105 per well. HUVEC at passage 3, 8

and 6 were used in three experiments. Confluent HUVEC were washed in PBS and

cultured in 0.1m filtered medium ± treatment (six wells/per treatment) as follows; media

alone, 5ng/ml IL-1(Invitrogen Ltd, Paisley, UK)for 12 hours, 5mol/L Camptothecin

(CPT; Sigma-Aldrich) for 24 hours to induce apoptosis and 0.5% DMSO (vehicle control

for CPT) for 24 hours. These agonists were chosen based on previous reports in the

literature (Simak et al., 2002, Hussein et al., 2003). After incubation, culture supernatants

were collected and cells were removed by centrifugation at 1000  g for 3min. The

supernatant containing the endothelial vesicles was centrifuged at 150,000  g (max) for 1

hour at 4°C in a Beckman L8-80M ultracentrifuge. As a control, 0.1m filtered medium

was also centrifuged under the same conditions. The pellets were resuspended in PBS and

analysed by flow cytometry. Any background events/contaminating particles found in the

control 0.1m filtered medium pellet were subtracted from the final flow cytometry

analysis.
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2.3.2.5 Monocyte and Lymphocyte Vesicles

Blood samples (30-40ml) from three healthy volunteers were obtained after informed

consent. Blood was collected into sodium heparin anti-coagulant (10U/ml) and peripheral

blood mononuclear cells (PBMC) were prepared by density gradient centrifugation over

lymphoprep (Axis Shield Diagnostics, Cambridgeshire, UK). Cells were washed once in

PBS containing 1% (v/v) FBS at 2000  g for 10min and a second time in 1% (v/v)

FBS/PBS at 1200  g for 10min. PBMC were counted and separated into monocytes and

lymphocytes using immunomagnetic anti-CD14 MicroBeads, according to the

manufacturer’s instructions (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).

Monocyte and lymphocyte purity was determined using flow cytometry (~95%).

Monocytes and lymphocytes were cultured in 0.1m filtered RPMI medium (Sigma-

Aldrich), supplemented with 10% FBS, 50 IU/ml penicillin-streptomycin and 2mmol/L l-

glutamine. Monocytes (5x105) were cultured in 12 well plates alone or treated with 1g/ml

Lipopolysaccharide (LPS; Sigma-Aldrich) to induce activation for 5 hours and 10 mol/L

A-23187 was added at the end of the culture for 15 min. This stimulus was chosen based

on data showing vesicle generation from the monocytic cell line THP-1 (Aharon et al.,

2008).

Lymphocytes (1x106) were seeded into 12 well plates and were cultured with the following

treatments; untreated (4 and 20 hours), + 10ng/ml phorbol myristate acetate (PMA)

(Sigma-Aldrich) to induce activation, + 2mol/L ionomycin (Sigma-Aldrich) for 4 hours,

or 1mol/L staurosporine (STS; Sigma-Aldrich), an apoptosis-inducing reagent, for 20

hours. Treatment with PMA/ionomycin is a common method used to induce T Cell

activation and has been used previously to stimulate vesicle release from Jurkat cells

(Distler et al., 2005). STS treatment has also been shown to stimulate vesicle release from
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Jurkat cells and peripheral blood lymphocytes (Reich and Pisetsky 2009, Kornek et al.,

2011).

After incubation at the various time intervals, culture supernatants were removed and cells

pelleted by centrifugation at 400  g for 5min. The remaining supernatant containing the

monocyte/lymphocyte vesicles was centrifuged at 150,000  g (max) for 1 hour at 4°C in a

Beckman L8-80M ultracentrifuge. As a control, 0.1m filtered medium was also

centrifuged under the same conditions. The resultant pellets were resuspended in PBS and

analysed by flow cytometry.

2.3.2.6 Granulocyte Vesicles

Blood samples (20ml) were obtained from three healthy volunteers after informed consent.

Blood was collected into sodium heparin anti-coagulant (10U/ml) and granulocytes were

prepared by step density gradient centrifugation over Percoll (GE Healthcare Life

Sciences, Little Chalfont, UK). Stock isotonic Percoll was prepared by dissolving 9 parts

Percoll (density 1.13g/ml) with 1 part 1.5 Mol/L NaCl (Sigma Aldrich). Isotonic Percoll

was diluted with 0.15mol/L NaCl to a density of 1.0776g/ml and 1.090g/ml. A

discontinuous gradient using isotonic Percoll was prepared as follows: 1.090g/ml isotonic

Percoll was overlaid with 1.0776g/ml isotonic Percoll and blood was then carefully

pipetted onto the top of the gradient and the tube was centrifuged at 350  g for 20min.

After centrifugation the granulocytes were removed and washed once in PBS containing

1% (v/v) FBS at 2000  g for 10min and a second time in 1% (v/v) FBS/PBS at 1200  g

for 10min. Granulocytes were counted and further enriched using immunomagnetic anti-

CD15 MicroBeads, according to the manufacturer’s instructions (Miltenyi Biotec).

Granulocyte purity was determined using flow cytometry. Granulocytes were cultured in
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0.1m filtered RPMI medium (Sigma-Aldrich), supplemented with 10% FBS, 50 IU/ml

penicillin-streptomycin and 2mmol/L l-glutamine. Granulocytes (1x106) were cultured in

12 well plates for 18 hours. Granulocytes cultured in vitro will undergo apoptosis after 18

hours in culture (Pletz et al., 2004).

After incubation, culture supernatants were removed and cells pelleted by centrifugation at

400  g for 5min. The remaining supernatant containing the granulocyte vesicles was

centrifuged at 150,000  g (max) for 1 hour at 4°C in a Beckman L8-80M ultracentrifuge.

As a control, 0.1m filtered medium was also centrifuged under the same conditions. The

resultant pellets were resuspended in PBS and analysed by flow cytometry.

2.3.3 Flow Cytometry of Platelets, RBCs, HUVEC, Monocytes, Lymphocytes and

Granulocytes

2.3.3.1 Fluorescent Cell Membrane Dye and Monoclonal Antibodies

Table 2 shows the fluorescent cell membrane dye, antibodies and matching isotype control

antibodies that were employed in this study. The choice of antibodies used in this study to

identify a panel of markers that would discriminate each vesicle population derived from

the different cells in the vascular compartment and the syncytiotrophoblast was based on:

1) literature searches of previous studies demonstrating positive labelling for the cell type

of interest and, 2) referring to The Human Protein Atlas (http://www.proteinatlas.org/)

showing the distribution of proteins for each cell type. Table 2 shows that certain antigens

are expressed on more than one cell type. For example Endoglin, or CD105 is typically

used as an endothelial cell marker, however it is also known to be expressed on the

syncytiotrophoblast layer of the placenta (Gougos et al., 1992). Also, Glycoprotein IIIa, or
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CD61 is commonly used as a platelet marker, but CD61 antigen is also found on

endothelial cells and the syncytiotrophoblast layer of the placenta (Bowen et al., 2000).

Therefore it was important to test each parent cell and the vesicles derived from it with

each panel shown in Table 3 and also test antibodies for cross reactivity to evaluate cell

specificity. Ultimately this would help to identify a suitable panel of antibodies that could

be used to analyse in vivo derived vesicles in plasma.

Fluorescent Label,
Antibody/Isotype Control

Clone
Final
Concentration Specificity

Bio-Maleimide (BODIPY FL N-
(2aminoethyl) maleimide)

a

Not
Applicable

0.25μM Thiol reactive dye. General Cell
membrane marker.

IgG1-PE
b MOPC-21 2.5μg/ml 

CD3-PE
b UCHT1 2.5μg/ml T cells, NK-T cells

IgG1-APCCy7
b MOPC-21 5μg/ml 

CD4-APCCy7
b RPA-T4 5μg/ml 

Thymocytes, subset of T cells,
macrophages (low levels), dendritic
cells (low levels)

IgG1-Alexa-647
c MOPC-21 2.5μg/ml 

CD14-Alexa-647
c HCD14 2.5μg/ml Monocytes, Macrophages,

Granulocytes (low levels)

IgG1-PECy7
d 679.1Mc7 0.25μg/ml 

CD41 (Glycoprotein IIb)
PECy7

d
P2 0.25μg/ml Platelets, Megakaryocytes, early

embryonic hematopoietic stem cells.

CD45-APCCy7
b 2D1 5μg/ml Hematopoietic cells except platelets

and mature erythrocytes

IgG1-PECy7
b MOPC-21 2.5μg/ml

CD45-PECy7
b HI30 2.5μg/ml Hematopoietic cells except platelets

and mature erythrocytes

CD61 (Glycoprotein IIIa)
PECy7

d
SZ21 0.25μg/ml 

Platelets, Megakaryocytes,
Syncytiotrophoblast, Osteoclasts,
Endothelial cells.

IgG1-APC
b MOPC-21 2.5μg/ml 

CD62-E (E-selectin) APC
b 68-5H11 2.5μg/ml Activated endothelial cells, bone

marrow, placenta.

IgG1-FITC
c 2.5μg/ml 

CD66b-FITC
c 80H3 2.5μg/ml Mature granulocytes
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Fluorescent Label,
Antibody/Isotype Control

Clone
Final
Concentration Specificity

IgG1-PE
e 11711 0.5μg/ml 

CD105 (Endoglin) PE
e 166707 0.5μg/ml 

Vascular endothelial cells, Activated
monocytes, Tissue macrophages,
Stromal fibroblasts (low levels),
Syncytiotrophoblast

IgG1-APC
f P3 2.5μg/ml 

CD144 (VE-cadherin) APC
f 16B1 2.5μg/ml Endothelial cells

IgG1-Alexa-647
g MOPC-21

0.125μg/ml  

2.5μg/ml 

CD146 (MUC18, Mel-CAM)
Alexa-647

g
OJ79c 0.125μg/ml 

Endothelial cells, Melanoma cells,
Epithelial cells, Fibroblasts, Activated T
cells, Mesenchymal stromal cells,
Activated keratinocytes

IgG2b-PECy5
g MPC-11 0.05.μg/ml 

CD235a/b (Glycophorin A and
Glycophorin B) PECy5

g
HIR2 0.05μg/ml Red blood cells, Erythroid precursors

IgG2a-Alexa-647
c

MRC OX-
34

2.5μg/ml 

HLA (Human Leukocyte
Antigen) Class I (W6/32)-Alexa-
647

c

W6/32 2.5μg/ml 
All hematopoietic cells, but not red
blood cells. Platelets and endothelial
cells

IgG1-PE
e

(conjugated using
RPE Lightning Link kit)

h
11711 3μg/ml 

NDOG2-PE (conjugated using
RPE Lightning Link kit)

h

Not
Applicable

3μg/ml Syncytiotrophoblast

IgG1-FITC
e

(conjugated using
FITC Lightning Link kit)

h
11711 3μg/ml 

NDOG2-FITC (conjugated
using FITC Lightning Link kit)

h

Not
Applicable

3μg/ml Syncytiotrophoblast

Table 2. Fluorescent labels, antibodies and isotype controls used in experiments. a Molecular Probes;
Invitrogen, Paisley, UK. b BD Biosciences, Oxford, UK. c AbD Serotec, Kidlington, UK. d Beckman Coulter,
High Wycombe, UK. e R&D Systems Europe Ltd, Abington, UK. f eBioscience, Ltd, Hatfield, UK. g

Biolegend UK Ltd, Cambridge, UK. h Innova Biosciences Ltd, Cambridge, UK.
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Cell Type Antibodies

Platelets CD61 CD41 W632

RBC CD235a/b

HUVEC CD61 CD62E CD105 CD144 CD146 W6/32

Monocytes CD14 CD45 W6/32

Lymphocytes CD3 CD4 CD45 W6/32

Granulocytes CD45 CD66b W6/32

Syncytiotrophoblast NDOG2

Table 3. Antibody panels used to label cell types of interest.

All of the antibodies were mouse monoclonals and were purchased directly conjugated to

the appropriate fluorochrome, with the exception of NDOG2 antibody and corresponding

IgG1 isotype control antibody. NDOG2 is a trophoblast specific antibody that recognises

placental alkaline phosphatase (PLAP) (Sunderland et al., 1981). NDOG2 and the

appropriate IgG control antibodies were conjugated to R-Phycoerythrin (RPE) or

Fluorescein isothiocyanate (FITC) using a Lightning Link kit (Innova Biosciences,

Cambridge, UK) according to the manufacturer’s instructions.

2.3.3.2 Antibody Labelling and Flow Cytometry Analysis

Platelets and RBCs

Isolated platelets and RBCs were incubated for 15min in the dark at room temperature

with a single-colour antibody and the matched isotype control. Platelets and RBCs were

labelled individually with markers outlined in Table 4 and appropriately matched isotype

control antibodies. Following incubation, platelets and RBCs were diluted with PBS and

analysed collecting 10,000 events in total.
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HUVEC

Confluent HUVEC at the same passage used for generating vesicles were washed with

PBS and harvested with Accutase (PAA Laboratories) according to the manufacturer’s

instructions. HUVEC were centrifuged at 1500  g for 3min and resuspended in 1% (v/v)

FBS/PBS. 2.5x105 HUVEC were incubated with 10l of Fc receptor (FcR) blocking

reagent (Miltenyi Biotec) for 10min at 4°C and then incubated in the dark at room

temperature for 15min with a single-colour antibody and respective matched isotype

control. HUVEC were labelled with the markers outlined in Table 4 and appropriately

matched isotype control antibodies. Following incubation, HUVEC were washed at 1700

 g for 3min and resuspended in 300l of 1% (v/v) FBS/PBS. A total of 10,000 events

were analysed by flow cytometry.

Lymphocytes, Monocytes and Granulocytes

Isolated lymphocytes, monocytes and granulocytes were centrifuged at 1500  g for 3min

and resuspended in 1% (v/v) FBS/PBS. 2.5x105 lymphocytes, 2.5x105 monocytes and 5 x

105 granulocytes were incubated with 10l of FcR blocking reagent for 10min at 4°C

followed by incubation with single colour antibody and respective matched isotype control

antibody for 15min at room temperature in the dark. Lymphocytes, monocytes and

granulocytes were incubated with markers outlined in Table 4 and appropriately matched

isotype control antibodies. After incubation, cells were washed at 1700  g for 3min,

resuspended in 300l of 1% (v/v) FBS/PBS and analysed by flow cytometry collecting

10,000 total events.

All flow cytometry gates were set at 1% using isotype controls.
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2.3.4 Flow Cytometry of In vitro Derived Vesicles Isolated from the Placenta,

Platelets, RBCs, HUVEC, Monocytes, Lymphocytes and Granulocytes

2.3.4.1 Antibody Labelling and Flow Cytometry Analysis

Prior to use, all antibodies, FcR blocking reagent and Bio-Maleimide were filtered through

Nanosep 0.2m centrifugal devices (Pall Life Sciences, Portsmouth, UK). PBS was

filtered through Whatman Anotop 0.1m filters (Scientific Laboratory Supplies).

Prior to running vesicle samples, filtered PBS was analysed for two minutes to assess the

level of background contaminating events (typically <5%) and these were subtracted from

total vesicle counts. In order to label the same number of vesicles per sample, all in vitro

derived vesicle preparations were firstly diluted with PBS and analysed by flow cytometry.

Samples were diluted with a given volume of PBS whereby 20,000-30,000 total events

(~170-250 events/sec) were collected within two minutes. 50l of vesicle sample was

incubated with 10l of FcR blocking reagent for 10min at 4°C. Next, samples were single

labelled with a panel of antibodies and respective isotype controls for 15min at room

temperature in the dark. Vesicles were labelled with the following antibodies and

respective isotype control antibodies as listed in Table 4. Following incubation, samples

was diluted with PBS and analysed by flow cytometry. Each sample was acquired for two

minutes.
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Placental Vesicles HUVEC Vesicles
- Bio-Maleimide - Bio-Maleimide
- CD61-PECy7 - CD61-PECy7
- CD41-PECy7 - CD41-PECy7
- W6/32-Alexa-647 - W6/32-Alexa-647
- CD235a/b-PECy5 - CD235a/b-PECy5
- CD146-Alexa-647 - CD146-Alexa-647
- NDOG2-PE - NDOG2-PE
- CD105-PE - CD144-APC
- CD144-APC - CD105-PE

- CD62E-APC
Platelet and RBC Vesicles

- Bio-Maleimide Monocyte Vesicles
- CD61-PECy7 - Bio-Maleimide
- CD41-PECy7 - CD61-PECy7
- W6/32-Alexa-647 - CD41-PECy7
- CD235a/b-PECy5 - W6/32-Alexa-647
- CD146-Alexa-647 - CD14-Alexa-647
- NDOG2-PE - CD45-APCCy7

- CD235a/b-PECy5
Lymphocyte Vesicles - CD146-Alexa-647

- Bio-Maleimide - NDOG2-PE
- CD61-PECy7
- CD41-PECy7 Granulocyte Vesicles
- W6/32-Alexa-647 - Bio-Maleimide
- CD3-PE - CD61-PECy7
- CD4-APCCy7 - CD41-PECy7
- CD45-APCCy7 - W6/32-Alexa-647
- CD235a/b-PECy5 - CD66b-FITC
- CD146-Alexa-647 - CD45-PECy7
- NDOG2-PE - CD235a/b-PECy7

- CD146-Alexa-647
- NDOG2-PE

Table 4. Fluorescent cell membrane dye and antibodies used to label in vitro derived vesicles.

Multi-colour flow cytometry was carried out on the pSTBM. The BD Biosciences

Fluorescence Spectrum Viewer (http://www.bdbiosciences.com/research/multicolor/

spectrum_viewer/index.jsp) was used to help select suitable combinations of fluorophores.

Fluorochrome compensation was set-up using BD CompBeads (polystyrene beads that

bind any mouse kappa light chain bearing immunoglobulin) (BD Biosciences) and a single

stain using Bio-Maleimide labelled pSTBM. It was also necessary to perform fluorescence

minus one (FMO) controls. FMO controls combine all reagents except the one of interest.

For example, the FMO control for NDOG2-PE would combine all reagents in a single

cocktail except for NDOG2-PE which would be replaced with the IgG1-PE isotype control
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antibody. FMO controls are the only way to properly evaluate background fluorescence in

a given channel and are a must in order to set gates. In a multi-colour experiment it is

impossible to set accurate gates based solely on a single tube containing all isotype

controls (Herzenberg et al., 2006, Mahnke and Roederer 2007).

2.3.5 Immunogold Transmission Electron Microscopy of pSTBM

Immunogold Transmission Electron microscopy of pSTBM was carried out by Prof. David

Ferguson (Nuffield Dept of Clinical and Laboratory Science, Oxford). In brief,

formvar/carbon coated grids were floated on 50μl of pSTBM. Grids were washed on drops 

of PBS and immunogold labelling was performed as follows; pSTBM grids were labelled

on a drop of NDOG2 (1:50) in PBS for 20 minutes and then washed in PBS. pSTBM grids

were then placed on a drop of secondary goat anti-mouse (1:25) conjugated to 10nm

colloidal gold and incubated for 20 minutes. Following incubation, grids were washed in

PBS, fixed with glutaraldehyde, washed in distilled water and negatively stained with 1%

methyl tungstenate. Grids were then examined in the electron microscope (Model JEOL

1200EX, JEOL Ltd UK).

2.3.6 Statistics

Each data set was first tested for a Guassian distribution by using a Shapiro-Wilk

normality test and for equal variance using a Levene Median test. Data sets comparing two

groups were analysed using a t-test. In data sets found to pass both the normality and equal

variance test and that contained three or more treatment groups, a One Way ANOVA was

performed. Whereby data were found to be significantly different, all pairwise multiple

comparisons were made using a Holm-Sidak test. For non-parametric data a Kruskal-
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Wallis One Way ANOVA on Ranks was performed and significant differences were

identified using a multiple comparisons Tukey test. Values of p<0.05 were considered to

be significant. SigmaPlot 12.0 (Systat Software, USA) was used for data analysis.

2.4 Results

2.4.1 Flow Cytometer Instrument Set-up for Vesicle Analysis

Experiments were carried out to evaluate the sensitivity of the BD LSRII flow cytometer

for vesicle analysis. A range of fluorescent beads 200nm, 290nm, 390nm, 590nm and

1m) were analysed on forward scatter (FSC) and side scatter (SSC) (Figure 5A). A SSC

threshold of 200 (arbitrary units) was used as this is the lowest value possible on the

LSRII. A high level of background instrument noise (determined by running 0.1m

filtered PBS) was present within the 200nm bead population at these settings, therefore the

FSC and SSC voltages were lowered and a gate was set to include beads of only 300nm –

1m (Figure 5B). Subsequently, minimal background noise was detectable.

To calculate vesicle concentrations we first investigated the use of BD Trucount Beads

(3.0-3.4μm) following the manufacturer’s instructions. Each BD Trucount tube contains a 

known number of fluorescent beads to provide a standard for calculating the absolute

count of vesicles/ml of solution. Typically, the sample of interest is added directly to the

BD Trucount tube and analysed by flow cytometry to determine an absolute cell count.

However, we found that BD Trucount tubes contained many contaminating particles of a

size which fell within the vesicle gate (Figure 5C) and could therefore not be used in the

conventional way. We therefore developed an alternative method to determine absolute

vesicle counts based on the instrument flow rate. 500μl of PBS was added to a BD 
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Trucount tube and acquired for two minutes on the “LO” flow rate (~12μl/min) setting. 

Two BD Trucount tubes were run at the beginning of each experiment and one at the end

to monitor the flow rate. We have found this method to be very accurate and reliable for

total vesicle counts (i.e. typical inter-assay CV of 3% and intra-assay CV of 4% over a one

month period). Prior to each experiment a tube of 0.1m filtered PBS was run for two

minutes to assess the level of background contaminating events (Figure 5D). These results

clearly demonstrate that by using a conventional flow cytometer only a portion of the total

cellular vesicles (>300nm) can be detected. Hence, we can analyse a sub-population of

microvesicles by flow cytometry, however nanovesicles are too small and cannot be

measured using this method. Hence, the figures in this chapter only show microvesicle

populations.

Figure 5. LSRII flow cytometry instrument set up. A) FSC vs. SSC dot plot of fluorescent microspheres
(200nm – 1m) and visualisation of instrument “background noise”, B) SSC & FSC voltages adjusted to
visualise microspheres at ≥290nm and establishment of ≤1m gate at the lowest SSC threshold setting, C)
Trucount beads analysed for two minutes and visualization of background particles present from the
Trucount beads, D) Two minute analysis of 0.1m filtered PBS using settings to visualise vesicles ≥ 290nm. 
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2.4.2 Flow Cytometric Analysis and Immunogold labelling of Placental

Syncytiotrophoblast Vesicles (pSTBM)

Placental syncytiotrophoblast vesicles (pSTBM) from eight normal placentas were pooled

and analysed using five-colour flow cytometry. It was essential to perform multi-colour

analysis in order to establish the degree of purity of the pSTBM population. Using the dual

placental perfusion system it is probable that vesicles from other cell types, such as those

found in blood may also be included in the final pSTBM pellet. As the pSTBM

preparations are not a homogenous population, two parameter histograms were used for

the analysis. pSTBM were labelled with a five colour panel consisting of; Bio-Maleimide,

NDOG2, CD61 or CD41, CD235a/b and W6/32. Gates were set using fluorescence minus

one (FMO) with isotype controls. >90% of the pSTBM were <1μm (Figure 6A) and 

majority (~94%) labelled positive with Bio-Maleimide and the placental marker NDOG2

(Figure 6B). pSTBM were also found to label positive for the platelet markers CD61 and

CD41, whereby >75% expressed CD61 (Figure 6C) and a subset (27.4%) expressed CD41

(Figure 6D). Only 1% of the pSTBM labelled with the RBC marker CD235a/b (Figure 6E)

and ~3% with the MHC Class I marker W6/32 (Figure 6F). The NDOG2 antibody

labelling of pSTBM was confirmed by immunogold transmission electron microscopy

(Figure 7).
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Figure 6. Flow cytometry analysis of pSTBM. A) FSC vs. SSC dot plot of pSTBM (>90% are <1μm). 
Double labelling of pSTBM, B) Bio-Maleimide vs. NDOG2, C) CD61 vs. NDOG2, D) CD41 vs. NDOG2.
E) CD235a/b vs. NDOG2, F) W6/32 vs. NDOG2. Data show percentage positive pSTBM. Percentages have
been adjusted to account for background contaminating particulates.
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Figure 7. Immunogold labelling of pSTBM with NDOG2 antibody.

The endothelial cell-like characteristics of the syncytiotrophoblast have made it difficult to

find an endothelial cell specific marker that does not cross react with the

syncytiotrophoblast. pSTBM were double labelled with the placental marker NDOG2 and

the endothelial cell markers CD146, CD144 or CD105. CD146 was not expressed on

pSTBM (Figure 8A) and only a very small amount of pSTBM expressed CD144 (Figure

8B). In contrast, the vast majority of pSTBM expressed CD105 (Figure 8C).

Figure 8. Flow cytometry analysis of endothelial cell markers on pSTBM. Double labelling of pSTBM
A) NDOG2 vs. CD146, B) NDOG2 vs. CD144, C) NDOG2 vs. CD105. Data show percentage positive
pSTBM. Percentages have been adjusted to account for background contaminating particulates.
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2.4.3 Flow Cytometric Analysis of Platelets and In vitro Derived Platelet

Vesicles

In this study platelet vesicles were generated from three healthy control subjects by

activation with A-23187, as described in Materials and Methods Section 2.3.2.2. Platelets

were identified by a FSC vs. SSC plot and by using a FSC threshold of 400 (arbitrary

units) which allows analysis of platelets 1μm and above (Figure 9A). Phenotypic analysis 

was carried out by labelling with a panel of antibodies (as described above in Materials

and Methods 2.3.3.1). In all three individuals platelets labelled with Bio-Maleimide

(Figure 9B) and stained ~100% positive for CD41 (Figure 9C), CD61 (Figure 9D) and

human leukocyte antigen (HLA) Class I (Figure 9E). No positive staining was detected

when platelets were labelled with the endothelial cell marker CD146 (Figure 9F), placental

marker NDOG2 (Figure 9G) or red blood cell marker CD235a/b (Figure 9H).

Figure 9. Flow Cytometry analysis of platelets. A) Representative FSC vs. SSC dot plot of isolated
platelets. Representative histograms of platelets showing the percentage of positive labelling with B) Bio-
Maleimide, C) CD41, D) CD61, E) W6/32, F) CD146, G) NDOG2, H) CD235a/b.
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Using a SSC threshold of 200 and 300nm cut-off gate, platelet vesicles were then

identified using a logarithmic FSC vs. SSC plot (Figure 10A). In all three individuals the

majority (>97%) of platelet vesicles were <1μm. Representative histograms of the 

percentage positive labelling of platelet vesicles are shown for; Bio-Maleimide (Figure

10B), CD41 (Figure 10C), CD61 (Figure 10D), HLA Class I (Figure 10E), CD146 (Figure

10F), PLAP (Figure 10G) and CD235a/b (Figure 10H).

Figure 10. Flow Cytometry analysis of platelet vesicles. A) Representative FSC vs. SSC dot plot of
platelet vesicles. Representative histograms of platelet vesicles showing the percentage of positive labelling
with B) Bio-Maleimide, C) CD41, D) CD61, E) W6/32, F) CD146, G) NDOG2, H) CD235a/b. Percentages
have been adjusted to account for background contaminating particulates.

Similar to the phenotyping of platelets, positive staining was detected on platelet vesicles

labelled with Bio-Maleimide (Figure 11A), CD41 (Figure 11B) CD61 (Figure 11C) and

HLA Class I using W6/32 (Figure 11D). The expression of Bio-Maleimide and all these
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vesicles expressed no CD146 (

(Figure 11G).

Figure 11. Flow cytometry analysis of antigen e
from three individual experiments showing the
CD41, C) CD61, D) W6/32, E) CD146,

) stimulated with A-23187. Percentages have been adjusted to account for background contaminating
particulates. Bars represent Mean ± SE. p

antigens was however significantly reduced as compared to platelets. Platelets and pla

vesicles expressed no CD146 (Figure 11E), PLAP (NDOG2) (Figure

. Flow cytometry analysis of antigen expression on platelets and platelet vesicles.
from three individual experiments showing the percentage of positive staining with

CD146, F) NDOG2 and G) CD235a/b on platelets (
23187. Percentages have been adjusted to account for background contaminating

tes. Bars represent Mean ± SE. p values (*p<0.05. **p<0.01) compare platelets vs. platelet vesicles.
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antigens was however significantly reduced as compared to platelets. Platelets and platelet

Figure 11F) or CD235a/b

xpression on platelets and platelet vesicles. Data are
percentage of positive staining with A) Bio-Maleimide, B)

) and platelet vesicles(
23187. Percentages have been adjusted to account for background contaminating

values (*p<0.05. **p<0.01) compare platelets vs. platelet vesicles.
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2.4.4 Flow Cytometric Analysis of Red Blood Cells (RBCs) and In vitro Derived

RBC Vesicles

Isolated RBCs were identified by a logarithmic FSC vs. SSC plot and using a FSC

threshold of 1000 (arbitrary units). Figure 12A shows a representative FSC vs SSC plot of

RBCs. Phenotypic analysis of RBCs showed positive staining with Bio-Maleimide (Figure

12B) and the RBC marker CD235a/b (Figure 12C), which recognises the sialglycoproteins

Glycophorin A and Glycophorin B. RBCs were tested for cross reactivity with other

antibodies including; CD41 (Figure 12D) and CD61 (Figure 12E), W6/32 (Figure 12F),

CD146 (Figure 12G) NDOG2 (Figure 12H), no positive staining was detected.

Figure 12. Flow Cytometry analysis of RBCs. A) Representative FSC vs. SSC dot plot of RBCs.
Representative histograms of RBCs showing the percentage of positive labelling with B) Bio-maleimide, C)
CD235a/b, D) CD41, E) CD61, F) W6/32, G) CD146, H) NDOG2.
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Similar to platelets, RBCs were also stimulated with A-23187 to generate RBC vesicles.

This resulted in two very distinct populations of vesicles when looking at the FSC vs. SSC

plot (Figure 13A). Representative histograms are shown of RBC vesicle labelling with

Bio-Maleimide (Figure 13B), CD235a/b (Figure 13C), CD41 (Figure 13D), CD61 (Figure

13E), HLA Class I as detected using W6/32 (Figure 13F), CD146 (Figure 13G) and PLAP

using NDOG2 (Figure 13H).

Figure 13. Flow Cytometry analysis of RBC vesicles. A) Representative FSC vs. SSC dot plot of RBC
vesicles. Representative histograms of RBC vesicles showing the percentage of positive labelling with B)
Bio-maleimide, C) CD235a/b, D) CD41, E) CD61, F) W6/32, G) CD146, H) NDOG2. Percentages have
been adjusted to account for background contaminating particulates.

The same pattern of staining that was observed for RBCs was evident with the RBC

derived vesicles. 100% of the RBC vesicles labelled positive with Bio-Maleimide (Figure

14A). >90% of the RBC vesicles labelled positive for CD235a/b but compared to RBCs,



the expression of CD235a/b on the vesicles was significantly reduced (

expression of CD41 (Figure

(Figure 14F) or PLAP (Figure

Figure 14. Flow cytometry analysis of antigen expression on RBCs and RB
three individual experiments showing the percentage of positive staining with
CD235a/b, C) CD41, D) CD61,
stimulated with A-23187. Percentages
particulates. Bars represent Mean ± SE. p

the expression of CD235a/b on the vesicles was significantly reduced (

Figure 14C), CD61 (Figure 14D), HLA Class I (Figure

Figure 14G) was present on the RBC vesicles.

. Flow cytometry analysis of antigen expression on RBCs and RBC vesicles
three individual experiments showing the percentage of positive staining with A)

CD61, E) W6/32, F) CD146 and G) NDOG2 on RBCs ( ) and
23187. Percentages have been adjusted to account for background contaminating

tes. Bars represent Mean ± SE. p value (*p<0.05) compare RBCs vs. RBC vesicles.

46

the expression of CD235a/b on the vesicles was significantly reduced (Figure 14B). No

Figure 14E), CD146

C vesicles. Data are from
A) Bio-Maleimide, B)
) and RBC vesicles( )

have been adjusted to account for background contaminating
value (*p<0.05) compare RBCs vs. RBC vesicles.
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2.4.5 Flow Cytometric Analysis of HUVEC and In vitro Derived HUVEC Vesicles

HUVEC isolated from three different cords were examined for expression of Bio-

Maleimide and multiple surface antigens (as described in Materials and Methods 2.3.4.1)

Representative histograms of staining are shown in Figure 15. A FSC threshold was set at

5000 (arbitrary units) and HUVEC were first identified by their scatter properties (Figure

15A). All HUVEC labelled positive with Bio-Maleimide (Figure 15B) and expressed

CD61 (Figure 15C), HLA Class I (Figure 15D), CD146 (Figure 15E), CD144 (vascular

endothelial cadherin; Figure 15F) and CD105 (Endoglin; Figure 15G). Low amounts of

CD41 were expressed (Figure 15H) and no expression of CD62E (E-Selectin; Figure 15I),

PLAP (Figure 15J) or CD235a/b (Figure 15 K) was detected.

Figure 15. Flow cytometry analysis of HUVEC A) Representative FSC vs. SSC dot plot of HUVEC
Representative histograms of HUVEC showing the percentage of positive labelling with B) Bio-maleimide,
C) CD61, D) W6/32 E) CD146, F) CD144, G) CD105, H) CD41, I) CD62E, J) NDOG2, K) CD235a/b.
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HUVEC vesicles were generated by stimulating HUVEC with the apoptosis inducing

agent camptothecin (CPT) (Simak et al., 2002) or with the pro-inflammatory cytokine

interleukin 1 alpha (IL-1α) (Abid Hussein et al., 2003). Total vesicle counts were

significantly increased when HUVEC were cultured in the presence of CPT for 24 hours

compared to the 0.5% DMSO culture medium control (Figure 16). However, no increase

in HUVEC vesicle count was observed in the 12 hour IL-1 treated HUVEC as compared

to the 12 hour culture media control (Figure 16).

Figure 16. Total HUVEC vesicle counts as measured by flow cytometry. 12 hour stimulation of HUVEC
vesicles measured in culture medium only (Control) or with IL-1 5ng/ml (IL-1). 24 hour stimulation of
HUVEC vesicles measured in 0.5% DMSO culture medium (DMSO Control) or with CPT 5μM (CPT). Bars 
represent Mean ± SE. Results are of three independent experiments. * p<0.05 CPT vs. DMSO Control.

Representative histograms of CPT stimulated HUVEC vesicles are shown in Figure 17.

Figure 17A shows the scatter profile (FSC vs. SSC) of the HUVEC vesicles. HUVEC

vesicles were labelled with Bio-Maleimide (Figure 17B), CD61 (Figure 17C), W6/32
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(Figure 17D), CD146 (Figure 17E), CD144 (Figure 17F) and CD105 (Figure 17G), CD41

(Figure 17H), CD62E (Figure 17I), NDOG2 (Figure 17J) or CD235a/b (Figure 17K).

No expression of the cell surface antigens CD41 (Figure 18A), PLAP (Figure 18B) or

CD235a/b (Figure 18C) was detected on HUVEC vesicles. CD62E expression was not

found on resting HUVEC, however IL-1 stimulated HUVEC did express CD62E (data

not shown) as did vesicles from IL-1 stimulated HUVEC (Figure 18D). The percentage

of positive staining with Bio-Maleimide (Figure 18E) and the expression of CD105

(Figure 18F), CD61 (Figure 18G), W6/32 (Figure 18H), CD146 (Figure 18I) and CD144

(Figure 18J) were all significantly reduced in the vesicles from IL-1- and CPT-stimulated

HUVEC as compared to HUVEC. No significant differences in Bio-Maleimide staining or

antigenic phenotype were detected when comparing the two different activation methods

(vesicles from IL-1 or CPT-stimulated HUVEC) with their respective controls or to

each other.
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Figure 17. Flow cytometry of HUVEC vesicles from CPT stimulation. Representative flow cytometry
histograms of CPT stimulated HUVEC vesicles. A) FSC vs. SSC profile of HUVEC vesicles. HUVEC
vesicle labelling; B) Bio-Maleimide, C) CD61, D) W6/32, E) CD146, F) CD144, G) CD105, H) CD41, I)
CD62E, J) NDOG2, K) CD235a/b. Percentages have been adjusted to account for background contaminating
particulates.



Figure 18. Flow cytometry analysis of antigen expression on HUVEC and HUVEC vesicles.
from three individual experiments showing the
C) CD235a/b, D) CD62E, E) Bio
HUVEC ( ) and HUVEC (
Percentages have been adjusted to account for background contaminating particulates.
with the interquartile range. p values (*p<0.05. **p<0.01, ***p<0.001) compare HUVEC vs. Control, IL
DMSO Control and CPT HUVEC vesicles.

Flow cytometry analysis of antigen expression on HUVEC and HUVEC vesicles.
from three individual experiments showing the percentage of positive staining with A)

Bio-Maleimide, F) CD105, G) CD61, H) W6/32, I) CD146 and
( ) vesicles stimulated with IL-1, CPT and their respective controls.

Percentages have been adjusted to account for background contaminating particulates.
values (*p<0.05. **p<0.01, ***p<0.001) compare HUVEC vs. Control, IL

DMSO Control and CPT HUVEC vesicles.
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Flow cytometry analysis of antigen expression on HUVEC and HUVEC vesicles. Data are
A) CD41, B) NDOG2,

CD146 and J) CD144 on
, CPT and their respective controls.

Percentages have been adjusted to account for background contaminating particulates. Bars represent median
values (*p<0.05. **p<0.01, ***p<0.001) compare HUVEC vs. Control, IL-1,
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2.4.6 Flow Cytometric Analysis of Monocytes and In vitro Derived Monocyte

Vesicles

Monocytes were isolated from PBMCs using immunomagnetic anti-CD14 MicroBeads.

The purity of the isolation method was first assessed by identifying and gating the

monocyte population based on their FSC and SSC characteristics using a FSC threshold of

35,000 (arbitrary units). >90% of isolated cells were within the monocyte gate (Figure

19A). Secondly, monocytes were incubated with an antibody toward CD14, a monocyte

marker, and in all three individuals CD14 expression was >99% (Figure 19B). Monocytes

were also tested for antibody cross reactivity by labelling with a panel of antibodies (as

described in Materials and Methods 2.3.3.2) and the membrane marker Bio-Maleimide.

Representative histograms showing the percentage of positive staining with Bio-

Maleimide and for each antibody in the panel is shown in Figure 19C-J.
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Figure 19. Flow cytometric analysis of monocytes after CD14 magnetic bead isolation. A) FSC vs. SSC
profile of monocytes. Representative histograms showing the percentage of positive labelling with B) CD14,
C) Bio-Maleimide, D) W6/32, E) CD45, F) CD61 G) CD41, H) CD235a/b, I) NDOG2 and J) CD146.

Monocytes were stimulated to produce vesicles using a combination of LPS and A-23187,

following a previously described method (Aharon et al., 2008) used to stimulate the

release of vesicles from the monocyte cell line THP-1. A 2.7-fold increase (p=0.08) in

monocyte vesicles was observed in the group stimulated with LPS + A-23187 as compared

to the control (monocytes in culture medium) (Figure 20).
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Figure 20. Flow Cytometric analysis of monocyte-derived vesicles stimulated using LPS + A-23187. 5
hour stimulation of monocyte vesicles measured in culture medium only (Control) or after treatment with
1g/ml LPS + 10mol/L A-23187. Bars represent Mean ± SE. Results are from three independent
experiments.

Representative histograms of LPS + A-23187 vesicles are shown in Figure 21. A FSC vs.

SSC profile of the monocyte vesicles after stimulation with LPS + A23187 is shown in

Figure 21A. Monocyte vesicles stimulated using LPS + A-23187 were labelled with Bio-

Maleimide, CD14, W6/32, CD45, CD61 and CD41 (Figure 21B-G). No expression of

PLAP, CD235a/b or CD146 was observed on monocyte cells but due to the limited

number of vesicles available it was not possible to test monocyte vesicles for the

expression of these antigens.
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Figure 21. Flow cytometry of monocyte vesicles stimulated using LPS + A-23187. Representative
histograms of monocyte derived vesicles stimulated using LPS + A-23187. A) FSC vs. SSC profile of
monocyte vesicles. Percentage of positive labelling with B) Bio-Maleimide, C) CD14, D) W6/32, E) CD45,
F) CD61 and G) CD41. Percentages have been adjusted to account for background contaminating
particulates in culture media alone.

Greater than 95% of the control monocyte vesicles or those released after stimulation with

LPS + A-23187 were Bio-Maleimide positive (Figure 22A). In comparison to monocyte

cells, a significant decrease in the expression of CD14 (Figure 22B) and CD45 (Figure

22C) was observed in control and LPS + A-23187 stimulated monocyte vesicles. HLA

Class I expression using the marker W6/32 (Figure 22D) was significantly lower on the

control (50%) and LPS + A-23187 (60%) monocyte vesicles as compared to monocyte

cells (100%). Similarly, CD61 (Figure 22E) expression was also significantly reduced on

the control (39%) and LPS + A-23187 (34.5%) monocyte vesicles as compared to

monocyte cells (99%). Due to sample size constraints, CD41 expression was examined



only on vesicles derived from LPS + A

22F) was significantly reduced on vesicles in comparison to monocyte cells. Of

antigens examined, HLA Class I

monocyte vesicles using the marker W6/32

Figure 22. Flow cytometry analysis of antigen expression on monocyte and monocyte vesicles.
from three independent experiments showing the percentage of positive staining with
CD14, C) CD45, D) W6/32, E
stimulated ± LPS + A-23187. Percentages have been adjusted to account for background contaminating
particulates in culture media alone. Bars represent Mean ± SE. p values (*p<0.05, **p<0.01 and
***p<0.001) compare monocytes vs. contro

only on vesicles derived from LPS + A-23187 stimulation. Expression of CD41 (

significantly reduced on vesicles in comparison to monocyte cells. Of

HLA Class I was shown to be the most highly expressed antigen on the

using the marker W6/32.

ometry analysis of antigen expression on monocyte and monocyte vesicles.
from three independent experiments showing the percentage of positive staining with

E) CD61 and F) CD41 on monocytes ( ) and monocyte vesicles (
Percentages have been adjusted to account for background contaminating

particulates in culture media alone. Bars represent Mean ± SE. p values (*p<0.05, **p<0.01 and
***p<0.001) compare monocytes vs. control and LPS + Calcium Ionophore A-23187 lymphocyte vesicles.
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23187 stimulation. Expression of CD41 (Figure

significantly reduced on vesicles in comparison to monocyte cells. Of all the

was shown to be the most highly expressed antigen on the

ometry analysis of antigen expression on monocyte and monocyte vesicles. Data are
from three independent experiments showing the percentage of positive staining with A) Bio-Maleimide, B)

monocyte vesicles ( )
Percentages have been adjusted to account for background contaminating

particulates in culture media alone. Bars represent Mean ± SE. p values (*p<0.05, **p<0.01 and
23187 lymphocyte vesicles.
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2.4.7 Flow Cytometric Analysis of Lymphocytes and In vitro Derived

Lymphocyte Vesicles

To determine the most suitable marker to use for the detection of lymphocyte vesicles in

vivo and to check for antibody cross reactivity we tested a panel of antibodies using in

vitro derived lymphocyte vesicles. The antibody panel (as described in Materials and

Methods 2.3.3.2) was first tested on lymphocytes which were isolated from PBMCs by

negative selection using immunomagnetic anti-CD14 MicroBeads. The purity of the

lymphocyte population was >90% as determined by their FSC and SSC characteristics

(Figure 23A) and labelling with a lymphocyte marker anti-CD3. Representative histograms

showing the percentage of lymphocyte positive labelling are shown in Figure 23B-K.
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Figure 23. Flow cytometric analysis of lymphocytes. A) FSC vs. SSC profile of lymphocytes.
Representative histograms showing the percentage of positive labelling with B) Bio-Maleimide, C) CD3, D)
CD45, E) CD4, F) W6/32, G) CD61, H) CD41 I) CD235a/b, J) NDOG2 and K) CD146.

Lymphocytes were stimulated to produce vesicles using PMA + ionomycin, a common

method used to activate T Cells in vitro or with the apoptosis-inducing reagent STS.

Stimulation with PMA + ionomycin or STS resulted in a similar number of lymphocyte

vesicles (Figure 24). The number of vesicles was elevated, but not significantly in the 20

hour control group compared to the 4 hour control group. This was probably a reflection of
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the culture time period. The number of PMA + ionomycin vesicles was increased

compared to the control group (lymphocytes in culture medium), however this was not

significant (Figure 24). Vesicle number in the STS stimulated lymphocytes was not

different to that of the control group (Figure 24).

Figure 24. Flow cytometry total lymphocyte vesicle counts. 4 hour stimulation of lymphocyte vesicles
measured in culture medium only (Control) or with 10ng/ml PMA + 2mol/L Ionomycin. 20 hour
stimulation of lymphocyte vesicles measured in culture medium only (Control) or with 10μmol/L 
staurosporine (STS). Bars represent Mean ± SE. Results are of 3 independent experiments.

Representative histograms of vesicles stimulated from lymphocytes using PMA +

ionomycin or STS are shown in Figure 25 and Figure 26 respectively. A FSC vs. SSC

profile of the vesicles from lymphocytes treated with PMA + ionomycin is displayed in

Figure 25A. These vesicles were labelled with Bio-Maleimide (Figure 25B), CD3 (Figure

25C), W6/32 (Figure 25D), CD45 (Figure 25E), CD4 (Figure 25F) and CD61 (Figure

25G).
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Figure 25. Flow cytometry of lymphocyte vesicles after stimulation using PMA + ionomycin.
Representative histograms of PMA + Ionomycin stimulated lymphocyte vesicles. A) FSC vs. SSC profile of
lymphocyte vesicles. Percentage of positive labelling with B) Bio-Maleimide, C) CD3, D) W6/32, E) CD45,
F) CD4 and G) CD61. Percentages have been adjusted to account for background contaminating particulates
in culture media alone.

Figure 26A shows a representative FSC vs. SSC profile of the vesicles from lymphocytes

stimulated with STS. These vesicles were labelled with Bio-Maleimide (Figure 26B), CD3

(Figure 26C), W6/32 (Figure 26D), CD45 (Figure 26E), CD4 (Figure 26F) and CD61

(Figure 26G). No expression of PLAP, CD235a/b or CD146 was observed on lymphocyte

cells and due to the limited number of vesicles available it was not possible to test

lymphocyte vesicles for the expression of these antigens.
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Figure 26. Flow cytometry of lymphocyte vesicles after stimulation using Staurosporine (STS).
Representative histograms of STS stimulated lymphocyte vesicles. A) FSC vs. SSC profile of lymphocyte
vesicles. Percentage of positive labelling with B) Bio-Maleimide, C) CD3, D) W6/32, E) CD45, F) CD4 and
G) CD61. Percentages have been adjusted to account for background contaminating particulates in culture
media alone.

More than 95% of the lymphocyte vesicles labelled with Bio-Maleimide (Figure 27A).

Compared to lymphocyte cells a significant reduction in the expression of CD3 on vesicles

was observed from the 4 hour control, PMA + ionomycin, 20 hour control and STS

stimulated lymphocytes (Figure 27B). The decrease in CD3 expression on the vesicles

derived from stimulation with PMA + ionomycin was significantly greater than that of the

vesicles stimulated using STS (Figure 27B). Furthermore, the expression of CD45 (Figure

27C) and CD4 (Figure 27D) on lymphocyte vesicles in the 4 hour control, PMA +

ionomycin, 20 hour control and STS treatment groups was significantly decreased

compared to lymphocyte cells. Expression of HLA Class I on lymphocyte vesicles from all
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the different treatment groups was lower as compared to lymphocyte cells, however this

reduction was not significant (Figure 27E). Approximately one third of lymphocytes were

found to express CD61 on their surface (Figure 27F). Greater than 60% of lymphocyte

vesicles derived from the 4 hour control group and 75% derived from the PMA +

ionomycin treatment group expressed CD61 (Figure 27F). Interestingly, significantly

fewer lymphocyte vesicles were shown to express CD61 when lymphocytes were

stimulated with STS compared to PMA + ionomycin (Figure 27F).



Figure 27. Flow cytometry analysis of antigen expression on lymphocytes and lymphocyte vesicles.
Data are from three independent experiments showing the percenta
Maleimide, B) CD3, C) CD45,
vesicles ( ) stimulated ± PMA + ionomycin.
contaminating particulates in culture media alone. Bars represent Mean ± SE. p values (**p<0.01 and
***p<0.001) compare lymphocytes vs. treatment groups and between treatment groups.

. Flow cytometry analysis of antigen expression on lymphocytes and lymphocyte vesicles.
from three independent experiments showing the percentage of positive staining with

, D) CD4, E) W6/32 and F) CD61 on lymphocytes (
) stimulated ± PMA + ionomycin. Percentages have been adjusted to account for background

ulates in culture media alone. Bars represent Mean ± SE. p values (**p<0.01 and
***p<0.001) compare lymphocytes vs. treatment groups and between treatment groups.
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. Flow cytometry analysis of antigen expression on lymphocytes and lymphocyte vesicles.
ge of positive staining with A) Bio-

on lymphocytes ( ) and lymphocyte
Percentages have been adjusted to account for background

ulates in culture media alone. Bars represent Mean ± SE. p values (**p<0.01 and
***p<0.001) compare lymphocytes vs. treatment groups and between treatment groups.
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2.4.8 Flow Cytometric Analysis of Granulocyte Vesicles

Granulocytes were isolated using a step density Percoll gradient and further enriched using

immunomagnetic anti-CD15 MicroBeads. The purity of the isolation method was first

assessed by identifying and gating the granulocyte population based on their FSC and SSC

characteristics using a FSC threshold of 35,000 (arbitrary units). >90% of isolated cells

were within the granulocyte gate (Figure 28A). Granulocytes were labelled with an

antibody against CD66b, a granulocyte marker, and expression was >99% in all three

individuals (Figure 28B). Granulocytes were further tested for antibody cross reactivity by

labelling with a panel of antibodies (as described in Materials and Methods 2.3.3.2) and

the membrane marker Bio-Maleimide. Representative histograms showing the percentage

of positive staining with Bio-Maleimide and for each antibody in the panel are shown in

Figure 28C-J.



65

Figure 28. Flow cytometric analysis of granulocytes after CD15 magnetic bead isolation. A) FSC vs.
SSC profile of granulocytes. Representative histograms showing the percentage of positive labelling with B)
CD66b, C) Bio-Maleimide, D) W6/32, E) CD45, F) CD61 G) CD41, H) CD235a/b, I) NDOG2 and J)
CD146.

Vesicle release was measured from granulocytes cultured in vitro for 18 hours. Unlike

monocytes and lymphocytes, granulocytes were not stimulated with an agonist to induce

vesicle production as granulocytes cultured alone for 18 hours undergo apoptosis (Pletz et

al., 2004) and hence will release large numbers of vesicles as shown in Figure 29.
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Figure 29. Flow cytometry total granulocyte vesicle counts. Granulocyte vesicles measured in culture
medium after 18 hours. Bar shows Median with the interquartile range. Results are of 3 independent
experiments.

Representative histograms of granulocyte vesicles are shown in Figure 30. A FSC vs. SSC

profile of the granulocyte vesicles is displayed in Figure 30A. These vesicles were labelled

with Bio-Maleimide (Figure 30B), CD66b (Figure 30C), W6/32 (Figure 30D), CD45

(Figure 30E), CD61 (Figure 30F) and CD41 (Figure 30G), CD235a/b (Figure 30H),

NDOG2 (Figure 30I) and CD146 (Figure 30J).

The majority (>95%) of the granulocyte vesicles were Bio-Maleimide positive (Figure

31A). In comparison to granulocyte cells, a significant decrease in the expression of

CD66b (Figure 31B), HLA Class I (using the marker W6/32) (Figure 31C) and CD45

(Figure 31D) was observed on granulocyte vesicles. Less than 20% of granulocyte cells

expressed CD61 and expression was reduced on granulocyte vesicles, but not significantly

(Figure 31E). CD41 expression on the surface of the granulocyte vesicles was significantly

decreased in comparison to granulocyte cells (Figure 31F). No expression of CD235a/b
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(Figure 31G), PLAP (Figure 31H) or CD146 (Figure 31I) was detected on granulocyte

cells or granulocyte vesicles.

Figure 30. Flow cytometry of granulocyte vesicles. Representative histograms of granulocyte vesicles. A)
FSC vs. SSC profile of granulocyte vesicles. Percentage of positive labelling with B) Bio-Maleimide, C)
CD66b, D) W6/32, E) CD45, F) CD61, G) CD41, H) CD235a/b, I) NDOG2 and J) CD146. Percentages
have been adjusted to account for background contaminating particulates in culture media alone.



Figure 31. Flow cytometry analysis of antigen expression on granulocyte and granulocyte vesicles.
are from three individual experiments showing the
B) CD66b, C) W6/32, D) CD45,
granulocytes ( ) and granulocyte vesicles(
contaminating particulates. Bars
granulocytes vs. granulocyte vesicles.

. Flow cytometry analysis of antigen expression on granulocyte and granulocyte vesicles.
three individual experiments showing the percentage of positive staining with

CD45, E) CD61, F) CD41, G) CD235a/b, H) NDOG2 and
granulocyte vesicles( ). Percentages have been adjusted to account for background

contaminating particulates. Bars represent Mean ± SE. p values (*p<0.05. ***p<0.001) compare
granulocytes vs. granulocyte vesicles.
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. Flow cytometry analysis of antigen expression on granulocyte and granulocyte vesicles. Data
ining with A) Bio-Maleimide,

NDOG2 and I) CD146 on
). Percentages have been adjusted to account for background

represent Mean ± SE. p values (*p<0.05. ***p<0.001) compare
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2.5 Discussion

2.5.1 Flow Cytometry Set Up to Detect Vesicles

In this chapter the sensitivity of our BD LSRII flow cytometer for vesicle analysis was

evaluated. The flow cytometer had no modifications made to the electronics, fluidics or

optics. However, the instrument was carefully maintained by adhering to a rigorous

cleaning regime to reduce the build-up of background debris in the tubing and flow cell

which would impede the detection of vesicles.

A threshold parameter is used in flow cytometry to limit the number of events that the flow

cytometer processes. Once a threshold value has been set, the flow cytometer will only

process events that are equal to or greater than the set threshold. Conventionally, FSC

thresholds are used when examining cells to eliminate events such as debris from being

included in the analysis. Initial experiments were carried out on our flow cytometer to

investigate using a FSC threshold for the analysis of vesicles. Fluorescent polystyrene

beads ranging in size from 200nm - 1μm were used. It was clear that the FSC detector on 

our flow cytometer was sub-optimal for the detection of vesicles as a large amount of

instrument “noise” was present, compromising the signal of the 200nm and 290nm beads

(data not shown). Alternatively, the minimum SSC threshold of 200 (arbitrary units) for

this instrument was set and tested for the analysis of vesicles. Using these settings the BD

LSRII flow cytometer could detect 200nm beads, but similar to using a FSC threshold

these appeared in the same region as the instrument “noise”. On this basis, lowering the

FSC and SSC voltages to give a 300nm cut off was a more realistic limit for the detection

of vesicles and gave a far superior signal/noise ratio when compared to using a FSC

threshold.
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Another option is to use a fluorescence threshold, whereby cells/vesicles are pre-labelled

with a fluorescent stain or fluorescent conjugated antibody. Each cell/vesicle will only be

detected when the fluorescent signal rises above the threshold set. The advantage of using

a fluorescence threshold compared to a SSC or FSC threshold is that non-fluorescent

instrument “debris” that would normally be detected using light scatter would be excluded.

This greatly improves the level of sensitivity of the instrument, therefore allowing the

detection of vesicles <200nm. However, the major drawback to using a fluorescence

threshold is that it assumes that all cells/vesicles label with the fluorescent marker of

interest. Whilst this is true for fluorescent polystyrene beads, as they have a uniform

distribution of fluorescence, the same assumption cannot be made when analysing

biological vesicles and will result in vesicles negative for the fluorescent marker being

excluded from the analysis.

During the course of this study a mixture of fluorescent beads (0.5μm, 0.9μm and 3.0μm) 

termed “Megamix beads” were released onto the market. One of the most extensive studies

using these beads aimed to provide a reproducible flow cytometry method to analyse

platelet vesicles >0.5μm (Robert et al., 2009). A recent follow up study carried out by the

International Society on Thrombosis and Haemostasis (ISTH) Scientific and

Standardisation Comittee Working Group on Vascular Biology (Lacroix et al., 2010b)

aimed to standardise platelet vesicle measurement using Megamix beads. The same batch

of Megamix beads, frozen platelet free plasma (PFP) (with three different concentrations

of platelet vesicles) and platelet antibodies were provided to forty different laboratories

across fourteen countries. The results showed that 33/49 (67%) of flow cytometers tested

met the specified criteria and could therefore be used for vesicle detection. However, in

use this gating strategy showed large discrepancies between cytometers when analysing
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platelet vesicles. The fluorescent bead mix used in our study aimed to extend the analysis

of vesicles below <0.5μm and to give a more accurate determination of size. 

The defined upper size limit of a vesicle is arbitrarily considered to be 1.0μm. This is a 

general consensus in the field, but there is no solid evidence in the literature to prove this

and it is probable that vesicles >1.0μm exist. Practically, however it is difficult to 

distinguish true vesicles >1.0μm from small platelets, apoptotic/necrotic bodies or 

aggregates of vesicles. For these reasons a 1μm size limit is considered to be the standard 

when analysing and enumerating vesicles and this size limit was used in the flow

cytometry experiments described here.

2.5.2 In vitro Derived Vesicles

In this study in vitro derived vesicles were generated from a variety of cell types which are

found in plasma. The primary aim was to test panels of antibodies on cellular derived

vesicles to examine antibody specificity. In doing this, the results demonstrated that not all

antigens found on the surface of the parent cell are present on the surface of the cellular

derived vesicles. The antibody panels chosen by many researchers to investigate different

cellular vesicles in vivo are based on the unproven assumption that the antigens expressed

on the cell surface will also be present on the surface of the cellular derived vesicles. These

experiments have helped identify a suitable panel of specific antibodies that can then be

used to analyse these vesicles in vivo in plasma.

pSTBM

First, it was demonstrated that the placental vesicle (pSTBM) preparation was

predominantly syncytiotrophoblast derived with the vast majority (>94%) of the vesicle



72

population labelling positive with the trophoblast marker NDOG2 (anti-PLAP antibody).

NDOG2 antibody labelling of pSTBM was also confirmed by immunogold transmission

electron microscopy. The syncytiotrophoblast is HLA Class I negative (Shorter et al.,

1993) and the purity of the pSTBM preparation was further confirmed by the negligible

amounts of HLA Class I and CD235a/b expression. pSTBM also expressed high amounts

of CD61 (76.4%) and to a lesser degree CD41 (27.4%). Hence, in vivo placental vesicles

may be identified as PLAP+/CD61+ or PLAP+/CD41+. Endothelial cell markers including;

CD146, CD144 and CD105 were examined for cross-reactivity with pSTBM and only

CD105 was shown to be highly expressed.

Platelet vesicles

As previous studies have shown, vesicles can be produced from platelets in vitro using

agonists such as thrombin receptor activating peptide (TRAP) and A-23187 (Abid Hussein

et al., 2003, Perez-Pujol et al., 2007, Trummer et al., 2008). Platelet vesicles were

generated using A-23187 and it was found that this agonist produced a large number of

vesicles of which >90% were <1.0μm in size. All platelets and most platelet vesicles 

stained positive with Bio-Maleimide and using a panel of antibodies were shown to

express the antigens CD41, CD61 and HLA Class I. The percentage of vesicles labelled

with Bio-Maleimide and stained positive for CD41, CD61 and HLA Class I were reduced

as compared to platelets. 95% of the platelet vesicles labelled with the membrane marker

Bio-Maleimide, indicative of the purity of the preparation. The 5% of platelet vesicles that

did not label with Bio-Maleimide suggests that there were a very small number of

contaminating particulates in the platelet vesicle preparation. Even though measures were

taken to minimise background contaminating particles by filtering all buffers through a

0.1μm filter, it is possible that a small amount of particulate matter can pass through the 
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filter membrane. Also, some particles may have come from the A-23187 reagent. CD41

and CD61 were found to be expressed on >90% of the platelet vesicles and >80%

expressed HLA Class I. These observations suggest that the majority of platelet vesicles

express the same antigens as their parent cell. However, there were a small number of

vesicles produced in which these antigens were not present at detectable levels and this

was more pronounced with expression of HLA Class I compared to CD41 and CD61.

Various factors effecting vesicle release, which may help to explain these differences,

include; the method used to isolate the platelets, the agonist and its concentration and the

stimulation time. For example, three separate studies examined the expression of CD62-P

(P-Selectin) on platelet vesicles stimulated using A-23187 (Abid Hussein et al., 2003,

Perez-Pujol et al., 2007, Trummer et al., 2008) and obtained different results. Two of the

studies (Abid Hussein et al., 2003, Perez-Pujol et al., 2007) used very similar stimulation

conditions (a preparation of washed platelets, comparable concentrations of agonist, yet

slightly different stimulation times) and showed a high level of CD62P expression on the

platelet vesicles. In contrast, a third study (Trummer et al., 2008) found low levels of

CD62P expression. In their experiments, platelets were stimulated for the same time, but a

preparation of PRP rather than washed platelets was used and also the dose of agonist was

much higher. These methodological variations between studies may account for the

difference seen in antigen expression. Moreover, one study (Perez-Pujol et al., 2007)

showed that CD42b (Platelet Glycoprotein Ib) and CD61 were expressed at comparable

levels on platelet vesicles produced by TRAP or A-23187, however the expression profile

of CD62P was markedly reduced on TRAP vs. A-23187 stimulated vesicles. Therefore, it

may be speculated that the observation made in the current study showing 80% expression
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of HLA Class I, on platelet vesicles derived from A-23187 stimulation would be different

in response to another agonist such as TRAP.

RBC vesicles

Vesicles were also generated from RBCs using A-23187, all of which labelled positive

with Bio-Maleimide and >90% expressed CD235a/b. These RBC vesicles were screened

with an antibody panel consisting of platelet, endothelial, MHC Class I and placental

markers none of which were expressed. Stimulation of RBCs with A-23187 produced a

population of vesicles in which >98% were <1μm in size. It is also interesting to note the 

scatter characteristics of the RBC vesicles. Two very distinct populations were evident in

all three independent experiments (Figure 13A). It is impossible to know whether the

larger of the two populations consist of genuinely larger vesicles or whether this is vesicle

aggregation. Furthermore, this may be directly associated with the stimulation conditions,

hence if the agonist or stimulation time was changed the scatter profile could also be

altered.

The majority (>90%) of the RBC vesicles expressed CD235a/b, however when compared

to the expression on RBCs (>99%) this was significantly reduced. In a previous study

(Trummer et al., 2008) describing RBC derived vesicles the expression of Glycophorin A,

but not Glycophorin B was examined as the antibody used only recognised CD235a. The

expression of CD235a on the RBC vesicles was ~50%, considerably lower compared to

our results. These differences are likely to be explained by the purity of the starting RBC

preparation from which the vesicles were derived. In our experiments an isolated

population of RBCs was stimulated with A-23187, whereas the former study (Trummer et

al., 2008) also used A-23187, but stimulated whole blood. Other vesicles such as those
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derived from platelets would have also been produced when stimulating whole blood.

Hence, not all vesicles would have labelled CD235a positive. Our results suggest that

during the formation of RBC vesicles from their parent cell some selection of the

membrane antigens Glycophorin A and B must take place, otherwise the percentage of

positive labelling on the vesicles would be equivalent to the RBCs. These results are in

agreement with a previous study (Salzer et al., 2002) who used gel electrophoresis/silver

staining to show a reduction in Glycophorins and Band 3 (a membrane transport protein

mediating the exchange of chloride for bicarbonate across the plasma membrane) in

vesicles stimulated by A-23187 compared to RBCs.

Endothelial vesicles

A former study carried out on in vitro HUVEC and HUVEC vesicles examined the

expression of ten different antigens in the presence or absence of IL-1(Abid Hussein et

al., 2003). This study concluded that antigen expression on vesicles varied in comparison

to HUVEC and antigen expression was dependent on the activation status of the parent cell

(Abid Hussein et al., 2003). Furthermore, another study (Simak et al., 2002) saw

differences in antigen expression on vesicles from CPT treated HUVEC vs. HUVEC when

examining the expression of endothelial antigens CD59 and CD105. All CPT treated

HUVEC vesicles expressed CD59, whereas only 50% expressed CD105. The current study

has extended on both of these. The same agonists (IL-1 or CPT) were used to stimulate

HUVEC vesicle production and antigen expression was examined on the parent cells and

the HUVEC vesicles using a panel of markers, some of which had not previously been

studied. In agreement with the latter study (Simak et al., 2002) we found an increase in

vesicle number from CPT stimulated HUVEC. No increase in vesicle number was

apparent from IL-1 treated HUVEC.
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In reference to the panel of markers examined in this study, no expression of PLAP or

CD235a/b and very low amounts of CD41 on the surface of HUVEC or HUVEC vesicles

were found. Thus, these antibodies have no cross reactivity with endothelial cells. In

accordance with previous studies (Simak et al., 2002, Abid Hussein et al., 2003) a

reduction in the percentage of positive labelling for antigens expressed on the surface of

the HUVEC vesicles as compared to their parent cell was also found. All HUVEC labelled

positive with Bio-Maleimide and for CD105, CD61, HLA Class I, CD146 and CD144,

however the expression of Bio-Maleimide was slightly reduced, whereas all these antigens

were significantly diminished on the surface of the vesicles, some to a greater extent than

others. The small reduction in Bio-Maleimide positivity on the HUVEC vesicles suggests

that a small amount of contaminating non-membrane particulate matter was present in the

vesicle sample. This was probably due to the small number of particles that remained in

the 0.1μm filtered culture media. CD105 was expressed on >60% of the vesicles from 

HUVEC stimulated using IL-1 and CPT, whereas only ~30% expressed CD146, ~20%

expressed CD61 and <10% expressed HLA Class I or CD144.

CD62E expression was found on resting HUVEC and the percentage positive was

increased by IL-1 stimulation (data not shown). Our results showed an increase in the

percentage of vesicles expressing CD62E from IL-1 stimulated HUVEC, however the

numbers are much lower than those previously reported (Abid Hussein et al., 2003).

Furthermore, in contrast to results previously described (Abid Hussein et al., 2003) a

higher number of CD61 and CD144 expressing vesicles from IL-1 treated HUVEC was

observed. There are a number of possible reasons to explain these differences in the

numbers of vesicles expressing these antigens. The first difference is the method used for

vesicle isolation. The current study used high-speed ultracentrifugation at 150,000  g
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(max) for one hour, whereas the previous study (Abid Hussein et al., 2003) used 2 x 30

min 17,570  g centrifugations. The vesicles analysed in the present study are probably

proportionally smaller as a centrifugation at 17,570 x g would not be expected to pellet the

smaller vesicles. Secondly, different flow cytometers were used. In the current study a BD

LSRII flow cytometer was used and followed a defined protocol with regard to instrument

set-up, specifying the threshold set and size of vesicles examined. The previous study

(Abid Hussein et al., 2003) analysed vesicles using a BD FACSCalibur flow cytometer.

No information regarding instrument threshold or an estimation as to the size of vesicles

examined in this study was given. Furthermore, the BD FACSCalibur is an analogue

instrument which cannot reliably discriminate vesicles below <0.5μm (Ayers et al., 2011).

Thirdly, the flow cytometry methodology differs between studies. The former study (Abid

Hussein et al., 2003) only analysed Annexin V positive vesicles and after antibody

labelling the vesicles were washed by centrifugation at 17, 570  g for 30 min. In this

study all vesicles in the <1μm cut-off gate were analysed. A wash step of the vesicles after 

antibody labelling was not included as this would inevitably result in some vesicle loss.

Taken together, all these factors impact on the final analysis of the vesicle population. Due

to these methodological variations it is most likely that the vesicle populations in these two

studies differ and thus may account for the observed variation in vesicle antigen

expression.
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Leukocyte vesicles

Many of the published studies of in vitro monocyte and lymphocyte derived vesicles have

been performed using monocytic cell lines, including; THP-1 (Aharon et al., 2008,

Bernimoulin et al., 2009) and HL60 (Trummer et al., 2008, Reich and Pisetsky 2009) ,T

Cell lines including: Jurkat T cells (Reich and Pisetsky 2009, Kornek et al., 2011) and

HUT-78 (Scanu et al., 2008) and the pre-B leukemia cell line BV-173 (Trummer et al.,

2008). Cell lines provide an abundance of cells that can be stimulated to produce vesicles,

but phenotypically may not be comparable to primary cells. We considered using HL-60,

U937 and THP-1 cell lines to generate vesicles that would be representative of those

derived from monocytes. However, initial experiments showed that none of these cell lines

constitutively express CD14 (data not shown) and therefore may not be representative of

primary blood monocytes. Therefore, in this study vesicles were generated from

monocytes and lymphocytes isolated from peripheral blood.

Monocytes were stimulated with a combination of A-23187 and LPS to generate vesicles.

Vesicle number was increased in response to the agonist, however this was not significant.

Monocytes and vesicles were labelled with Bio-Maleimide and a panel of antibodies

including; CD14, W6/32, CD45, CD61 and CD41. The number of monocytes expressing

all these antigens exceeded 98%, whereas the numbers were significantly decreased for

vesicles. Antigens were expressed on the vesicles at different levels. More than 50% of the

vesicles expressed HLA Class I, ~40% expressed CD61 and CD41, and <20% expressed

CD14 or CD45. As single labelling was carried out for each antibody, it is not clear from

these data whether vesicles which are HLA Class I positive, shown by W6/32 expression

also express CD61, CD41, CD14 or CD45. Further experiments would need to be carried

out to obtain this information.
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Isolated lymphocytes were stimulated with a combination of PMA + ionomycin or STS to

induce vesicle shedding, however neither stimulation method generated a significant

increase in vesicle number. Lymphocytes and lymphocyte vesicles were labelled with Bio-

Maleimide and a panel of antibodies including; CD3, CD45, CD4, W6/32 and CD61.

Labelling with antibodies to CD235a/b, PLAP and CD146 was also carried out on

lymphocytes and was found to be negligible. For this reason and also due to sample

constraints this was not done on the vesicles. CD41 was expressed at comparable levels to

CD61 on lymphocytes and again due to sample size constraints was not tested on

lymphocyte vesicles. Similar to the pattern observed with the monocytes and monocyte

vesicles, the number of vesicles expressing some antigens was significantly reduced when

compared to lymphocytes. This was apparent for CD3, CD45 and CD4. The percentage of

vesicles expressing CD3 released from lymphocytes stimulated using STS was up-

regulated five-fold in comparison to the percentage of CD3 expression on vesicles

stimulated using PMA + ionomycin. This suggests that the expression of CD3 on vesicles

is dependent upon the stimulus used for generation. HLA Class I was the most abundant

antigen found on the surface of the lymphocyte vesicles and of all the antigens tested it

was the only one found to be expressed at comparable levels to its parent cell.

The results of this study show that granulocytes cultured in vitro for 18 hours release large

quantities of vesicles. Previous studies have shown that stimulating granulocytes with

fMLP (N-formyl-methionine-leucine-phenylalanine) will also induce vesicle release

(Gasser et al., 2003, Gasser and Schifferli 2004, Gasser and Schifferli 2005). Greater than

99% of the granulocytes expressed CD66b, whereas its expression was significantly

reduced by ~10-fold on the granulocyte vesicles. This is in contrast to previous results

(Gasser et al., 2003, Gasser and Schifferli 2005) showing that the majority of granulocyte
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vesicles stimulated using fMLP expressed CD66b. There are many differences in the

previous studies (Gasser et al., 2003, Gasser and Schifferli 2005) that may account for the

discrepancy in CD66b expression, including; the granulocyte fMLP stimulation, the

methods used for isolation of the vesicles, indirect antibody labelling of the vesicles and

the data were acquired using a FSC threshold. Similar to the results observed with the

lymphocyte and monocyte vesicles, a significant reduction in the expression of CD45 was

apparent on the granulocyte vesicles compared to the granulocytes from which they were

derived. Data in this study has shown that unlike lymphocyte and monocyte vesicles which

express HLA Class I, its expression was completely absent from the granulocyte vesicles.

Furthermore, negligible amounts of CD235a/b, PLAP and CD146 were found on

granulocytes or granulocyte vesicles. Both CD61 and CD41 were expressed on

granulocytes and granulocyte vesicles, however not to the same degree when compared to

lymphocytes or monocytes and their respective vesicles.

The positive CD61 and CD41 expression observed on monocytes, lymphocytes and

granulocytes could possibly be due to platelet contamination in the preparations. It has

been reported that activated platelets bind to leukocytes including lymphocytes,

granulocytes and predominantly monocytes to form platelet-leukocyte aggregates (Jungi et

al., 1986, Rinder et al., 1991, Harding et al., 2007). The preparations of cells in this study

may have included platelet-monocyte aggregates and platelet-lymphocyte aggregates, both

of which have been subsequently cultured in vitro. Therefore, the in vitro derived

monocyte and lymphocyte vesicle preparations may also contain platelet vesicles. The

choice of anticoagulant can also effect the measurement of circulating platelet-monocyte

aggregates, based on flow cytometric analysis of whole blood (Harding et al., 2007,

Bournazos et al., 2008). Blood collected into tubes containing the anticoagulant sodium



81

citrate or EDTA had a lower percentage of platelet-monocyte aggregates compared to

blood anticoagulated with heparin (Harding et al., 2007, Bournazos et al., 2008). The

experiments in this study used blood anticoagulated with heparin as this is the preferred

anticoagulant when analysing immune cell function. Furthermore, in this current study

when platelet-monocyte and platelet-lymphocyte aggregates were measured using isolated

PBMCs from blood collected into EDTA, sodium citrate or heparin no difference in the

level of platelet-leukocyte aggregation using different anticoagulants was seen (data not

shown). One study (Bournazos et al., 2008) showed a reduction in platelet-monocyte

aggregates after whole blood had been incubated with EDTA. In future experiments,

EDTA could be added to the washing buffer to help minimise platelet-leukocyte

aggregates.

2.5.3 Selecting Suitable Markers to Examine Plasma Vesicles

The results from these experiments have given an insight into the most abundantly

expressed antigens on the surface of cells present in the blood and the vesicles derived

from them. The data in this study has shown a significant reduction in the percentage of

positively labelled vesicles using certain antibodies compared to the labelling of the parent

cell. There are two possibilities that may be attributable to this reduction. Firstly, the

antigens present on the surface of the parent cell may be selectively excluded from the

surface of the vesicles, hence making these undetectable when labelling with a specific

antibody. Secondly, it is also possible that the antigen copy number present on the surface

of some vesicles is too low to be detected by flow cytometry. It is impossible to

distinguish whether these two occurrences take place when vesicles are formed in vivo,

however based on work presented in this study using in vitro derived vesicles from various
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cell types, this may well happen. Hence, when choosing markers to examine cell types in

vivo these points were taken into consideration.

The data from the in vitro derived vesicles was used to select a suitable six-colour panel to

analyse vesicles in vivo in plasma samples from non-pregnant (NonP), normal pregnant

(NormP) and pre-eclampsia (PE) women as shown in Chapter 4 of this thesis. This panel

of markers is outlined in Table 5 and shows the percentage of antigen expression on cells

and vesicles as well as any cross reactivity between markers.

The final panel was limited to six-colours and markers were chosen to identify vesicles

derived from the syncytiotrophoblast, platelets, RBCs, endothelial cells, and leukocytes.

Bio-Maleimide was also included in the final panel as a marker of vesicles. The panel

consisted of: NDOG2 as a marker of STBM, CD41 to identify platelet derived vesicles,

CD235a/b as a RBC marker, CD146 as an endothelial cell marker, W6/32 as a marker of

all HLA Class I leukocyte vesicles. CD61 is also suitable as a platelet marker and was used

in some experiments in Chapter 4 although it did show a higher percentage of cross-

reactivity with STBM compared to CD41 and for this reason it was not used in the final

six-colour panel. The percentage of CD105 expressed on the HUVEC vesicles was greater

than that of CD146, but CD105 showed cross reactivity with STBM and therefore CD146

was chosen as the endothelial cell marker in the six-colour panel. HLA Class I, using the

marker W6/32, was shown to be the most abundantly expressed antigen on the monocyte

and lymphocyte vesicles, but did not label granulocyte vesicles. Although the expression

of CD66b was reduced on granulocyte vesicles it was the most abundantly expressed

antigen. However, there was no room to include this marker in the six colour panel and

granulocyte vesicles were not studied further. Aware that W6/32 may not label granulocyte
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vesicles in vivo it was chosen as a marker of leukocyte vesicles. W6/32 showed cross

reactivity with platelet vesicles and endothelial vesicles, however using multi-parameter

plots the leukocyte vesicles could still be positively identified.

Percentage of positive labelling

Cells/Vesicles Bio-Maleimide CD41 CD235a/b W6/32 CD146 NDOG2

STBM 95.5 27.5 1.0 3.1 0.2 94.5

Platelets 100 99 ND 99 ND ND

Platelet Vesicles 95.3 90.6 ND 81.1 ND ND

RBCs 100% ND 99 ND ND ND

RBC Vesicles 99.8 ND 92 ND ND ND

HUVEC 100 3.3 ND 99.9 100 ND

HUVEC Vesicles 92.3 ND ND 3.7 30.5 ND

Monocytes 100 99.1 ND 100 ND ND

Monocyte Vesicles 97.8 35.3 ND 59.6 ND ND

Lymphocytes 100 27.2 ND 99.9 ND ND

Lymphocyte Vesicles 99.0a

96.5b

DNTa

DNTb

NDa

DNTb

61.6a

77.1b

DNTa

DNTb

DNTa

DNTb

Granulocytes 100 10.2 0.9 100 1.7 0.5

Granulocyte Vesicles 96.1 2.3 0.1 1.5 1.8 1.1

Table 5. Final six-colour panel of selected markers used to analyse in vivo derived plasma vesicles.
Table shows Bio-Maleimide expression and antigen expression on cells and in vitro derived vesicles.
Antibodies include; Platelet marker; CD41, RBC marker; CD235a/b, HLA Class I Leukocyte marker;
W6/32, endothelial cell marker; CD146 and syncytiotrophoblast marker; NDOG2. alymphocyte vesicles =
PMA + ionomycin stimulation and blymphocyte vesicles = STS stimulation. ND = not detectable and DNT =
did not test.
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2.6 Summary

In this chapter the sensitivity of our flow cytometer was determined using fluorescent

microspheres and shown to be 290nm. Vesicles were derived in vitro from the various cell

types found in blood. Using these in vitro derived vesicles, antigen expression was

examined using a panel of antibodies and the numbers of vesicles expressing a given

antigen was compared to the parent cell. Results from these experiments have shown that

many antigens are not expressed on all vesicles and the level of expression is highly

variable between antigens. Some markers were shown to be more specific than others and

the expression of some antigens on vesicles was also dependent on the stimulation method.

All of these results have been taken into consideration when designing a panel of markers

to examine in vivo derived vesicles in plasma.

As this study progressed it became more apparent from the literature that there are vesicles

in plasma with sizes below the limit of flow cytometry (<290nm) that would have been

excluded from this analyses. Therefore, an alternative method to flow cytometry to analyse

this population was next explored. In Chapter 3 the use of Nanoparticle Tracking Analysis

(NTA) to measure vesicles is described.
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Chapter 3

Investigation of Nanoparticle Tracking Analysis as a

novel method to analyse cellular derived vesicles
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3.1 Introduction

In Chapter 2 of this thesis the sensitivity of our flow cytometer in terms of particle size

measurement was evaluated using polystyrene beads and was shown to be ≥ 290nm. Thus 

flow cytometry can only analyse a portion of the total microvesicles present in a sample

and completely excludes analysis of exosomes. Therefore, to analyse these smaller vesicles

an alternative method is required. A number of techniques were considered and the

advantages and disadvantages of each compared.

3.1.1 Methods for the Detection and Characterisation of Vesicles

3.1.1.1 Flow Cytometry Analysis of Vesicles Using Bead Capture

A number of studies have used flow cytometry to analyse vesicles that have been captured

using magnetic beads coated with a specific antibody against the marker of interest

(reviewed in Théry et al., 2006). The vesicles bound to the beads are then labelled with a

fluorescent antibody to give a semi-quantitative characterisation of their phenotype, similar

to an ELISA. However, this technique gives no information about the size of the vesicles

captured. It has been claimed that exosomes can be captured by using “exosome specific”

antibodies (e.g. tetraspanin proteins such as CD63) (Théry et al., 2006). However,

experiments in our laboratory using flow cytometry showed that CD63 is highly expressed

on pSTBM (i.e. analysis of vesicles ≥290nm), which casts doubt on its use as a specific 

marker for exosomes which are 30-100nm in size (Dragovic & Tannetta, unpublished

observations).
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3.1.1.2 Transmission Electron Microscopy

Apart from flow cytometry, transmission electron microscopy is probably the most

commonly used method to detect cellular vesicles. Transmission electron microscopy can

resolve objects down to the picometre level (Wang 2011) and can therefore demonstrate

the presence of vesicles of all sizes. By using antibodies conjugated to gold particles it can

also provide phenotypic information, but it is not quantitative and requires extensive

sample preparation (Heijnen et al., 1999, Aras et al., 2004, Bernimoulin et al., 2009).

Furthermore, transmission electron microscopy requires fixation of the sample which can

lead to vesicle under-sizing due to shrinkage (Jensen et al., 1981, Théry et al., 2006). Early

experiments using transmission electron microscopy to size exosomes suggested they were

“cup-shaped” (Théry et al., 2006). However, by using cryo-electron microscopy which

does not require fixation of the sample, this has now been shown to be an artefact of the

fixation process (Gyorgy et al., 2011).

3.1.1.3 Atomic Force Microsopy (AFM)

Atomic Force Microscopy (AFM) is another method to measure particle size and like

transmission electron microscopy it also has a resolution down to the picometre level

(Ricci and Braga 2004). It works by using a fine tip (<100 Å in diameter) attached to the

free end of a cantilever which is used to scan the surface of the sample of interest. The

interaction force generated between the tip and the sample surface is dependent on their

proximity. Deflection of the cantilever is measured using a laser spot reflected at the top

end of the cantilever which is collected into a detector, typically a photodiode. These

deflections are measured and the scanning software creates a three-dimensional

topographic image of the sample surface (Ricci and Braga 2004). Compared to

transmission electron microscopy, AFM does not require sample fixation, therefore sizing
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measurements are more accurate. AFM can analyse polydisperse samples (i.e. of various

size and shape) with good sizing accuracy (Hoo et al., 2008) and has been used to measure

the size of platelet derived vesicles (Siedlecki et al., 1999, Yuana et al., 2010). AFM is

only semi-quantitative as it dependent on how effectively the vesicles bind to a surface

using a specific antibody. The data presented in Chapter 2 suggests that various types of

vesicles generated from the same cell type may have different patterns of antigen

expression and therefore some would not bind to a given antibody on the surface and

would be excluded from the analysis. It has also been suggested that binding of vesicles to

the surface may alter their morphology and in turn effect vesicle size measurements (van

der Pol et al., 2010). Furthermore, AFM instrumentation is extremely costly, it requires a

highly experienced operator and is also very labour intensive.

3.1.1.4 Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS), alternatively known as Photon Correlation Spectroscopy

(PCS), is a more accessible technique widely used to determine particle size. DLS is

reported to analyse particles in solution ranging in size from 1nm up to 6µm (van der Pol

et al., 2010). DLS determines size by light scattered from particles under Brownian

motion, which is the random movement of particles in solution due to the bombardment by

the solvent molecules that surround them. DLS measures scattered light from all the

particles in solution and produces an average size. DLS is very accurate when analysing

monodisperse particles (i.e. of the same size and shape) and has been used to measure

cellular derived vesicles in plasma (Lawrie et al., 2009). However, a major drawback of

this technique is that it cannot resolve individual populations in polydisperse samples.

Only an average particle size is given which is intensity biased toward the detection of

larger particles (Lawrie et al., 2009). Biological vesicles are highly likely to be
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polydisperse as shown in Chapter 2 of this thesis and therefore DLS is not ideal for their

analysis.

3.1.1.5 Nanoparticle Tracking Analysis (NTA)

Nanoparticle Tracking Analysis (NTA) is a unique system used for direct, real-time

visualisation and analysis of particles in solution. It is a relatively new technique that was

first marketed in 2006 and overcomes many of the problems associated with the methods

described above (Carr et al., 2009). NTA identifies each individual particle and then

tracks its Brownian motion which is used to calculate particle size and estimate

concentration. However, unlike DLS it can resolve different sized particles within a

mixture, which is essential for analysing biological vesicles. This method is typically used

to characterise particles for applications in engineering and material sciences and at the

beginning of this part of my project its potential for analysing biological vesicles had not

been tested.

3.2 Aims

The overall aim was to determine whether NTA can measure the size and concentration of

cellular derived vesicles.

1. To optimise NTA instrument settings for cellular vesicle measurement using

monodisperse beads and a polydisperse bead mixture to verify accurate particle

sizing and concentration measurements.

2. To apply these instrument settings in the analysis of in vitro derived vesicles

generated from pSTBM, platelets, RBC, HUVEC and PFP and to obtain vesicle

size and concentration measurements.
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3.3 Methods and Materials

3.3.1 NanoSight LM10 NTA Instrument

The NanoSight LM10 NTA instrument (NanoSight Ltd., Amesbury, UK) comprises a

conventional optical microscope, a charged-coupled device (CCD) video camera and a

sample analysis chamber (~0.5mm deep and volume ~0.25ml) into which a suspension of

particles is introduced (Figure 32A). The instrument uses a finely focused laser beam

which passes through the suspension of particles via a glass prism (Figure 32B). The beam

refracts at a low angle as it passes through the sample, illuminating the particles and

allowing their visualisation by the light they scatter. A video of typically 60 seconds is

recorded of the light scattered by the moving particles at a frame rate of 30 frames per

second and this is then analysed using the NTA software (Figure 32C). The NTA software

firstly identifies each particle and then tracks its Brownian motion (Figure 32D and Figure

32E). The velocity of each particle is used to calculate particle size by applying the two

dimensional Stokes Einstein equation:

൏ ݕǡݔ ൐ଶ�=
஻ܭ ௧ܶ௦

hߨ͵ ௛݀

Where ൏ ݕǡݔ ൐ଶ�is the mean square displacement, ஻ܭ is the Boltzmann’s constant, ܶ is

the temperature of the solvent in Kelvin, ݏݐ is the sampling time (i.e., 1/30fpsec =

33msec), h is the viscosity, and ௛݀ is the hydrodynamic diameter. The NTA software

displays the data as a histogram of modal particle size (nm) vs. concentration [x106

particles/ml] (Figure 32F).
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Figure 32. NanoSight LM10 Instrument and Operation of NTA. A) NanoSight LM10 NTA instrument,
B) NanoSight LM10 sample analysis chamber configuration, C) Video capture of light scatter from particles
moving under Brownian motion, D) Tracking of the two individual particles circled in C) using NTA; white
spot = particle, red line = track of particle movement under Brownian motion, E) Thousands of particles are
tracked on a frame-by-frame basis, F) NTA software displays the data of 300nm beads as a histogram profile
of size (nm) vs. particle concentration [x106/ml].
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A range of parameters can be adjusted both for video capture (i.e. shutter speed, camera

gain, and capture duration) and analysis (i.e. brightness, gain, blur, detection threshold and

minimum required track length) allowing optimisation of particle identification and

tracking for any given sample. The software used for capture and analysis was NTA 2.0,

Build 130. The flowchart illustrated below demonstrates a typical sequence of an NTA

analysis experiment (Figure 33).

Figure 33. Flow chart illustrating a typical Nanoparticle Tracking Analysis (NTA) experiment using
the NanoSight LM10 instrument.
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The range of particle sizes that NTA can accurately measure is dependent on the refractive

index of the particle. For example, gold has a very high refractive index and NTA can

measure colloidal gold particles down to 20nm in size. However, a particle with a lower

refractive index (e.g. silica particles) will scatter less light, reducing the signal to noise

ratio of the image and therefore reducing the minimum detectable size. At the other end of

the scale, particles > 1μm are unable to be tracked accurately by NTA as these particles 

move too slowly and therefore cannot be sized.

3.3.2 NTA Measurement of Particle Size and Concentration Using Polystyrene

Bead Samples

Polystyrene beads with sizes of 50nm, 70nm, 100nm, 200nm, 300nm and 400nm (NIST

beads; Thermo Scientific, Fremont, USA) were diluted in PBS at a range of concentrations

[2 x 108/ml and 20 x 108/ml] and were analysed using the NanoSight LM10 instrument and

NTA software version 2.0, Build 130. Bead samples were gently mixed before being

introduced into the chamber and recording commenced after 30 seconds. Each sample was

videoed for 60 seconds and between each recording the sample was mixed by sucking it

out and re-injecting it into the chamber. Measurements were repeated 4-5 times per

sample.

Different combinations of camera shutter and gain settings were tested and optimised for

each bead size. A camera shutter speed of 1 equates to 20microseconds (i.e. shutter speed

of 1000 = 20milliseconds). All beads were prepared at a concentration of 5 x 108/ml with

the exception of 70nm beads, which were prepared at a concentration of 6 x 108/ml and

50nm beads were prepared at a concentration of 8 x 108/ml. The larger 300nm beads and

400nm beads were analysed using a camera shutter speed of 5-25 and a camera gain of 0.
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200nm beads were analysed using camera shutter speeds ranging from 100-1500 and a

camera gain of 0. 100nm beads were analysed at three camera shutter speeds; 500, 1000

and 1500 and a camera gain ranging from 0-650. The smaller 50nm and 70nm beads were

analysed using the highest shutter speed of 1500 and highest gain setting of 650. 70 nm

beads were also analysed using a shutter of 1000 and gain of 500. A polydisperse bead

mixture of 100nm beads [5 x 108/ml] and increasing concentrations of 300nm beads [1-5 x

108ml] was analysed twice, first using the previously determined optimal camera shutter

speed and gain settings for 100nm beads (camera shutter speed 1000, gain 500) and then

repeated using the optimal setting for 300nm beads (camera shutter 20, gain 0).

The NTA post acquisition settings were based on the manufacturer’s recommendations and

were kept constant between samples and were as follows; Brightness = -10, gain = 1.50,

blur = 5 x 5, automatic detection threshold = on, maximum blob size (pixel area) = 3000,

automatic minimum track length = on and minimum expected particle size = 100nm. Each

video was analysed to give the mode and mean vesicle size together with an estimate of

particle concentration.

3.3.3 NTA Measurement of In vitro Derived Vesicles

pSTBM

The preparation of pSTBM is described in Chapter 2 Section 2.3.2.1. A single pSTBM

preparation stored in PBS at -80°C was thawed at room temperature and diluted in PBS to

give a range of concentrations between 2 x 108/ml – 10 x 108/ml when analysed by NTA.
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Platelets

The preparation of platelet vesicles from three healthy volunteers is described in Chapter 2

Section 2.3.2.2. Platelet vesicles were diluted in PBS to obtain a concentration between 3 x

108/ml – 6 x 108ml when analysed by NTA. Data were from 3 independent experiments.

RBC

The preparation of RBC vesicles from three healthy volunteers is described in Chapter 2

Section 2.3.2.3. RBC vesicles were diluted in PBS to obtain a concentration between 3 x

108/ml – 5 x 108ml when analysed by NTA. Data were from 3 independent experiments.

HUVEC

The preparation of HUVEC vesicles by treatment with 5μmol/L Camptothecin (CPT) or 

0.5% DMSO (vehicle control) is described in Chapter 2 Section 2.3.2.4. Samples were

diluted in PBS to obtain a concentration between 3 x 108/ml – 6 x 108ml when analysed by

NTA. The control pellet from 0.1μm filtered culture medium was analysed at the same 

dilution and the background was subtracted from the final analysis. Data were from two

independent experiments.

In vitro derived vesicle samples were introduced into the chamber as described in Section

3.3.2. Each sample measurement was repeated 3-5 times. Post acquisition settings as stated

in Section 3.3.2 were used for all samples. Each video was analysed to give the mode and

mean vesicle size together with an estimate of vesicle concentration.

3.3.4 Preparation of Platelet Free Plasma (PFP)

Blood was taken from two healthy female volunteers after obtaining written informed

consent. This study was approved by the Oxfordshire Research Ethics Committee C.

Blood was drawn through a 20-gauge needle and the first 2ml was discarded to minimise
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the risk of including activated platelets generated with the initial venepuncture. Blood was

drawn into a 4.5ml 0.105M buffered sodium citrate vacutainer (BD Biosciences) and

processed immediately. Platelet free plasma (PFP) was generated using a double

centrifugation method; blood was centrifuged at 1500  g for 15min to separate the

plasma, the top 2/3 of the plasma layer was isolated and centrifuged at 13,000  g for 2min

to remove the platelets. PFP was then frozen in aliquots at -80°C until use.

3.3.5 Preparation of PFP Vesicles

3ml of frozen PFP was thawed at 37°C, made up to 11ml with PBS and centrifuged at

150,000  g (max) for 1 hour at 4°C in a Beckman L8-80M ultracentrifuge. The

supernatant was removed and the vesicle pellet was resuspended in PBS.

3.3.6 Transmission Electron Microscopy of pSTBM

Transmission electron microscopy of pSTBM was carried out by Prof. David Ferguson

(Nuffield Dept of Clinical and Laboratory Science, Oxford). Formvar/carbon coated grids

were floated on 50μl of pSTBM, washed in distilled water and negatively stained with 1% 

methyl tungstenate. The grids then underwent examination in the electron microscope

(Model JEOL 1200EX, JEOL Ltd UK). Vesicle sizes were measured manually from the

electron micrographs by Dr Chris Gardiner and Dr Alexandra Brooks (both from the

Nuffield Dept Obstetrics & Gynaecology, University of Oxford).

3.3.7 Statistics

Each data set was first tested for a Guassian distribution by using a Shapiro-Wilk

normality test and for equal variance using a Levene Median test. Data sets comparing
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platelet, RBC and HUVEC in vitro derived vesicle counts measured by flow cytometry

and NTA were log-transformed. These data sets all passed normality and equal variance

and were compared using a student’s t-test. SigmaPlot 12.0 was used for data analysis.

3.4 Results

3.4.1 Optimisation of NTA Measurement of Particle Size and Concentration

Using Monodisperse Polystyrene Beads

The results in Chapter 2 Section 2.4.1 demonstrate that flow cytometry can analyse

polystyrene beads ≥290nm, but the signal is compromised by instrument noise when trying 

to analyse smaller beads. Experiments were therefore carried out to optimise the

NanoSight LM10 instrument settings using monodisperse polystyrene beads ranging in

size from 50-400nm in order to verify the accuracy of NTA to size particles and estimate

their concentration. Larger beads of 400nm and 300nm, which can also be visualised using

flow cytometry were analysed first. This was then followed by analysis of smaller beads

ranging in size from 200nm down to 50nm.

3.4.1.1 400nm Beads

400nm beads were prepared at a concentration of 5 x 108 beads/ml. A very low shutter

speed setting (5) was used first to examine the 400nm beads as they can be visualised as

single points of light at this setting. The sizing was relatively accurate (Figure 34A),

however vesicle concentration was underestimated (Figure 34B). Increasing the shutter

speed to 15 resulted in an accurate measurement of particle size (Figure 34A) and

concentration (Figure 34B). Using higher shutter speeds of 20 or 25 also accurately sized

the particles, but overestimated the concentration (Figure 34A and Figure 34B



98

respectively). A screenshot of the 400nm beads videoed using the optimal shutter speed of

15 is shown in Figure 34C. The beads are visualised as single points of light, which is

ideal for sizing and quantification. Figure 34D shows a representative NTA size vs.

concentration profile of 400nm beads using the optimal shutter speed of 15. The size

distribution shows a distinct peak at 400nm, however the spread of data is due to the

limitation of measuring Brownian motion by sampling for a finite time period (i.e. the time

taken for each particle to be tracked). The NTA software can be adjusted to correct for this

and produce tighter peaks, however when analysing biological samples no assumptions

can be made regarding size distribution, therefore this correction was not used in any of

the data analysis.

Figure 34. NTA of 400nm polystyrene beads. A) Modal particle size (Mean ± SD) measurement with
increasing camera shutter speed settings. Red line denotes the actual size of beads, B) Measurement of
particle concentration (Mean ± SD) with increasing camera shutter speed settings. Red line denotes the actual
concentration of beads, C) Screenshot of 400nm beads using a shutter speed set at 15, D) NTA size vs.
concentration profile. Values obtained for each camera shutter speed are the average of 4-5 separate video
analyses.
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3.4.1.2 300nm Beads

300nm beads were also used at a concentration of 5 x 108 beads/ml, and the shutter speed

was first set at a very low speed of 5. Similar to the results shown with the 400nm beads,

this shutter speed resulted in accurate particle sizing, but the particle concentration was

underestimated. The optimal shutter speed for measuring particle size and concentration

was obtained by increasing the value to 20 (Figure 35A and Figure 35B respectively). A

shutter speed above 20 resulted in accurate particle sizing (Figure 35A), but an

overestimation of the total concentration (Figure 35B). A screenshot of the 300nm beads

videoed using the optimal shutter speed of 20 is shown in Figure 35C. A representative

NTA size vs. concentration profile of 300nm beads using the optimal shutter speed of 20 is

shown in Figure 35D.



100

Figure 35. NanoSight NTA: 300nm polystyrene beads. A) Modal particle size (Mean ± SD) measurement
with increasing camera shutter speed settings. Red line denotes the actual size of beads, B) Measurement of
particle concentration (Mean ± SD) with increasing camera shutter speed settings. Red line denotes the actual
concentration of beads, C) Screenshot of 300nm beads using a shutter speed set at 20, D) NTA size vs.
concentration profile using the optimal shutter speed of 20.Values obtained for each camera shutter speed are
the average of 4-5 separate video analyses.

Together, the NTA results from the larger 400nm and 300nm beads demonstrate that a

very low shutter speed is required for optimal sizing and concentration measurements. The

camera shutter speed can be varied up to a maximum value of 1500, NTA analysis was

therefore carried out using smaller beads at higher shutter speeds to determine the

sensitivity of the NanoSight LM10 instrument.
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3.4.1.3 200nm Beads

The flow cytometry results in Chapter 2 Section 2.4.1 showed that 200nm beads could be

visualised, but the signal was compromised by background instrument noise. A preparation

of 200nm beads at a concentration of 5 x 108/ml was analysed using NTA. Optimal size

and concentration settings for particles of 200nm were tested using shutter speeds ranging

from 100-1500. These results show that too great an increase in shutter speed results in

particle under sizing (Figure 36A) and an over-estimation of particle concentration (Figure

36B). Accurate particle sizing and concentration was observed when using a shutter speed

of 225 and a screenshot of the beads at this shutter speed shows how these are visualised as

single points of light (Figure 36C). In contrast, Figure 36D shows a screenshot of 200nm

beads videoed using a maximum shutter speed of 1500. Here the 200nm beads appear as

larger over-exposed objects with Newton’s rings. Newton’s rings are an interference

pattern caused by the reflection of light between a spherical surface and an adjacent flat

surface. These make the beads more difficult to track by NTA leading to inaccurate size

and concentration measurements. A representative NTA size vs. concentration profile of

200nm beads videoed using the optimal shutter speed of 225 is shown in Figure 36E.
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Figure 36. NanoSight NTA: 200nm polystyrene beads. A) Modal particle size (Mean ± SD) measurement
with increasing camera shutter speed settings. Red line denotes the actual size of beads, B) Measurement of
particle concentration (Mean ± SD) with increasing camera shutter speed settings. Red line denotes the actual
concentration of beads, C) Screen shot image of 200nm beads videoed using the optimal shutter speed of
225, D) Screenshot of 200nm beads videoed using the maximum shutter speed of 1500 showing the presence
of Newton’s rings, E) NTA size vs. concentration histogram profile of 200nm beads videoed using the
optimal shutter speed of 225. Values obtained for each camera shutter speed are the average of 4-5 separate
video analyses.
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3.4.1.4 100nm Beads

Next, a preparation of 100nm beads at a concentration of 5 x 108 beads/ml was analysed

using NTA. Three different camera shutter speeds (500, 1000 and 1500) and camera gains

ranging from 0-650 were used to determine the effect of these variables on particle

measurement. This was the first time it was necessary to use the camera gain setting in

order to visualise the light scatter from beads. Accurate particle sizing was observed with

all three camera shutter speeds and 14 gain settings tested, however increased precision

was obtained when using gains ≥ 150 (Figure 37A). Particle concentration was similarly 

evaluated using different camera shutter speeds and camera gains. The most accurate

particle concentration measurements were obtained using three different combinations of

camera shutter speed and gain settings: 1) camera shutter speed of 500 and gain 650; 2)

camera shutter speed of 1000 and gain 500; and 3) camera shutter speed 1500 and gain 450

(Figure 37B). Figure 36C shows a representative NTA size vs. concentration profile of

100nm beads using a camera shutter of 1000 and gain of 500. Using the middle optimal

shutter speed and gain combinations (shutter speed 1000 and gain 500) a range of

concentrations of 100nm beads [2 x 108 – 20 x 108 beads/ml] was used to investigate the

linearity of the instrument. Good linearity between the expected concentration and the

observed concentration measured by NTA in the range of 1 x 108 – 8 x 108 beads/ml was

observed (Figure 37D).
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Figure 37. NTA of 100nm polystyrene beads. A) Modal particle size (Mean ± SD) measurement with
increasing camera shutter speed and gain settings. Black line denotes the actual size of beads, B)
Measurement of particle concentration (Mean ± SD) with increasing camera shutter speed and gain settings.
Black line denotes the actual concentration of beads, C) NTA size vs. concentration profile of 100nm beads
using a shutter speed of 1000 and camera setting of 500, D) Expected (red line) vs. observed concentration
(black dotted line) (Mean ± SD) of particles using optimal camera shutter and gain settings. Values obtained
for each camera shutter speed and camera gain setting are the average of 4-5 separate video analyses.

3.4.1.5 70nm and 50nm Beads

The optimal shutter speed setting of 1000 and gain setting of 500 for 100nm beads was

then used to analyse even smaller beads. 70nm beads were prepared at a concentration of 6

x 108 beads/ml. These settings gave accurate sizing for the 70nm beads (76 ± 2.5 nm,

Mode ± SD) (Figure 38A), however the concentration was underestimated by ~10-fold

(0.69 x 108/ml) (Figure 38B). Increasing the shutter speed to a maximum of 1500 and

maximum gain of 650 still underestimated particle concentration (2.23 x 108/ml) (Figure



105

38B), but sizing measurements remained accurate (76 ± 1.1 nm, Mode ± SD). Finally,

50nm beads were prepared at a concentration of 8 x 108 beads/ml and were evaluated using

the maximum shutter speed of 1500 and maximum gain of 650. The beads were barely

detectable and NTA was unable to accurately track these particles (data not shown). Thus,

the lower limit of detection of the NanoSight LM10 instrument was between 50nm -

70nm.

Figure 38. NTA of 70nm beads. A) Size vs. concentration profile using a shutter speed of 1000 and camera
gain of 500, B) Expected vs. observed concentration (Mean ± SD) of particles using two different shutter
speed and gain settings. Values obtained for each camera shutter speed are the average of 5 separate video
analyses.

3.4.2 NTA Measurement of Particle Size and Concentration Using a

Polydisperse Bead Mix of 100nm and 300nm Polystyrene Beads

Next a mixture of 100nm and 300nm beads was used to evaluate the ability of NTA to

accurately size and quantitate a polydisperse bead mixture. As previously mentioned, this

is an essential prerequisite for analysing cellular vesicles in biological fluids as it is likely

that these will be polydisperse in nature. Using settings optimal for analysing 100nm beads

(camera shutter speed 1000, gain 500), two distinct particle populations were observed

with modal sizes of 94 ± 2.2 nm and 284 ± 5.7 nm (average mode ± SD) in Figure 39A.
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Using these same camera settings, a constant concentration of 100nm beads [5 x 108

beads/ml] mixed with increasing concentrations of 300nm beads [1-5 x 108 beads/ml] was

analysed and the particle size and concentration of the two bead populations were

measured. Figure 39B shows that the 100nm bead population could be accurately sized at

all particle concentrations, however as the 300nm bead concentration increased, the sizing

precision for this population was compromised and the particles were under sized. An

over-estimation of total particle concentration was observed in the presence of the 300nm

beads when used at a concentration between [1-4 x 108 beads/ml] (Figure 39C). Figure

39D shows a screenshot of 100nm beads [5 x 108/ml] and 300nm beads [1 x 108/ml]

analysed using a camera shutter speed of 1000 and camera gain of 500. The 100nm beads

are visualised as single points of light, however the 300nm beads appear as larger over-

exposed objects with Newton’s rings. At these settings the 300nm beads may scatter

multiple points of light, which are interpreted by the NTA software as individual particles,

hence leading to an overestimation of their numbers.
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Figure 39. NTA using optimised settings for 100nm particles: 100nm and 300nm polystyrene bead mix.
A) NTA size vs. concentration profile, B) Modal particle size (Mean ± SD) measurement with a constant
concentration of 100nm beads [5 x 108/m] and an increasing concentration of 300nm beads [1-5 x108/ml].
Black dotted lines denote the actual size of beads, C) Expected vs. observed particle concentration (Mean ±
SD) with a constant concentration of 100nm beads [5 x 108/m] and an increasing concentration of 300nm
beads [1-5 x 108/ml], D) Screenshot of 100nm beads [5 x 108/ml] and 300nm beads [1 x 108/ml].Values
obtained for each bead concentration are the average of 4-5 separate video analyses.

In contrast, using lower settings optimal for 300nm beads (camera shutter speed 20) only

the 300nm bead population was observed as at this shutter speed the camera was unable to

detect the 100nm beads (Figure 40A). The 300nm beads were accurately sized at all

particle concentrations (Figure 40B), however due to the 100nm bead population being

undetectable this resulted in an under-estimation of total particle concentration (Figure

40C). A screenshot of the 100nm beads [5 x 108/ml] and 300nm beads [5 x 108/ml] shows
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the 300nm beads as single points of light, whereas at these camera settings the 100nm

beads are undetectable (Figure 40D). From these results it can be concluded that NTA can

analyse polydisperse samples, but sizing of the larger 300nm particles and total

concentration measurements are less precise.

Figure 40. NanoSight NTA using optimised settings for 300nm particles: 100nm and 300nm
polystyrene bead mix. A) NTA size vs. concentration profile, B) Modal particle size (Mean ± SD)
measurement with a constant concentration of 100nm beads [5 x 108/m] and an increasing concentration of
300nm beads [1-5 x 108/ml]. Black dotted lines denote the actual size of beads, C) Expected vs. observed
particle concentration (Mean ± SD) with a constant concentration of 100nm beads [5 x 108/m] and an
increasing concentration of 300nm beads [1-5 x 108/ml], D) Screenshot of 100nm beads [5 x 108/ml] and
300nm beads [5x108/ml] showing light scatter from the 300nm beads only as at these settings the 100nm
beads are undetectable. Values obtained for each bead concentration are the average of 4-5 separate video
analyses.
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3.4.3 NTA Measurement of In vitro Derived Cellular Vesicles

Prior to this study, the NanoSight LM10 instrument and NTA software had only been used

to characterise particles for applications typically used in engineering and material

sciences. This is the first study to evaluate NTA technology to analyse cellular

microvesicles and nanovesicles. This included a preparation of pSTBM, platelet-derived

vesicles, RBC-derived vesicles and HUVEC-derived vesicles, all described in Chapter 2.

We also evaluated NTA for analysing vesicles in ultracentrifuge pellets of platelet free

plasma (PFP). Based on the experiments carried out using polystyrene beads, and aware of

the complexity involved in analysing polydisperse samples, a camera shutter speed of 1000

and camera gain of 500 was chosen. These are the settings optimal for measuring particles

of 100nm and will also accurately measure the size of particles down to 70nm. Although

these settings are sub-optimal for measuring larger particles (e.g., ≥300nm) by NTA, these 

larger vesicles are easily measured using flow cytometry.

3.4.3.1 Comparison of NTA, Flow Cytometry and Transmission Electron

Microscopy of pSTBM

A serial dilution (1 in 400, 1 in 800 and 1 in 1600) of pSTBM was analysed using NTA.

The mean vesicle size was comparable between all three dilutions ( Mean ± SD: 1 in 400;

255 ± 113 nm, 1 in 800; 270 ± 106 nm and 1 in 1600; 288 ± 131 nm). The size distribution

of vesicles showing the modal size for all three dilutions is illustrated in Figure 41A.

Approximately 70% of the total vesicles measured using NTA were below the detection

limit of flow cytometry (<290nm). A linear two-fold decrease in vesicle concentration was

measured (Figure 41B) and the total vesicle concentration was 3.67  1011/ml. When this

same sample was analysed by flow cytometry as shown in Chapter 2 Section 2.4.2 the total

vesicle count was 1.6 x 109/ml, a difference of two orders of magnitude (Figure 41C).
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Figure 41. NTA Serial Dilution of pSTBM. A) Mode size vs. concentration of pSTBM serial dilution, B)
Measured concentration (Mean ± SD) of pSTBM serial dilution. Each dilution factor is the average of 5
independent video analyses, C) Total vesicle counts as measured by flow cytometry vs. NTA.
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The size distribution of pSTBM was also measured using transmission electron

microscopy and directly compared to the NTA measurements. Electron micrographs of

pSTBM are shown in Figure 42A, and Figure 42B is a screenshot of the same sample

analysed by NTA. Electron microscopy showed a size distribution of vesicles ranging in

size from 20nm to 600nm with a peak size between 40nm and 400nm. NTA gave a similar

vesicle size distribution ranging from ~50nm-600nm with a peak around 250nm (Figure

42C). The peak of very small vesicles (20-60nm) observed by electron microscopy is

absent in NTA profile. This is most likely to be due to the lack of sensitivity of the

NanoSight instrument when analysing vesicles in this size range (as described in Section

3.4.1.5). Moreover, shrinkage artefacts during fixation for transmission electron

microscopy may also lead to vesicle under sizing (Jensen et al., 1981, Théry et al., 2006).
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Figure 42. Comparison of NTA and electron microscopy of pSTBM. A) Electron micrograph of pSTBM,
B) Screen shot image of NTA showing light scatter of pSTBM, C) Comparison of vesicle size as determined
by NanoSight NTA (red line) vs. electron microscopy (blue bars).

3.4.3.2 NTA Measurement of In vitro Derived Platelet Vesicles

In vitro derived platelet vesicles from three healthy volunteers that were previously

analysed using flow cytometry in Chapter 2 Section 2.4.3 were analysed using NTA.

Figure 43A shows a NTA size vs. concentration profile of the vesicles from each volunteer
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(colour dash lines) and the average of three (black line). The vesicles were highly

polydisperse ranging in size from ~50-900nm with an average modal size of 219nm. The

mean vesicle size was consistent between all three volunteers (Mean ± SD; 370 ± 207nm,

330 ± 163nm, 341 ± 161nm) and ~50% of the vesicles were smaller than those detectable

using flow cytometry (<290nm). Total platelet vesicle concentration measured by NTA

[2.92 x 109/ml] was significantly higher than that measured by flow cytometry FSC vs.

SSC [3.87 x 107/ml] (Figure 43B).

Figure 43. In vitro derived platelet vesicles. A) NTA size vs. concentration profile showing the distribution
for each volunteer (dash colour lines) and the average (black line), B) Total vesicle counts as measured by
flow cytometry and NTA. Bars represent Mean ± SE. **p<0.006.
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3.4.3.3 NTA measurement of In vitro Derived RBC Vesicles

The in vitro derived RBC vesicles analysed by flow cytometry in Chapter 2 Section 2.4.4

were analysed using NTA. Unlike the pSTBM or in vitro derived platelet vesicles which

were very polydisperse, the RBC vesicles were more uniform in size ranging from ~50-

400nm with an average modal peak at 190nm (Figure 44A). The mean vesicle size was

very consistent between samples from each volunteer (Mean ± SD; 212 ± 69nm, 208 ±

66nm, 201 ± 63nm). The vast majority (>90%) of vesicles were below the detection limit

of flow cytometry (<290nm) and this was reflected in the concentration measurements as

significantly more vesicles were analysed using NTA [2.19 x 109/ml] vs. flow cytometry

[7.67 x 105/ml] (Figure 44B).
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Figure 44. In vitro derived RBC vesicles. A) NTA size vs. concentration profile showing the distribution of
each volunteer (dash colour lines) and the average (black line), B) Total vesicle counts as measured by flow
cytometry and NTA. Bars represent Mean ± SE. **p<0.001.

3.4.3.4 NTA measurement of In vitro Derived HUVEC Vesicles

Two of the HUVEC in vitro derived vesicle preparations analysed by flow cytometry in

Chapter 2 Section 2.4.5 were analysed using NTA. It was only possible to analyse two of
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the three HUVEC vesicle preparations as one of the preparations was used up in the flow

cytometry experiments. The flow cytometry data showed a significant elevation in vesicle

counts in the camptothecin (CPT) stimulated HUVEC compared to the DMSO control,

therefore we analysed these same samples using NTA. Very similar polydisperse size

distributions ranging in size from ~50nm-650nm with a peak at ~200nm were measured in

the DMSO control and CPT HUVEC vesicles (Figure 45A). The average mean vesicle

size was 248 ± 115nm (mean ± SD) in the CPT HUVEC vesicles and 235 ± 106nm (mean

± SD) in the DMSO control HUVEC vesicles. Approximately 70-75% of the CPT and

DMSO control HUVEC vesicles were smaller than 290nm, hence flow cytometry was only

measuring 25-30% of the total vesicle population. HUVEC vesicle counts were elevated in

the CPT treatment group vs. DMSO control group by ~2-fold in experiment 1 and >5-fold

in experiment 2 (Figure 45B). Total HUVEC vesicle counts in the CPT treatment group as

measured by NTA [9.48 x 109/ml] were higher compared to those measured using flow

cytometry [8.79 x 105/ml] (Figure 45C).

Collectively, these data using the in vitro derived vesicle preparations demonstrate that

NTA can measure the size and estimate the concentration of vesicles as small as ~50nm-

70nm, exceeding the capabilities of flow cytometry.
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Figure 45. In vitro derived HUVEC vesicles. A) NTA size vs. concentration profile of HUVEC vesicles
measured after stimulation for 24 hours with 5μM CPT or 0.5% DMSO, B) NTA total vesicle concentration
measured in DMSO control and CPT, C) Total CPT vesicle counts measured by flow cytometry vs. NTA.
Bars represent Mean ± SE. NTA; n = 2. Flow cytometry; n = 3.

3.4.4 NTA Measurement of PFP Vesicles

Having demonstrated the ability of NTA to measure in vitro derived vesicles from a

number of different cell types, finally NTA was evaluated for its ability to measure

vesicles in plasma. To determine whether NTA could accurately measure vesicle size and

estimate the concentration in plasma, a two-fold dilution was performed using

ultracentrifuge PFP pellets (resuspended in 250μl of PBS) from two single healthy female 

volunteers. A two-fold dilution (1 in 4 and 1 in 8) of the PFP vesicle pellet was analysed
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using NTA. Figure 46A shows the modal size distribution vs. concentration profile for

both dilutions in each volunteer. The total vesicle concentration (Figure 46B) and mean

vesicle size (ranging from ~50nm-600nm) (Figure 46C) in each volunteer were shown to

be highly consistent between dilutions. These data provide the proof of principle that NTA

can analyse cellular derived vesicles in plasma. More detailed sets of experiments using

NTA to analyse PFP are shown in Chapter 4.

Figure 46. NTA dilution of PFP pellet. A) Modal size vs. concentration of PFP pellet two-fold dilution, B)
Final Concentration (Mean ± SE) of vesicles in PFP pellet two-fold dilution, C) Vesicle size (Mean ± SE) of
vesicles in PFP pellet two-fold dilution. Data is from two volunteers and is the average of 5 independent
video analyses per dilution.
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3.5 Discussion

3.5.1 Optimisation of the NanoSight LM10 Instrument

In this chapter NTA was evaluated as a novel method to analyse cellular derived vesicles.

First, it was necessary to optimise the NanoSight LM10 instrument settings using

monodisperse polystyrene beads ranging in size from 50-400nm. These experiments aimed

to verify the accuracy of NTA to measure particle size and estimate concentration. The

results showed that accurate NTA sizing and concentration measurements are made when

the beads are visualised as single points of light and this is dependent on the camera

shutter speed and gain settings. Larger particles (e.g. 200 - 400nm) required a very low

camera shutter speed and no camera gain whereas a high camera shutter speed and high

camera gain were required for the visualisation of smaller particles (e.g. 100nm). The

lower limit of detection of the NanoSight instrument was in the order of 70nm, shown by

accurate sizing measurements using maximum camera shutter speed and gain settings,

however concentration measurement was vastly underestimated. Finally, monodisperse

100nm beads (using optimal camera shutter speed and gain settings) were used to

determine the linearity of the NanoSight instrument and good linearity was observed in the

range of 1 x 108 – 8 x 108 beads/ml. Based on this result, all cellular vesicles were analysed

at concentrations within this range.

The flow cytometry data presented in Chapter 2 illustrated that all the cellular vesicles

were polydisperse and therefore it was essential to evaluate the ability of NTA to

accurately size and quantitate a polydisperse sample using a mixture of 100nm and 300nm

beads. Two distinct 100nm and 300nm bead populations were observed, however

concentration measurements were largely overestimated due to using camera shutter and

gain settings that were optimal for smaller (e.g. 100nm) particles. Increasing
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concentrations of larger (e.g. 300nm) particles had no effect on the sizing accuracy of the

smaller particles, however the larger particles were increasingly undersized. Hence, using

optimal camera shutter and gain settings for smaller particles impacts negatively on the

detection of the larger particles. Larger particles no longer appear as single points of light,

but instead appear as large overexposed objects with Newton’s rings that may scatter

multiple points of light, which are interpreted by the NTA software as individual particles.

The results in this study are similar to those observed previously (Filipe et al., 2010)

whereby monodisperse and polydisperse mixtures of polystyrene beads were analysed

using NTA and the results were directly compared to DLS. However, unlike our study, this

study only evaluated NTA for measuring particle size and not for estimating particle

concentration. Data from the previous study (Filipe et al., 2010) showed that NTA was

superior to DLS in accurately measuring the size distribution of monodisperse and

polydisperse bead samples. DLS cannot accurately resolve polydisperse mixtures of

particles because a single detection element simultaneously collects light from all the

particles, meaning that the estimate of particle size and size distribution is biased to a

larger particle size. This is in contrast to NTA which simultaneously measures particle size

and scattering intensity on individual particles, therefore allowing polydisperse mixtures to

be resolved. Moreover, NTA can estimate particle concentration by counting the observed

number of particles within a known scattering volume. This information is unobtainable by

DLS.

3.5.2 NTA Analysis of Cellular Vesicles

The data presented in this chapter demonstrates for the first time that NTA can be used to

analyse cellular vesicles. Using pSTBM, a direct comparison of NTA, electron microscopy
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and flow cytometry was made. NTA is far more rapid than electron microscopy allowing

the detection of many more vesicles and, because the vesicles are analysed in suspension,

they are not subject to shrinkage artefacts that are associated with fixation. NTA can detect

vesicles much smaller than those detected by flow cytometry (≥290nm) and this was 

clearly reflected in the pSTBM total concentration measurements, whereby >200-fold

more vesicles were analysed using NTA vs. flow cytometry. Furthermore, the mean

vesicle size of pSTBM determined by NTA was smaller than that detectable by flow

cytometry. This same pattern was reflected in the analysis of all the different types of

cellular derived vesicles (platelet, RBC, HUVEC and PFP) analysed in this study. The size

distribution of pSTBM, platelet derived-, HUVEC derived- and PFP derived-vesicles

showed that each of these preparations were highly polydisperse. In contrast, the RBC

derived vesicles showed a more monodisperse size distribution. The titration of pSTBM

and PFP derived vesicles were both carried out within the linear range of the instrument

and highly consistent vesicle size distributions and total concentration measurements

between dilutions were observed. Together these data provide the proof of principle that

NTA can be used to examine cellular derived vesicles.

Based on the data from the polydisperse beads, it is clear that the concentration

measurements obtained using NTA for heterogeneous cellular derived vesicles do not give

an absolute count and may be to some extent an overestimate. It is also probable that flow

cytometry may underestimate the concentration of vesicles, as it is possible that coincident

vesicles intercept the laser line and are therefore counted as a single vesicle, something

which could also occur with aggregates of vesicles in NTA. The NTA polydisperse bead

data show that the concentration can be overestimated by approximately double, whereas

the difference in concentration observed in the cellular derived vesicles measured by NTA
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compared to flow cytometry was shown to be increased by ~75-fold for the platelet

derived vesicles and exceeding 10,000-fold for HUVEC derived vesicles. Hence, despite

NTA overestimating vesicle concentration, this alone does not account for these huge fold

differences when comparing NTA to flow cytometry. These data clearly demonstrate that

NTA is more sensitive in analysing a population of vesicles not detectable by flow

cytometry.

3.6 Summary

In this chapter the use of NTA was evaluated for the detection of cellular vesicles. The

NanoSight instrument settings were optimised using polystyrene beads and the optimal

settings were chosen based on accurate measurements of particle size and concentration.

The sensitivity of the NanoSight LM10 instrument was in the order of 70nm thereby

greatly exceeding that of flow cytometry (≥290nm). NTA was shown to analyse a 

polydisperse bead mix an essential requirement for the analysis of cellular derived

vesicles. Limitations in the system were exposed whereby the concentration measurements

and sizing of larger particles were less precise. Preparations of five different types of

cellular derived vesicles were used to illustrate the ability of NTA to estimate vesicle size

and concentration. The results clearly demonstrated that the vast majority of vesicles were

smaller than those detectable by flow cytometry as reflected in the NTA mean vesicle size

and concentration measurements. In summary, NTA extends the power of flow cytometry

and can be used to analyse cellular derived vesicles. This technique was then used in

parallel with flow cytometry to analyse PFP derived vesicles in NonP, NormP and PE

women as presented in Chapter 4 of this thesis.
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Chapter 4

Investigation of syncytiotrophoblast vesicles and

other cellular derived vesicles in normal pregnancy

and pre-eclampsia using flow cytometry and

Nanoparticle Tracking Analysis
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4.1 Introduction

4.1.1 Measurement of STBM in Plasma from NormP and PE Women Using Flow

Cytometry

The working hypothesis presented in this thesis is outlined in Chapter 1 Section 1.6. To

reiterate, it is hypothesised that STBM are the potential cause of the systemic

inflammatory response, endothelial dysfunction and activation of the coagulation system,

which accounts for many of the clinical signs of pre-eclampsia (PE) (Redman and Sargent

2005). By measuring STBM (the cause) in parallel with other circulating derived vesicles

from platelets, RBCs, endothelium and leukocytes (the consequence) the prediction and

monitoring of the condition may be improved.

Only four previous studies have used flow cytometry to examine circulating STBM in PE

and NormP women (VanWijk et al., 2002, Lok et al., 2008a, Lok et al., 2008b, Orozco et

al., 2009). In all these studies analogue flow cytometers (analysing vesicles ≥500nm) were 

used and, with the exception of one study (Orozco et al., 2009) who analysed DNA-

associated vesicles (i.e. those which labelled positive with PicoGreen DNA dye), only

investigated Annexin V positive vesicles (VanWijk et al., 2002, Lok et al., 2008a, Lok et

al., 2008b). All studies used indirect antibody labelling (incubation with a primary

antibody followed by incubation with a fluorescently conjugated secondary antibody) to

identify circulating STBM in plasma which comprised 3-16% of the total vesicles in

NormP and 5-10% in PE (Lok et al., 2008b, Orozco et al., 2009). One study also reported

more circulating STBM in NonP controls vs. NormP and PE (VanWijk et al., 2002). These

variations may be accounted for by the specificity of antibodies used to detect STBM and

it is also well known that indirect antibody labelling is more susceptible to non-specific
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binding compared to direct antibody labelling and requires more thorough washing which

is difficult to achieve when working with vesicles.

4.1.2 Measurement of Other Cellular Derived Vesicles in Plasma from NormP

and PE Women Using Flow Cytometry

Aside from measuring circulating STBM, there have been fifteen studies (Harlow et al.,

2002, VanWijk et al., 2002, Bretelle et al., 2003, Gonzalez-Quintero et al., 2003,

Gonzalez-Quintero et al., 2004, Holthe et al., 2005, Meziani et al., 2006, Biro et al., 2007,

Lok et al., 2007, Lok et al., 2008a, Lok et al., 2008b, Lok et al., 2009, Orozco et al., 2009,

Macey et al., 2010, Alijotas-Reig et al., 2011) that have used flow cytometry to measure

cellular vesicles, including those derived from platelets, endothelial cells, RBCs and

leukocytes in NormP and PE women. Four of these studies (Lok et al., 2009, Orozco et al.,

2009, Macey et al., 2010, Alijotas-Reig et al., 2011) were published after commencing this

current study. To date, the majority of studies have analysed Annexin V positive vesicles

only, using analogue flow cytometry instrumentation. Similar to the studies examining

circulating numbers of STBM, there are major inconsistencies in the numbers of the other

circulating vesicles reported. For example, platelet vesicles have been identified using anti-

CD41 or anti-CD61 and some studies have reported a decrease in circulating platelet

derived vesicles in PE women vs. NormP women (Bretelle et al., 2003), whereas others

have reported an increase (Gonzalez-Quintero et al., 2003, Alijotas-Reig et al., 2011) or no

difference at all (Lok et al., 2008a). Moreover, circulating endothelial derived vesicles,

identified using anti-CD51 were found to be comparable between PE and NormP women

(Bretelle et al., 2003), whereas when the endothelial marker anti-CD31 and platelet marker

anti-CD42 were used in combination (CD31+/CD42-), numbers were found to be
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significantly increased in PE vs. NormP women (Gonzalez-Quintero et al., 2003,

Gonzalez-Quintero et al., 2004).

In Chapter 2 of this thesis it was demonstrated using in vitro derived vesicles that not all

antigens from the parent cell are expressed on the surface of vesicles and the level of

expression of those present is exceedingly variable. This may help to explain some of the

observed differences in the studies described above. Moreover, the results from Chapter 2

showed that some markers are more specific for particular vesicle types than others.

NDOG2 only labelled STBM and CD146 specifically labelled endothelial derived vesicles,

whereas CD41 not only labelled platelet derived vesicles, but also labelled some STBM

and monocyte vesicles. So far, all the studies that have analysed cellular derived vesicles

in NormP and PE women have used single-antibody labelling, or at most double-antibody

labelling to distinguish the cellular origin of the vesicles. This may have lead to some

vesicles being incorrectly identified. To help overcome this problem, in this study a multi-

colour flow cytometry assay was designed using the panel of directly conjugated

antibodies that were tested on the in vitro derived vesicles shown in Chapter 2 of this

thesis. In this chapter, these same antibodies were used to analyse in vivo circulating

STBM, platelet, RBC, endothelial and leukocyte vesicles in plasma from NonP, NormP

and PE women. These data have been expressed as vesicles/ml and as the percentage

positive for each marker of interest. The vast majority of previous studies examining

vesicles in plasma from NonP, NormP and PE women have only expressed the data as

total circulating counts of vesicles and not as the percentage positive for the marker of

interest. There may be a difference between the two and therefore in this study both have

been reported.
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Not only was this the first study to use a digital flow cytometer to investigate STBM and

other cellular derived vesicles in plasma from NonP, NormP and PE women, but was also

the first to use NTA in parallel. NTA enables the analysis of a sub-population of vesicles

undetectable by flow cytometry and allows direct comparisons to be made between vesicle

size and concentration measurements in all three groups. Vesicle size and concentration

measurements may be altered in PE compared to NormP and NonP and therefore may be a

direct reflection of the disorder. The STBM ELISA had not previously been used in

conjunction with flow cytometry to measure circulating derived STBM in plasma. This

allowed a direct comparison of the methodologies and established whether there was a

correlation between the two. The use of the STBM ELISA, multi-colour flow cytometry

assay and NTA aimed to provide the most comprehensive analysis of STBM and other

cellular derived vesicles in NonP, NormP and PE to date.

4.2 Aims

To use flow cytometry and NTA to determine the number, size and phenotype of STBM

and other cellular derived vesicles in NormP and PE.

4.3 Methods and Materials

4.3.1 Subjects

Blood from healthy male and female volunteers were used for methodology validation

experiments, including investigating ultracentrifugation and the effect of freezing plasma.

Blood samples were also taken from 10 non-pregnant (NonP), 10 normal pregnant

(NormP) and 10 pre-eclamptic (PE) women, all recruited to the Oxford Pregnancy

Biobank. PE was diagnosed as ≥90mmHg diastolic blood pressure on at least two 
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occasions within 24 hour and proteinuria ≥500mg in a 24 hour protein urine collection, 

50mg/mmol protein/creatinine ratio or at least 2+ on dipstick testing on two consecutive

measurements. PE women were matched to NonP women for age (± 4 years) and parity (0,

1-3, 4) and to NormP women for age, parity and gestational age (± 13 days) (Table 6).

These studies were approved by the Oxfordshire Research Ethics Committee C and written

informed consent was taken from all participants.

Non-pregnant Normal pregnant Pre-eclampsia p Value

Age (years) 33.6 (3.63) 33.4 (3.25) 33.6 (3.58) n.s

Nulliparity 5/10 (50%) 5/10 (50%) 5/10 (50%) n.s

Gestation (days) 254.4 (14.1) 259.1 (18.3) n.s

Booking bp, mmHg 107/64 (6.86/6.80) 109/69 (10.00/10.39) n.s

Max bp, mmHg 119/72 (11.20/5.65) 159/107 (14.30/11.21) <0.001

Max proteinuria

mg/24 h

3077.41 (4669.49)

Range 585-15340

Birthweight (g) 3564.1 (475.51) 2719(705.24) <0.006

Table 6. Patient details for non-pregnant, normal pregnant and pre-eclamptic women (n=10). Data
show Mean ± SD.

4.3.2 Preparation of PFP

PFP was prepared as described in Chapter 3 Section 3.3.4. PFP was then frozen in aliquots

at -80°C until use.

4.3.3 Preparation of PFP Vesicles

2ml of frozen PFP was thawed at 37°C, made up to 11ml with PBS and centrifuged at

150,000  g (max) for 1 hour at 4°C in a Beckman L8-80M ultracentrifuge. The

supernatant (SN) was removed and the PFP pellet was resuspended in PBS.
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4.3.4 Preparation of PFP Vesicles from Fresh vs. Frozen PFP

2ml of freshly isolated PFP from four healthy individuals were each made up to 11ml with

PBS and centrifuged at 150,000  g (max) for 1 hour at 4°C in a Beckman L8-80M

ultracentrifuge. The SN was discarded, the PFP pellet was resuspended in 300l of PBS

and analysed immediately by flow cytometry. A separate aliquot of PFP was stored for ~1

month at -80°C and processed as above for flow cytometry analysis.

4.3.5 Flow Cytometry of PFP, PFP Ultracentrifuge Pellet and Supernatant

4.3.5.1 Fluorescent Stain and Antibody Labelling for Flow Cytometry Analysis

All reagents were filtered prior to use as described in Chapter 2 Section 2.3.4.1. Bovine

Lactadherin–FITC was kindly provided by Dr Christian Heegaard (Protein Chemistry

Laboratory, Milk Protein Research Consortium, Dept of Molecular Biology, University of

Aarhus, Denmark). Lactadherin is a glycoprotein that binds externalised

phosphatidylserine on the outer surface of the vesicle membrane via the C2 domain and

can be used as an alternative to Annexin V for phosphatidylserine positive vesicle

detection (Perez-Pujol et al., 2007). PFP, ultracentrifuge pellet and SN were prepared from

ten healthy individuals. PFP, ultracentrifuge pellet and SN (either neat or pre-diluted with

PBS dependent on total vesicle concentrations) were labelled and analysed by flow

cytometry as described in Chapter 2 Section 2.3.4.1. Samples were double-labelled with

Lactadherin-FITC (5μg/ml) and a platelet marker CD61-PECy7 (0.25g/ml; Beckman

Coulter) or matching isotype control IgG1-PECy7 (0.25g/ml; Beckman Coulter). Each

sample was acquired for two minutes and the absolute count of vesicles/ml was

established using BD Trucount tubes as described in Chapter 2 Section 2.4.1.
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4.3.6 Measurement of Apolipoprotein B and Triglyceride Concentrations

Total Apolipoprotein (APOB) and triglyceride (TG) concentrations were measured by Dr

Leanne Hodson (Oxford Centre for Diabetes Endocrinology and Metabolism (OCDEM),

University of Oxford). Total APOB in PFP and SN were measured using a commercially

available kit (Randox Laboratories Ltd., Crumlin, Co. Antrim). In brief, this is an antibody

linked assay and measures turbitity of the sample excited at 340nm using an ILAB 600

analyser (Diamond Diagnostics, Holliston MA, USA). TG concentrations in PFP and SN

were measured using a commercially available kit (Instrumentation Laboratory UK Ltd.,

Warrington, Cheshire). Absorbance measurements at 510nm were read using an ILAB 600

analyser (Diamond Diagnostics).

4.3.7 Flow Cytometry of PFP Vesicles: Fresh vs. Frozen PFP

4.3.7.1 Fluorescent Ligand and Antibody Labelling for Flow Cytometry Analysis

PFP derived vesicles in ultracentrifuge pellets were labelled and analysed by flow

cytometry as described in Chapter 2 Section 2.3.4.1. Samples were triple labelled with

Lactadherin FITC (5μg/ml), a platelet marker CD61-PECy7, RBC marker CD235a/b-

PECy5 and matching isotype control antibodies as outlined in Chapter 2 Section 2.3.3.1

Table 2. Fluorochrome compensation was set-up using BD CompBeads and a single stain

using Lactadherin-FITC labelled pSTBM. Gates were set using FMO with isotype

controls. Samples were acquired for two minutes and enumeration of vesicles/ml was

carried out as described in Chapter 2 Section 2.4.1.
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4.3.8 Spiking pSTBM into Whole Blood for Flow Cytometry Analysis

Blood was taken from three healthy non-pregnant women as described in Section 3.3.4.

pSTBM [1μg/ml] was added to whole blood and PFP was prepared as described in Section 

4.3.2. PFP without pSTBM was used as a control. In addition a titration of pSTBM [0, 0.1,

0.5, 1μg/ml] was spiked into whole blood from one of the non-pregnant women. PFP 

derived vesicles were isolated by ultracentrifugation as described in Section 4.3.3 and

resuspended in 400μl of PBS. Samples were labelled with NDOG2-FITC (3μg/ml) or 

matching isotype control at the same concentration. Samples were labelled and analysed

using flow cytometry as described in Section 2.3.4.1. Samples were acquired for two

minutes and vesicle enumeration was carried out as described in Chapter 2 Section 2.4.1.

4.3.9 Preparation of PFP Vesicles in NonP, NormP and PE Samples

Blood samples were taken from NonP, NormP and PE women and PFP was prepared as

outlined in Section 4.3.2. 3ml of frozen PFP was thawed at 37°C and made up to 11ml

with PBS and centrifuged at 150,000  g (max) for 1 hour at 4°C in a Beckman L8-80M

ultracentrifuge. The SN was discarded, the PFP pellet was resuspended in 750l of PBS

and analysed by flow cytometry and NTA.

4.3.10 Flow Cytometry of PFP Vesicles in NonP, NormP and PE Samples

PFP vesicles in ultracentrifuge pellets from NonP, NormP and PE samples were labelled

and analysed by flow cytometry as described in Chapter 2 Section 2.3.4.1. Based on the

findings of Chapter 2, samples were labelled with a panel of fluorescent stain/antibody

combinations as outlined in Table 7. Previously, NDOG2 and the corresponding IgG1

isotype control were conjugated to PE or FITC using Lightning Link kits (Innova
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Biosciences). However in this set of experiments, due to quality control issues with the

Lightning Link kits, we used NDOG2-PE which was custom conjugated commercially by

Biolegend. The BD Biosciences Fluorescence Spectrum Viewer was used to help select

suitable combinations of fluorophores (http://www.bdbiosciences.com/research/multicolor/

spectrum_viewer/index.jsp). Fluorochrome compensation was set-up using BD

CompBeads and a single stain using pSTBM for Bio-Maleimide. Gates were set using

FMO with isotype controls as explained in Chapter 2 Section 2.3.4.1. All samples were

acquired for two minutes and the absolute count of vesicles/ml was carried out as

described in Chapter 2 Section 2.4.1.

Fluorescent Label,
Antibody/Isotype Control

Target Vesicle Cell
Type

Clone Final Concentration

Bio-Maleimide All vesicles Not Applicable 0.25μM

NDOG2-PE
b

Syncytiotrophoblast NDOG2 0.5μg/ml

IgG1-PE
b

MOPC-21 0.5μg/ml

CD41-PECy7
c

Platelet P2 0.25μg/ml

IgG1-PECy7
c

679.1Mc7 0.25μg/ml

HLA Class I (W6/32)-APCCy7
b

Leukocyte W6/32 2.5μg/ml

IgG2a-APCCy7
b

MOPC-173 2.5μg/ml

CD235a/b-PECy5
b

Red Blood Cell HIR2 0.05μg/ml

IgG2b-PECy5
b

MPC-11 0.05μg/ml

CD146-Alexa-647
b

Endothelial Cell OJ79c 0.125μg/ml

IgG1-Alexa-647
b

MOPC-21 0.125μg/ml

Table 7. Fluorescent label, antibodies and isotype controls used. a Molecular Probes; Invitrogen. b Biolegend
UK Ltd; c Beckman Coulter.

4.3.11 Measurement of STBM in PFP by ELISA

STBM in NonP, NormP and PE PFP samples were measured using an in-house ELISA as

previously described (Goswami et al., 2006) with modification. Frozen PFP samples were
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thawed at 37°C and 2ml of PFP was made up to 11ml with PBS and centrifuged at 150,000

 g (max) for 1 hour at 4°C in a Beckman L8-80M ultracentrifuge. The SN was discarded

and the PFP pellet was resuspended in 350μl of PBS containing 1% BSA (w/v) and 0.05% 

tween 20 (v/v; Sigma-Aldrich) and stored at -80°C until use.

A 96-well black maxisorp plate (Nunc; VWR International Ltd, Lutterworth, UK) was

coated with 100μl of the anti-placental alkaline phosphatase NDOG2 antibody [10μg/ml] 

and incubated overnight at room temperature. Following incubation, the plate was washed

five times with wash buffer (Tris-buffered saline containing 0.1% tween 20 (v/v)). 300μl 

of blocking buffer (5% BSA (w/v) in PBS) was added to each well and incubated for a

further three hours. Following incubation, the plate was washed five times with wash

buffer. A pooled preparation of pSTBM from eight normal placentas was used to prepare

the standards (0-4000ng/ml of protein) for the ELISA. The PFP pellet was thawed at 37°C

and 100μl was added per well and incubated overnight. The next day, the plate was 

washed ten times with wash buffer. An ELISA amplifier, 4-Methylumbelliferyl phosphate

(4-MUP; Sigma-Aldrich) was used as a fluorescent substrate for the detection of

endogenous alkaline phosphatase activity on the surface of the vesicles. 4-MUP was used

at a final concentration of 0.2mg/ml and was prepared in an assay buffer of 100mmol/L

diethanolamine and 21mmol/L MgCl2 (both from Sigma-Aldrich) pH 10.0. The plate was

read using a FLUOstar Optima (BMG Labtech) plate reader at excitation 355nm and

emission 460nm at 1 hour. The pSTBM standard curve was used to determine the STBM

concentration in each 350μl PFP sample in ng/ml. As samples had been concentrated by 

ultracentrifugation, this figure was divided by a concentration factor of x/y (where x =

volume of original PFP sample in ml and y = volume in which the pellet was reconstituted
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in ml. i.e. 2/.35=5.714) in order to calculate the STBM concentration in the original

sample.

4.3.12 Nanoparticle Tracking Analysis (NTA)

4.3.12.1 Measurement of Vesicles in PFP, PFP Ultracentrifuge Pellet and

Supernatant

PFP, PFP ultracentrifuge pellet and SN were diluted in PBS and were introduced into the

sample chamber of the NanoSight LM10 instrument as described in Chapter 3 Section

3.3.2. Each sample measurement was repeated 3-5 times. Sample videos were captured

using a camera shutter speed of 1000 and camera gain setting of 500. Post acquisition

settings as stated in Chapter 3 Section 3.3.2 were used for all samples. Each video was

analysed to give the mode and mean vesicle size, together with an estimate of vesicle

concentration.

4.3.12.2 Measurement of PFP Vesicles from Fresh vs. Frozen PFP

Ultracentrifuge pellets from fresh vs. frozen PFP in two healthy subjects were analysed.

Samples were diluted in PBS and analysed as described in Section 4.3.12.1.

4.3.12.3 Measurement of PFP Vesicles in NonP, NormP and PE Samples

PFP vesicles in ultracentrifuge pellets from NonP, NormP and PE samples were diluted in

PBS. Samples were analysed as described above in Section 4.3.12.1.

4.3.13 Fluorescence NTA: NS500 Instrument

The NanoSight NS500 instrument is a development of the NanoSight LM10 system,

incorporating the ability to phenotype vesicles by offering a fluorescence capability. The
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NS500 is equipped with a 405nm (violet) laser and interchangeable 430nm long-pass filter.

The upgraded camera system increases the sensitivity of the instrument, allowing the

detection of smaller vesicles as small as 50nm. 200nm Nanosphere size standards (Thermo

Scientific) and 100nm fluoresbrite YG microspheres (Polysciences) were diluted

accordingly in PBS. These experiments were performed in our laboratory by Dr Chris

Gardiner (Nuffield Dept Obstetrics and Gynaecology, University of Oxford). Settings were

optimised and particles were measured using both the fluorescence (i.e. with the long-pass

filter in place) and light scatter modes. Total vesicle numbers were measured and

compared between the two modes.

4.3.13.1 pSTBM labelling with NDOG2 conjugated to Quantum Dots (Qdots)

Quantum dots (Qdots) were conjugated to NDOG2 antibody and the corresponding IgG1

isotype control antibody (R&D Systems) with a Qdot 605 Antibody Conjugation Kit

(Invitrogen) according to the manufacturer's instructions. In brief, the polyethylene glycol

amine (molecular weight 2000) coated Qdots were activated with the cross-linker 4-

(maleimidomethyl)-1-cyclohexanecarboxylic acid N-hydroxysuccinimide ester (SMCC),

yielding a maleimide-nanocrystal surface. Excess SMCC was removed by size exclusion

chromatography. The antibody was then reduced by dithiothreitol to expose free sulfhydryl

groups, and excess dithiothreitol was removed by size exclusion chromatography. The

activated Qdots were covalently coupled with reduced antibody and the reaction quenched

with mercaptoethanol. Conjugates were concentrated by ultrafiltration and purified by size

exclusion chromatography. pSTBM were diluted 1:100 and NDOG2-Qdot605 or IgG1-

Qdot605 was added to give a final Qdot concentration of 10nM. The molar ratio of

antibody to Qdots was 3.5:1. Samples were incubated for 15 minutes at room temperature

and then diluted with PBS and analysed by NTA.



136

4.3.14 Flow Cytometry of pSTBM Labelled With NDOG2 Conjugated to QDots

Antibodies were filtered prior to use as described in Chapter 2 Section 2.3.4.1. pSTBM

were diluted in PBS and labelled with NDOG2-Qdot605 or IgG1-Qdot605 at 10μg/ml. 

Samples were made up to 1ml with PBS and analysed by flow cytometry as described in

Chapter 2 Section 2.3.4.1.

4.3.15 Statistics

Each data set was first tested for a Guassian distribution by using a Shapiro-Wilk

normality test and for equal variance using a Levene Median test. In data sets found to pass

both the normality and equal variance test and those that compared two groups were

analysed using a student’s t-test. Non-Parametric data comparing two treatment groups

were analysed using a Mann-Whitney Rank Sum Test. Data sets containing three treatment

groups and those that passed normality and equal variance were analysed using a One Way

ANOVA. When data were found to be significantly different, all pairwise multiple

comparisons were made using a Holm-Sidak test. For non-parametric data a Kruskal-

Wallis One Way ANOVA on Ranks was performed and significant differences were

identified using a multiple comparisons Tukey test. Values of p<0.05 were considered to

be significant. SigmaPlot 12.0 was used for the data analysis
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4.4 Results

4.4.1 Flow Cytometric Analysis and NTA of PFP, PFP Ultracentrifuge Pellet and

Supernatant

This study first examined if cellular vesicles could be analysed in PFP directly or whether

ultracentrifugation was necessary to pellet and concentrate these vesicles. Flow cytometric

analysis based on forward and side scatter measurements showed significantly more

vesicles in the PFP and SN compared to that of the ultracentrifuge pellet (Figure 47A). In

contrast, when PFP, PFP ultracentrifuge pellet and SN post ultracentrifugation were double

labelled with Lactadherin (a positive marker of phosphatidylserine exposure on the surface

of vesicles) and the platelet marker CD61, the numbers of vesicles were found to be

significantly elevated in the PFP pellet compared to PFP or SN (Figure 47B and Figure

47C respectively) showing that they have been enriched by this process. Furthermore, the

percentage of vesicles that labelled positive with Lactadherin and CD61 was significantly

increased in the PFP pellet compared to that of the PFP or SN (Figure 47D). Figure 47E

shows representative flow cytometry plots of Lactadherin/CD61 % positive vesicles in

PFP, PFP pellet and SN.
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Figure 47. Flow Cytometry Analysis of PFP, PFP ultracentrifuge pellet and supernatant (SN). A) Total
vesicle counts in PFP, pellet and SN, B) Total Lactadherin vesicles in PFP, pellet and SN, C) Total platelet
vesicle count in PFP, pellet and SN, D) Percentage of positive Lactadherin and platelet vesicles in PFP, pellet
and SN, E) Representative plots showing the percentage of positive labelling with Lactadherin and CD61 in
PFP, pellet and SN. Bars represent median with interquartile range. n=10.

In agreement with the flow cytometry FSC vs. SSC data, NTA showed significantly more

vesicles in the PFP and SN compared to the pellet (Figure 48A). Figure 48B shows the

concentration of vesicles [x108/ml] vs. size (nm) in the PFP, pellet and SN. The vesicles
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were polydisperse in size and ranged from 50nm to 500nm in the PFP and SN and from

50nm to 600nm in the pellet. The modal size of vesicles in the PFP, pellet and SN was;

142 ± 6.5nm, 195 ± 11.5nm and 134 ± 6.0nm (Mean ± SE) respectively. As might be

expected, the mean size of vesicles in the pellet was found to be significantly larger than

those in the PFP and SN (Figure 48C).

Figure 48. NTA measurement of vesicle concentration and size in PFP, ultracentrifuge pellet and SN.
A) Concentration of vesicles/ml in the PFP, pellet and SN. Bars represent mean ± SE, B) Vesicle size vs.
concentration profiles of PFP, pellet and SN, C) Mean vesicle size in PFP, pellet and SN. Bars represent
Mean ± SE. n=10.

Measuring the concentration of vesicles in the PFP, pellet and SN using NTA vs. flow

cytometry FSC vs. SSC, clearly demonstrated that significantly more vesicles were

detected using NTA compared to flow cytometry (Figure 49).
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Figure 49. Comparison of vesicle concentration in PFP, PFP ultracentrifuge pellet and SN measured
by flow cytometry and NTA. Bars represent median with interquartile range. p values (** p<0.003,
***p<0.001). n=10

Flow cytometry and NTA showed significantly elevated vesicle numbers in the PFP and

SN compared to that of the pellet. Phenotypic analysis of the pellet showed that >70% of

vesicles labelled with Lactadherin and >60% were platelet derived, in contrast to the PFP

and SN in which the percentage of positive labelling with Lactadherin or the platelet

marker was significantly lower. Furthermore, NTA illustrated that the vesicles in the pellet

were significantly larger than those in the PFP and SN. Together these data suggest that

the vesicles in the pellet were cellular in origin whereas those in the PFP and SN were

different, as they appeared to have a lower density, not being pelleted by

ultracentrifugation. Plasma contains four major groups of lipoproteins consisting of

chylomicrons, very low density lipoproteins (VLDL), low density lipoproteins (LDL) and

high density lipoproteins (HDL). Chylomicrons and VLDL are lipid vesicles and are

similar in size to cellar vesicles (Frayn 2010) and can be detected by light scatter (Cantero

et al., 1998, Ruf and Gould 1999). Chylomicrons contain apolipoprotein B48 (APOB48),
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whereas VLDL contains APOB100 and they are both rich in triglycerides (Frayn 2010).

To determine whether the large numbers of vesicles in the PFP and SN were chylomicrons

and VLDL, in collaboration with Dr. Leanne Hodson from the Oxford Centre for Diabetes

Endocrinology and Metabolism (OCDEM), APOB (48 and 100) and triglyceride

concentrations were measured in the PFP and SN and were found to be at comparable

levels (Figure 50). It was not possible to measure APOB and triglycerides in the pellet due

to the small sample available, but the fact that levels were the same pre- and post-

ultracentrifugation suggests that the chylomicrons and VLDL were not pelleted by this

process, emphasising the importance of centrifugation for cellular vesicle analysis.

Figure 50. APOB and triglyceride concentrations in PFP and SN. A) APOB concentration in PFP and
SN. Bars represent Mean ± SE, B) Triglyceride concentration in PFP and SN. Bars represent Median with
interquartile range. n=18.
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4.4.2 Flow Cytometric Analysis: Effect of Freezing PFP on Vesicle

Quantification

A major concern with these studies is the possible effect of freezing and thawing on

vesicle quantification. Flow cytometric analysis of ultracentrifuge pellets from fresh PFP

compared to frozen PFP showed no significant difference in total counts of vesicles

although there was a trend suggesting that the vesicle number was slightly reduced in

pellets from frozen vs. fresh PFP (Figure 51A). Total Lactadherin positive vesicles were

comparable between pellets from fresh PFP and frozen PFP (Figure 51B), however the

percentage of vesicles that labelled positive for Lactadherin was significantly increased in

the pellets from frozen PFP (Figure 51C), suggesting that phosphatidylserine exposure

may be increased by freezing. There was a considerable increase in the number of vesicles

measured by NTA as compared to flow cytometry (Figure 51D). However, NTA analysis

of the pellets from fresh vs. frozen PFP was comparable and in the two subjects analysed

no difference in modal vesicle size was detected when comparing pellets from fresh

(Subject 1: 232nm, Subject 2: 208nm) and frozen (Subject 1: 209nm and Subject 2:

201nm) PFP.
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Figure 51. Flow Cytometry comparison of ultracentrifuge pellets from fresh vs. frozen PFP. A) Total
vesicle counts, B) Total Lactadherin postitive vesicles, C) Percentage of vesicles labelling with Lactadherin,
D) Total vesicle counts measured by flow cytometry and NTA. Flow cytometry n=4, NTA n=2. **p=0.003.
Bars represent Mean ± SE.

Platelet vesicles were examined next, as these are known to be the most abundant

population in plasma. Ultracentrifuge pellets from fresh and frozen PFP were double

labelled with Lactadherin and an antibody to the platelet marker CD61 and analysed by

flow cytometry. No difference was detected in CD61 (Figure 52A), CD61+/Lactadherin+

(Figure 52C) or CD61+/Lactadherin- (Figure 52E) total vesicles in pellets from fresh or

frozen PFP. The percentage of labelling for CD61 (Figure 52B), CD61+/Lactadherin+

(Figure 52D) and CD61+/Lactadherin- (Figure 52F) vesicles was comparable in pellets

from fresh and frozen PFP.
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Figure 52. Flow cytometry analysis of ultracentrifuge pellets from fresh vs. frozen PFP: Platelet
vesicles. A) Total CD61 vesicle counts, B) Percentage of CD61 positive vesicles, C) Total
CD61+/Lactadherin+ vesicle counts, D) Percentage of CD61+/Lactadherin+ vesicles, E) Total
CD61+/Lactadherin- vesicle counts, F) Percentage of CD61+/Lactadherin- vesicles. Bars represent median
with the interquartile range. n=4.

Finally, RBC derived vesicles were examined and a significant reduction in total RBC

derived vesicles labelled for CD235a/b in pellets from frozen PFP compared to fresh was

shown (Figure 53A). The percentage of vesicles labelled for CD235a/b was comparable

between pellets from fresh or frozen PFP (Figure 53B). No significant difference in total
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CD235a/b+/Lactadherin+ vesicles or the percentage positive was detected in pellets from

fresh PFP compared to frozen PFP (Figure 53C and Figure 53D respectively). The number

of CD235a/b+/Lactadherin- vesicles decreased by 12-fold in pellets from frozen compared

to fresh PFP (Figure 53E). This was also reflected by a significant decrease in the

percentage of vesicles labelled CD235a/b+/Lactadherin- in pellets from frozen PFP (Figure

53F).

These results showed that platelet vesicles were not susceptible to freezing, unlike RBC

derived vesicles which were significantly decreased. Nonetheless, although total counts

may be lower there is still a remaining population that can be analysed by flow cytometry.



146

Figure 53. Flow cytometry analysis of ultracentrifuge pellets from fresh vs. frozen PFP: RBC vesicles.
A) Total CD235a/b vesicle counts, B) Percentage of positive CD235a/b vesicles, C) Total
CD235a/b+/Lactadherin+ vesicle counts, D) Percentage of CD235a/b+/Lactadherin- vesicles, E) Total
CD235a/b+/Lactadherin- vesicle counts, F) Percentage of CD235a/b+/Lactadherin- vesicles. Bars represent
Mean ± SE * p<0.05. n=4.
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4.4.3 Flow Cytometric Analysis of Spiking pSTBM into Whole Blood from NonP

Women

To determine whether cellular vesicles can be recovered from the PFP pellet after

ultracentrifugation, pSTBM were spiked into whole blood from NonP women. A

representative FSC vs. SSC profile of vesicles in the PFP pellet containing 1μg/ml of 

pSTBM is shown in Figure 54A. A gate measuring 1% positive events was set by labelling

the PFP pellet from the NonP control with the anti PLAP antibody NDOG2 (Figure 54B).

NDOG2 labelling of the PFP pellet containing 1μg/ml of pSTBM detected a total of 8.6% 

PLAP positive vesicles (Figure 54C). A gate was drawn around the distinct pSTBM

population and total vesicle counts were based around this gating strategy. Total PLAP

vesicles and the percentage of positive labelling with NDOG2 in the pellet with and

without 1μg/ml of pSTBM is shown in Figure 54D and Figure 54E respectively. A titration 

of pSTBM [0, 0.1, 0.5, 1μg/ml] illustrated that PLAP vesicles can be detected down to at 

least a concentration of 0.1μg/ml (Figure 54F). 
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Figure 54. Spiking pSTBM into whole blood from NonP women. A) FSC vs. SSC dot plot of vesicles in
PFP pellet with 1μg/ml pSTBM, B) Percentage of positive labelling of vesicles with NDOG2 antibody in
PFP pellet alone, C) Positive NDOG2 labelling of vesicles in PFP pellet spiked with 1μg/ml pSTBM, D)
Total vesicles labelled with NDOG2 in the PFP pellet spiked with -/+ 1μg/ml pSTBM, E) Percentage of
positive vesicles labelled with NDOG2 in the PFP pellet spiked with -/+ 1μg/ml pSTBM, F) Total vesicles
labelled with NDOG2 in the PFP pellet spiked with a titration of pSTBM [0-1μg/ml] n=1. Bars represent 
Median with the interquartile range * p<0.05. n=3.
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4.4.4 Analysis of PFP Vesicles from NonP, NormP and PE Samples

4.4.4.1 Flow Cytometric Analysis: Establishing Antibody Panels

Having established that the NDOG2 antibody could be used to identify pSTBM in a PFP

pellet, initial experiments aimed to use six-colour flow cytometry to count and phenotype

vesicles in PFP pellets from NonP, NormP and PE women. The earlier experiments in this

chapter use Lactadherin to identify vesicles, however in this section of work we chose to

use the marker Bio-Maleimide (thiol reactive dye that binds cellular membranes). Unlike

Lactadherin, Bio-Maleimide will bind to vesicles irrespective of surface exposed

phosphatidylserine (Enjeti et al., 2008a) and would therefore be expected to identify the

total number of cellular vesicles in a sample. For example this study has shown in Section

4.4.2 the presence of platelet-derived and RBC-derived vesicles that do not label with

Lactadherin, yet these would label positive with Bio-Maleimide. We also chose to switch

our platelet marker from CD61 used in earlier experiments in this chapter to CD41. This

change was based on experiments in Chapter 2 whereby in vitro derived pSTBM were

shown to express much higher levels of CD61 compared to CD41 and endothelial in vitro

derived vesicles were shown to express CD61 but not CD41. Hence, CD41 is a more

specific marker of platelet derived vesicles than CD61. PFP pellets were labelled with Bio-

Maleimide, CD41, CD235a/b, W6/32, CD146 and NDOG2. Gates were set using FMO

with isotype controls (Table 8) as previously explained in Chapter 2 Section 2.3.4.1.
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FMO Control Antibody-Fluorochrome

FITC PE PECy7 PECy5 APCCy7 Alexa-647

Bio-Maleimide - NDOG2 CD41 CD235a/b W6/32 CD146

NDOG2 Bio-Maleimide IgG1 CD41 CD235a/b W6/32 CD146

CD41 Bio-Maleimide NDOG2 IgG1 CD235a/b W6/32 CD146

CD235a/b Bio-Maleimide NDOG2 CD41 IgG2b W6/32 CD146

W6/32 Bio-Maleimide NDOG2 CD41 CD235a/b IgG2a CD146

CD146 Bio-Maleimide NDOG2 CD41 CD235a/b W6/32 IgG1

Table 8. Six-colour panel showing fluorescence minus one (FMO) with isotype controls.

However, these experiments proved to be problematic and resulted in “false positive”

NDOG2 labelled vesicles. An example of this is illustrated in Figure 55. A PFP pellet from

a NormP woman was single labelled with NDOG2 and corresponding isotype control and

resulted in 1.4% positive labelling with NDOG2 (Figure 55A). But when this same PFP

pellet was labelled with NDOG2 in the six-colour panel it resulted in 15.6% positive

labelling (Figure 55B). Fluorochrome compensation for the six-colour panel had been set

up correctly and was not the source of the “false positive” NDOG2 labelled vesicles. To

investigate this problem we compared the percentage of NDOG2 labelling in all of the

FMO controls to that observed with the complete antibody panel (i.e. all six-colours). This

allowed us to examine the effect of each antibody of interest and to help establish which

antibody/s may be the source of the “false positive” NDOG2 labelled vesicles. This

technique of antibody elimination is described as using “fidelity controls” (Maecker and

Trotter 2011). The percentage of NDOG2 labelled vesicles was notably reduced in the

CD41-PECy7 FMO control (Figure 55C) and W6/32-APCCy7 FMO control (Figure 55D),

suggesting that these two antibodies in combination were the source of the “false positive”

NDOG2 labelled vesicles. Hence, NDOG2-PE, CD41-PECy7 and W6/32-APCCy7 cannot

all be used in the same antibody panel.
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Taking this into consideration, two separate antibody panels to phenotype the vesicles

were designed. The first panel aimed to identify the placental derived vesicles which

should be PLAP positive and HLA-Class I negative, therefore this panel consisted of Bio-

Maleimide-FITC, NDOG2-PE and W6/32-APCCy7 (Table 9). This combination of

markers was tested on a PFP pellet from a NormP woman. The NDOG2-PE FMO control

was set at 1% (Figure 55E). The percentage of positive vesicles labelled with NDOG2-PE

was the same (3.8%) in the W6/32-APCCy7 FMO control (Figure 55F) and that with Bio-

Maleimide-FITC, NDOG2-PE and W6/32-APCCy7 all together (Figure 55G).

FMO Control Antibody-Fluorochrome

FITC PE APCCy7

Bio-Maleimide - NDOG2 W6/32

NDOG2 Bio-Maleimide IgG1 W6/32

W6/32 Bio-Maleimide NDOG2 IgG2a

Table 9. Three-colour panel showing fluorescence minus one (FMO) with isotype controls.

The second panel used five-colour flow cytometry to identify vesicles derived from

platelets, red blood cells, leukocytes and endothelial cells. This panel consisted of Bio-

Maleimide-FITC, CD41-PECy7, CD235a/b-PECy5, W6/32-APCCy7 and CD146-Alexa-

647 (Table 10). Although CD41-PECy7 and W6/32-APCCy7 could not be used in

conjunction with NDOG2-PE, they could be used together in this five-colour panel. Figure

55H and Figure 55I show the percentage of vesicles labelled with W6/32-APCCy7

(53.5%) or CD41-PECy7 (89.6%) respectively in a PFP pellet from a NonP woman

labelled with all five-colours. The percentage of vesicles labelled with W6/32-APCCy7

(50.8%) in the CD41-PECy7 FMO control or vesicles labelled with CD41-PECy7 (88.5%)

in the W6/32-APCCy7 FMO control are both comparable to that labelled with all five-

colours (Figure 55J and Figure 55K respectively).
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FMO Control Antibody-Fluorochrome

FITC PECy7 PECy5 APCCy7 Alexa-647

Bio-Maleimide - CD41 CD235a/b W6/32 CD146

CD41 Bio-Maleimide IgG1 CD235a/b W6/32 CD146

CD235a/b Bio-Maleimide CD41 IgG2b W6/32 CD146

W6/32 Bio-Maleimide CD41 CD235a/b IgG2a CD146

CD146 Bio-Maleimide CD41 CD235a/b W6/32 IgG1

Table 10. Five-colour panel showing fluorescence minus one (FMO) with isotype controls.
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Figure 55. Flow cytometry analysis of PFP vesicles using a six-colour, three-colour and five-colour
panel of fluorescent stain/antibodies. A) Single-colour labelling of vesicles with NDOG2 in a PFP pellet
from a NormP woman. Percentage of positive labelling with NDOG2 in a PFP pellet from a NormP woman;
B) six-colour labelling C) six-colour labelling; CD41-PECy7 FMO control, D) six-colour labelling; W6/32-
APCCy7 FMO control, E) three-colour labelling; NDOG2 FMO Control set at 1%, F) three-colour labelling;
W6/32-APCCy7 FMO control, G) three-colour labelling; NDOG2-PE, W6/32-APCCy7 and Bio-Maleimide-
FITC. PFP pellet from a NonP woman; H) five-colour labelling of vesicles showing the percentage of
positive labelling with W6/32-APCCy7, I) five-colour labelling of vesicles showing the percentage of
positive labelling with CD41-PECy7, J) five-colour labelling; CD41-PECy7 FMO control showing the
percentage of positive labelling with W6/32-APCCy7, K) five-colour labelling; W6/32-APCCy7 FMO
control showing the percentage of positive labelling with CD41-PECy7.
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Figure 56 illustrates the gating strategy used to identify the PFP derived vesicles. Figure

56A shows a representative flow cytometry FSC vs. SSC dot plot of vesicles in a PFP

pellet from a NormP woman. A 1μm gate was used to define the vesicle population. The 

vesicles <1μm were then displayed on a Bio-Maleimide histogram plot to determine the 

percentage of vesicles that were cellular derived (Figure 56B). The gate was set at 1%

using the Bio-Maleimide FMO control and in all thirty PFP pellets (NonP, NormP and PE)

analysed ~90% of events labelled positive with Bio-Maleimide. The Bio-Maleimide

positive vesicles were then displayed on two-parameter dot plots to determine the

phenotype of the vesicles. It is important to note that the Bio-Maleimide negative vesicles

did not label with any of the antigens examined in this study (data not shown). STBM

were identified as NDOG2+/W6/32- (Figure 56C), RBC vesicles were identified as

CD235a/b+/W6/32- (Figure 56D), CD41+/W6/32- and CD41+/W6/32+ events were

considered to be platelet derived vesicles (Figure 56E), whereas CD41-/W632+ events

were identified as leukocyte vesicles (Figure 56E) and endothelial vesicles were

considered to be W6/32+/CD146+ or W6/32-/CD146+ (Figure 56F).
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Figure 56. Flow cytometry gating strategy to phenotype PFP vesicles. A) Vesicles displayed on FSC vs.
SSC plot with 1μm cut off gate, B) <1μm vesicles displayed and gated on Bio-Maleimide histogram. Bio-
Maleimide positive vesicles then displayed on 2-parameter plots and phenotype identified, C) pSTBM;
NDOG2+/W6/32-, D) RBC; CD235a/b+/W6/32-, E) platelet; CD41+/W632- or CD41+/W6/32+, leukocyte;
W6/32+/CD41- and F) endothelial; CD146+/W6/32- or CD146+/W6/32+.

4.4.4.2 Flow Cytometric Analysis and NTA: Measuring Total Vesicle Counts

PFP pellets from NonP, NormP and PE women were analysed by flow cytometry using the

three-colour and five-colour antibody panels and by NTA. Using flow cytometry, total
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vesicle counts (both Bio-Maleimide positive and negative) were determined by analysing

all vesicles <1μm. No difference in total vesicle counts were found in PFP pellets from 

NonP, NormP or PE women (Figure 57A). These same samples were also analysed using

NTA. A significant increase in the number of vesicles was detected in PFP pellets from

NormP and PE women compared to NonP women (Figure 57B). However, there was no

difference in vesicle counts in the PFP pellets between NormP vs. PE women (Figure

57B). Vesicle size in the PFP pellets was measured using NTA and compared in NonP,

NormP and PE women (Figure 57C). Mean vesicle size was found to be larger in the

pellets from NonP women compared to NormP and PE women (Figure 57D). There was

no difference in mean vesicle size between PFP pellets from NormP vs. PE women (Figure

57D).

Figure 57. Measurement of total PFP vesicles in NonP, NormP and PE women using flow cytometry
and NTA. A) Vesicle counts measured by flow cytometry. Bars represent Mean ± SE, B) Total vesicle
counts measured by NTA. Bars represent Mean ± SE, C) NTA vesicle size vs. concentration profile, D) NTA
mean vesicle size measurements. Bars represent median with the interquartile range. *p<0.05. n=10 per
group.
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A comparison of total vesicle counts measured by flow cytometry vs. NTA is shown in

Figure 58. NTA counts are shown both as a measurement of the entire population of

vesicles (0-1000nm; black bars) and vesicles >290nm (grey bars). This was done so a

direct comparison between flow cytometry (only measures vesicles >290nm) and NTA

could be made. The change in vesicle concentration measured by NTA (0-1000nm) in

comparison to flow cytometry is increased by ~200-, 330- and 440-fold in the pellets from

NonP, NormP and PE women respectively. The measurement of vesicle concentration by

NTA (>290nm) compared to flow cytometry is ~50-, 70-fold and 100-fold higher in the

PFP pellets from NonP, NormP and PE women respectively.

Figure 58. Direct comparison of total PFP derived vesicles in NonP, NormP and PE women measured
by flow cytometry and NTA. Total counts measured by; flow cytometry ( ), NTA >290nm( ) and NTA
0-1000nm ( ). Data were Log10 transformed and bars represent Mean ± SE. ***p<0.001. n=10 per group.
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4.4.4.3 Flow Cytometric Analysis: Phenotypic Analysis of Vesicles

Bio-Maleimide vesicle counts were comparable in PFP pellets from NonP, NormP and PE

women (Figure 59A). The percentage of vesicles labelling with Bio-Maleimide is shown in

Figure 59B and was the same across all three groups. ~90% of all events in the PFP pellets

labelled with Bio-Maleimide, thus indicating that the pellet was enriched with cellular

vesicles.

Figure 59. Flow Cytometry Analysis of Bio-Maleimide vesicles in PFP pellets from NonP, NormP and
PE women. A) Total Bio-Maleimide vesicle counts, B) Percentage positive vesicles labelled with Bio-
Maleimide. Bars represent Median with the interquartile range. n=10 per group.
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Although vesicles >1μm are not strictly classified as vesicles and are more likely to be 

apoptotic bodies and other cellular debris it was decided to also analyse this population of

Bio-Maleimide vesicles by flow cytometry. Significantly fewer Bio-Maleimide vesicles

>1μm were found in the PFP pellet from PE women compared to NonP women (Figure 

60A). There was no difference in total Bio-Maleimide vesicles >1μm in NonP vs. NormP 

women or NormP vs. PE women (Figure 60A). These vesicles were all cellular derived as

>99% labelled positive with Bio-Maleimide (Figure 60B). These results suggest there was

less apoptotic bodies/cellular debris in PE samples.
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Figure 60. Flow Cytometry Analysis of Bio-Maleimide vesicles >1μm in PFP pellets from NonP, 
NormP and PE women. A) Total Bio-Maleimide vesicle counts, B) Percentage positive vesicles labelled
with Bio-Maleimide. Bars represent median with the interquartile range. *p<0.05. n=10 per group.

STBM: STBM (defined as NDOG2+/W6/32-) numbers were significantly raised in PFP

pellets from PE women compared to background levels observed in NonP women (Figure

61A) and this was also reflected in the percentage of NDOG2+/W6/32- vesicles (Figure

61B). Total STBM counts were also elevated (although not significantly so) in PFP pellets
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from NormP women compared to the background levels observed in NonP women (Figure

61A), however there was a significant increase in the percentage of positively labelled

NDOG2+/W6/32- vesicles (Figure 61B). No difference in total counts or the percentage of

positive vesicles was observed in PFP pellets from NormP women vs. PE women (Figure

61A and Figure 61B respectively). Representative flow cytometry labelling of STBM in

PFP pellets from NonP, NormP and PE women is shown in Figure 61C.

The levels of STBM in the same PFP samples from NonP, NormP and PE women were

also measured using an in house ELISA (Knight et al., 1998, Goswami et al., 2006,

Germain et al., 2007). Unlike flow cytometry which only measures STBM >290nm, the

ELISA measures the entire population of vesicles including; nanovesicles, microvesicles

and vesicles >1μm. Our study used PFP samples from late-onset PE women (mean 

gestation; 37.0 weeks) matched to NormP women (mean gestation; 36.3 weeks) and NonP

women for age and parity. Consistent with the flow cytometry results, STBM levels were

significantly increased in PFP in the samples from NormP and PE women compared to the

NonP controls (Figure 62). No difference in STBM levels in PFP between NormP and PE

women was found (Figure 62). These findings are in agreement with those observed

previously (Goswami et al., 2006) showing no difference in STBM levels in late-onset PE

vs. NormP, but did find a significant elevation in early-onset PE.
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Figure 61. Flow cytometry analysis of STBM in PFP pellets from NonP, NormP and PE women.
A) Total STBM counts, B) Percentage positive STBM, C) Representative 2-parameter plots showing
percentage of positive labelling of STBM. Bars represent median with the interquartile range. *p < 0.05.
n=10 per group.
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Figure 62. PFP STBM levels in NonP, NormP and PE women measured by ELISA. Bars show median
values. *p < 0.05. n=10 per group.

Platelet Vesicles: The majority of vesicles in PFP pellets from NonP, NormP and PE

women were found to be derived from platelets. CD41+/W632+ vesicles were compared

between the three groups and were lower in PFP pellets from PE women compared to

NonP and NormP women, but not significantly so (Figure 63A). The percentage of

CD41+/W632+ vesicles was lower in the PFP pellets from PE women compared to NormP

(p = 0.087) women and from PE women compared to NonP (p = 0.066) women, however

again these differences did not reach statistical significance (Figure 63B). CD41+/W6/32-

total vesicles numbers and the percentage labelled were also similar in PFP pellets from

NonP, NormP and PE women (Figure 63C and Figure 63D respectively). There was a

trend showing a decrease in total platelet vesicle counts (CD41+/W632+ and

CD41+/W6/32-) in PFP pellets from PE women, but this did not reach significance (p =

0.066) (Figure 63E). There was however a significant reduction in the percentage of

positively labelled total platelet vesicles (CD41+/W632+ and CD41+/W6/32-) in PFP pellets

from PE vs. NonP women (Figure 63F). Figure 63G shows representative flow cytometry

plots of the CD41+/W632+ and CD41+/W6/32- labelled vesicles in PFP pellets from NonP,

NormP and PE women.



164

Figure 63. Flow cytometry analysis of platelet vesicles in PFP pellets from NonP, NormP and PE
women. A) Total CD41+/W6/32+ vesicle counts, B) Percentage positive vesicles labelled with
CD41+/W6/32+, C) Total CD41+/W6/32- vesicle counts, D) Percentage positive vesicles labelled with
CD41+/W6/32-, E) Total platelet (CD41+/W6/32+ and CD41+/W6/32-) vesicle counts, F) Percentage positive
total (CD41+/W6/32+ and CD41+/W6/32-) platelet vesicles, G) Representative 2-parameter plots showing
percentage of positive labelling for platelet vesicles and leukocyte vesicles (W6/32+/CD41-). Bars represent
median with the interquartile range. *p < 0.05. n=10 per group.
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Leukocyte Vesicles: Leukocyte derived vesicles were defined as W6/32+/CD41-.

Representative flow cytometry plots showing W6/32+/CD41- labelling of vesicles in PFP

pellets from NonP, NormP and PE women are shown in Figure 63G. These vesicles were

found to be significantly elevated in PFP pellets from PE women compared to NonP

women (Figure 64A). However, no difference in leukocyte vesicle counts were detected in

PFP pellets from NonP vs NormP women or NormP vs. PE women (Figure 64A).

Leukocyte derived vesicles accounted for <0.1% of the total vesicle population in PFP

pellets from NonP women, <0.8% in NormP women and 2.3% in PE women (Figure 64B).

Figure 64. Flow cytometry analysis of leukocyte vesicles in PFP pellets from NonP, NormP and PE
women. A) Total leukocyte vesicle counts, B) Percentage of positive vesicles labelled W6/32+/CD41-. Bars
represent Median with the interquartile range. *p<0.05. n=10 per group.
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RBC Vesicles: Total RBC derived vesicles were defined as CD235a/b+/W6/32-. Total

counts and the percentage positive CD235a/b+/W6/32- vesicles in PFP pellets from NormP

women were significantly elevated in comparison to NonP women (Figure 65A and Figure

65B respectively). There was no difference in total RBC vesicles in PFP pellets from PE

women compared to NonP women (Figure 65A), however the percentage of positively

labelled vesicles was significantly increased (Figure 65B). Total RBC vesicles and the

percentage labelled positive were similar in PFP pellets from NormP and PE women

(Figure 65A and Figure 65B respectively). Representative flow cytometry labelling of

RBC vesicles in PFP pellets is shown in Figure 65C.

Endothelial Vesicles: Endothelial vesicles defined as CD146+/W6/32+ or CD146+/W6/32-

were not detected in any of the PFP pellets from NonP, NormP or PE women.

A summary of the total counts (Figure 66A) and percentage (Figure 66B) of all types of

derived vesicles in a PFP pellet from NonP, NormP and PE women is shown in Figure 66.

This summary figure also includes the total number and percentage of vesicles that were

Bio-Maleimide positive, but did not label with any of the markers of interest, these were

termed “orphan”. These vesicles accounted for 16-26% of the population.
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Figure 65. Flow cytometry analysis of RBC vesicles in PFP pellets from NonP, NormP and PE women.
A) Total RBC vesicle counts, B) Percentage positive RBC vesicles, C) Representative plots showing
percentage of positive labelling of RBC vesicles. Bars represent median with the interquartile range. *p <
0.05. n=10 per group.
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Figure 66. Flow cytometry analysis of vesicles in PFP pellets from NonP, NormP and PE women. A)
Total vesicles counts, B) Percentage of vesicles. Bars represent median with interquartile range. *p < 0.05.
n=10 per group.
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4.4.5 Fluorescence NTA

Flow cytometry detects a small number of STBM >290nm in plasma and ELISA will

measure vesicles <290nm, but does not provide any information relating to vesicle size.

During the scope of this study our group worked with NanoSight Ltd to develop an

instrument incorporating a fluorescence capability and therefore making it possible to size,

count and phenotype the vesicles. In addition, a more sensitive camera is fitted to this

instrument making it possible to track smaller biological vesicles (sub 100nm) than those

measured using the LM10 instrument. The NanoSight NS500 instrument uses a 405nm

laser and 430nm long-pass fluorescence filter, allowing detection of microvesicles and

nanovesicles labelled with Qdot conjugated antibodies.

4.4.5.1 Fluorescence NTA, and Flow Cytometry of pSTBM

Experiments carried out using the NanoSight NS500 and the conjugation of Qdots to

antibodies were performed by Dr Chris Gardiner (NDOG, Oxford)

To demonstrate the principle of fluorescence NTA, a mixture of 100nm fluorescent beads

and 200nm non-fluorescent beads were analysed (Figure 67A). Both bead populations

were resolved using light scatter mode (blue line), however only the 100nm fluorescent

beads were tracked when using fluorescence mode (red line). Fluorescence NTA was then

used to phenotype a preparation of biological vesicles using pSTBM as a model. pSTBM

were labelled with NDOG2-Qdot605 and matching isotype control (IgG1-Qdot605). These

custom conjugates were first tested using flow cytometry and were shown to label 93.5%

of the pSTBM population (Figure 67B). pSTBM were then analysed using the NanoSight

NS500 instrument, first on light scatter (blue line) and then using fluorescence mode (red

line; NDOG2-Qdot605, green line; Isotype control IgG1-Qdot605) (Figure 67C). Analysis
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using both light scatter and fluorescence modes gave a size distribution of vesicles ranging

from 50 – 600nm, with two distinct peaks in the region of 150nm and 200nm. Minimal

pSTBM labelling was shown with the IgG1-Qdot605 isotype control. The minor

differences between the peak sizes in light scatter mode vs. fluorescence mode are within

the observed level of variability (CV 8%) for this assay.

Figure 67. Fluorescence NTA and flow cytometry analysis of pSTBM. A) NTA analysis of a mixture of
fluorescent 100nm beads and 200nm non-fluorescent beads analysed using scatter mode (blue line) and
fluorescence mode (red line), B) pSTBM labelled with IgG1-Qdot605 (control) and NDOG2-Qdot605, C)
NTA analysis of pSTBM labelled with IgG1-Qdot605 analysed in fluorescence mode (control; green line)
and labelled with NDOG2-Qdot 605 analysed in scatter mode (blue line) and fluorescence mode (red line).
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4.5 Discussion

4.5.1 Ultracentrifugation of PFP for Vesicle Analysis

In this chapter ultracentrifugation was first investigated as a method to concentrate vesicles

in plasma. Currently there is no consensus with regard to centrifugation speeds of plasma

for optimal vesicle detection. Some studies analyse PFP directly and others after pelleting

the vesicles using low speed (18,000 –20,000  g) centrifugation or ultracentrifugation

(100,000 –150,000  g). In this study ultracentrifugation was chosen to allow comparison

with previous ELISA studies, (Knight et al., 1998, Goswami et al., 2006, Germain et al.,

2007). Ultracentrifugation was used to prepare vesicles for analysis using flow cytometry

and NTA. It would also be expected to pellet a larger number of the smaller exosome

population.

For simplicity, it would be preferable to analyse PFP directly as it requires no further

processing of the plasma. However, plasma is a very complex biological fluid containing

many different types of proteins, cellular and lipid vesicles. PFP samples can vary between

individuals. On average in this study it was necessary to dilute samples by 90-fold prior to

analysis by flow cytometry (and greater for analysis using NTA) as undiluted samples

contain too many vesicles to achieve a suitable flow rate for analysis (i.e. ~250 events/sec).

This large dilution in turn reduces the number of cellular vesicles, making it very difficult

to analyse rare populations without having to acquire huge numbers of events. Isolation of

vesicles from PFP using centrifugation or ultracentrifugation provides a more concentrated

preparation, but will inevitably lead to some vesicle loss. To our knowledge, this is the

first study to analyse the PFP, the PFP ultracentrifuge pellet and the SN post
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ultracentrifugation. Analysing all three vesicle fractions has formally demonstrated that

ultracentrifugation is sufficient to pellet cellular vesicles whilst minimising vesicle loss.

Flow cytometry and NTA were used in parallel to analyse PFP, the PFP ultracentrifuge

pellet and the SN. Flow cytometry phenotypic analysis of vesicles was carried out using

the platelet marker CD61 and procoagulant marker Lactadherin. Lactadherin binds

phosphatidylserine exteriorised on the surface of vesicles and can be used as an alternative

to Annexin V (Perez-Pujol et al., 2007, Hou et al., 2011). Lactadherin has two main

advantages compared to Annexin V; 1) it has a higher affinity for phosphatidylserine and

2) it binds phosphatidylserine independent of calcium (Shi et al., 2004). Analysis of PFP

can be problematic when using buffers that contain calcium as this can cause the plasma to

clot. Flow cytometric analysis showed increased numbers of vesicles present in the PFP

and SN compared to that of the ultracentrifuge pellet, however many of these vesicles were

neither phosphatidylserine positive (Lactadherin negative) nor derived from platelets

(CD61 negative). The ultracentrifuge pellet was enriched with cellular derived vesicles as

the majority labelled with Lactadherin and CD61. NTA confirmed the results obtained by

flow cytometry also showing significantly more vesicles in the PFP and SN compared to

that in the ultracentrifuge pellet. Furthermore, NTA showed that the ultracentrifuge pellet

was, as might be expected, composed of larger vesicles compared to that in the PFP and

SN. Together, flow cytometry and NTA demonstrated the phenotypic and size differences

in the vesicles in the ultracentrifuge pellet compared to the PFP and SN.

In order to determine the nature of the vesicles in the PFP which remained in the SN after

ultracentrifugation, APOB and triglycerides were measured to determine whether they

were chylomicrons and VLDLs. PFP and SN were found to contain comparable

concentrations of APOB and triglycerides. Chylomicrons are 80-1000nm in diameter and
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contain 90% triglycerides and APOB48. VLDLs are 30-80nm in diameter and contain 65%

triglycerides and APOB100 (Frayn 2010). Chylomicrons have previously been shown to

be detectable by flow cytometry (Cantero et al., 1998) and DLS (Ruf and Gould 1999) and

both chylomicrons and VLDLs are within the size range of vesicles detected using NTA.

However, LDL (20-25nm) and HDL (9-15nm) are too small to be detected by flow

cytometry or NTA. Together these data provide evidence that the vast majority of vesicles

in the PFP and SN are lipoprotein vesicles (chylomicrons and VLDLs) and that techniques

to remove these such as ultracentrifugation are an absolute requirement for cellular vesicle

enrichment.

4.5.2 Fresh vs. Frozen PFP

In order to carry out large studies of clinical samples to investigate the role of cellular

derived vesicles it is simply not practical to analyse fresh PFP. Biobanks containing frozen

plasma or serum are being set up world-wide to provide researchers with access to large

numbers of samples to study various diseases/clinical conditions. However, if a point-of-

care test was to be developed as a predictive or diagnostic tool then freshly isolated PFP

would need to be used. Therefore, the effect of freezing PFP on quantification of vesicles

in ultracentrifuge pellets is an important issue and this was examined using flow cytometry

and NTA. Although only a small number of samples were analysed in a pilot study these

data showed some interesting findings.

Total vesicle counts in pellets from fresh and frozen PFP showed no difference when

analysed using flow cytometry or NTA. However, the percentage of Lactadherin positive

vesicles detected by flow cytometry increased after freezing. This may cause

externalisation of phosphatidylserine, resulting in the Lactadherin negative vesicles
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becoming positive. However there was no difference in total Lactadherin positive vesicle

numbers after freezing. Furthermore, the number of platelet vesicles was comparable in

pellets from fresh and frozen PFP. In contrast, freezing had a significant effect on total

RBC vesicles as these were reduced in pellets from frozen PFP compared to fresh.

CD235+/Lactadherin- vesicles were significantly reduced in the pellet from frozen PFP

compared to fresh. However, no difference in CD235+/Lactadherin+ vesicle numbers was

detected, suggesting that the CD235+/Lactadherin- vesicles had not become

CD235+/Lactadherin+ during the freezing process. These results show that RBC vesicles

can be analysed by flow cytometry using frozen PFP, however the numbers were reduced

by ~3-fold. This overall reduction could be due to the vesicles being broken down further

into smaller vesicles which were not detectable by flow cytometry. However, although

only two samples were analysed using NTA there was no evidence of smaller vesicles in

pellets from frozen PFP or an increase in total vesicle concentration. More samples would

need to be analysed to investigate this further. The other possibility is that the CD235a/b

antigen is susceptible to freezing, resulting in its loss from the surface of the vesicle.

4.5.3 Pre-Analytical Variables

There are many pre-analytical variables that may affect vesicle quantification. There is a

requirement for all of these to be standardised and this will be discussed in detail in

Chapter 5.

When designing this current study to analyse vesicles in pregnancy and PE using flow

cytometry, the recommendations that had been made by others who had also looked at pre-

analytical variables were taken into account. Blood was collected into the most commonly

used anticoagulant, sodium citrate (Jy et al., 2004, Yuana et al., 2011). It was processed
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within one hour as delaying the time between venepuncture and centrifugation has been

reported to result in an increase in vesicle number (Ayers et al., 2011). A double

centrifugation (1500  g for 15min, followed by 13,000  g for 2min) was performed to

generate PFP, which is absolutely necessary to remove platelets (Mobarrez et al., 2010,

Ayers et al., 2011). All PFP samples were obtained from the Oxford Pregnancy Biobank

and were stored at -80°C. PFP was thawed at 37°C as there are conflicting reports

surrounding thawing samples at room temperature or on ice (Trummer et al., 2009, Ayers

et al., 2011). In this study it was shown that ultracentrifugation of PFP was essential for

the enrichment of the cellular vesicle populations. All samples were processed using these

strict guidelines to ensure that direct comparisons could be made between patient and

control groups.

Annexin V is the most widely used marker to measure plasma derived vesicles by flow

cytometry. This marker has some drawbacks including that its binding to

phosphatidylserine is dependent on the presence of calcium and the availability of

phosphatidylserine on the surface of the vesicle. Furthermore, as stated previously, not all

vesicles are Annexin V positive yet the majority of studies only analyse these events.

There are very few previous studies analysing both Annexin V positive and negative

vesicles (Connor et al., 2010, Ayers et al., 2011). The first of these studies (Connor et al.,

2010) showed a large number of Annexin V negative platelet derived vesicles and the

second study (Ayers et al., 2011) showed both Annexin V negative platelet and endothelial

derived vesicles. There are many alternative markers to Annexin V that are now being

explored to define vesicles, as previously outlined in Chapter 2. To define PFP vesicles in

the current study, the fluorescent membrane stain Bio-Maleimide was used.
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4.5.4 Analysis of PFP Vesicles

4.5.4.1 Antibody Panels for Multi-Colour Flow Cytometry

The antibodies used to define the different populations of vesicles were chosen based on

the in vitro derived vesicle experiments shown in Chapter 2. This study is the first of its

kind to use a five-colour antibody panel to phenotype vesicles. six-colour flow cytometry

was initially attempted, but this resulted in “false positive” NDOG2 labelled vesicles.

Fidelity controls identified W6/32-APCCy7 and CD41-PECy7 as antibodies that could not

be reliably used in a panel with NDOG2-PE. The solution adopted was to use two separate

antibody panels: 1) a three-colour panel of Bio-Maleimide, NDOG2 and W6/32 to

phenotype STBM and, 2) a five-colour panel of Bio-Maleimide, CD41, CD235a/b, W6/32

and CD146 to phenotype total, platelet, RBC, leukocyte and endothelial derived vesicles

respectively. Although a six-colour panel would have been preferable and potentially

antibody fluorophores could have been interchanged to find a suitable combination, this

would have been very time consuming, costly and it is unlikely this would have solved the

problem entirely. With each chosen combination “false positive” vesicles would still

appear, only effecting a different fluorescent channel each time. Ultimately, this is a

limitation of our flow cytometer and is less likely to be a problem with instruments with

more available channels (i.e. 3-4 lasers with 8-18 colours).

4.5.4.2 Flow Cytometry vs. NTA: Vesicle Enumeration and Size

In order to directly compare total PFP vesicles using flow cytometry to those measured

using NTA, the flow cytometry analysis included both Bio-Maleimide negative and

positive vesicles. Total vesicle counts measured by flow cytometry showed no difference

between all three groups. In contrast, vesicle counts measured using NTA were

significantly elevated in NormP and PE vs. NonP women. The mean vesicle size, as



177

measured by NTA, revealed that vesicles in NormP and PE were smaller than those in

NonP. Furthermore, the mean vesicle size in all three groups was found to be below the

detection limit of flow cytometry (≥290nm), indicative that flow cytometry is only 

analysing a small proportion of the total vesicles. A comparison of total vesicle

concentration, as measured by flow cytometry vs. NTA, indicated that up to 443-fold more

vesicles were detected using NTA. A further comparison was made whereby total vesicle

counts ≥290nm as measured by NTA were directly compared to those measured using 

flow cytometry and found to be significantly higher. It is however very difficult to directly

compare total vesicle counts measured by flow cytometry vs. NTA. As discussed in

Chapter 3, NTA can accurately measure the size of polydisperse samples, but always

overestimates the concentration. Conversely, flow cytometry may underestimate the

concentration of vesicles, as it is possible that vesicles may intercept the laser line

simultaneously and therefore be counted as a single vesicle. Furthermore, it has been

proposed that using polystyrene beads to set-up the flow cytometer for vesicle analysis

may lead to an underestimation of their size (Foladori et al., 2008, Lacroix et al., 2010a,

Chandler et al., 2011). It was recently reported that due to differences in refractive index, a

400nm polystyrene bead is equivalent to measuring a 1μm cellular vesicle (Chandler et al.,

2011). Hence, our instrument can distinguish a 290nm polystyrene bead population, but

this may not directly equate to measuring a 290nm cellular vesicle. This is unlike NTA,

which measures vesicle size independent of refractive index. Nevertheless, although

vesicle counts by either method may not be an absolute measurement, this does not detract

from the principle that NTA extends the power of flow cytometry and, because all three

groups have been analysed using identical settings, valid comparisons between groups can

still be made.
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4.5.4.3 Total Circulating Vesicles

Flow Cytometry

In this study >90% of the vesicles <1μm labelled positive with Bio-Maleimide, thus 

indicating that ultracentrifugation results in a highly purified preparation of cellular-

derived vesicles. Total Bio-Maleimide vesicle (<1m) counts were comparable between

all three groups, although a decrease in total Bio-Maleimide vesicles (>1m) in PE vs.

NonP was observed. This suggests that in PE either fewer large vesicles (including

apoptotic bodies/cellular debris) are produced or perhaps these vesicles are cleared from

the circulation at a faster rate.

As stated in the introduction to this chapter, previous studies have also analysed total

vesicle counts in NormP and PE (Harlow et al., 2002, VanWijk et al., 2002, Bretelle et al.,

2003, Biro et al., 2007, Lok et al., 2007, Lok et al., 2008a, Lok et al., 2008b, Lok et al.,

2009, Orozco et al., 2009, Alijotas-Reig et al., 2011) all of which analysed Annexin V

positive vesicles only, with the exception of one study (Biro et al., 2007) defining total

vesicle counts based solely on FSC vs. SSC measurements and another study (Orozco et

al., 2009) defining vesicles using the DNA stain PicoGreen. Two studies mention using a

1m gate to define a cut off for the analysis of vesicles (Bretelle et al., 2003, Alijotas-Reig

et al., 2011) and one study (Harlow et al., 2002) defines vesicles as between 200nm –

500nm in size. It is very difficult to make any comparisons between our study and that of

the latter (Harlow et al., 2002) as this study analysed vesicles directly in whole blood.

Flow Cytometry vs. NTA

The study presented in this chapter used PFP samples from late-onset PE women (mean

gestation; 37.0 weeks) matched to NormP women (mean gestation; 36.3 weeks) and NonP
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women for age and parity. Using flow cytometry, these data showed comparable vesicle

counts between all three groups. However, as flow cytometry only analyses a portion of

the total vesicles in plasma, it was unsurprising that these results were not reflected when

using NTA which visualises both nanovesicles and microvesicles. Here, total vesicle

counts were elevated and vesicles were found to be smaller in size in NormP and PE

women compared to NonP women. Although these counts are probably not an absolute

number due to the polydisperse nature of the sample, they do indicate that total vesicle

counts are elevated in NormP and PE. This may be a direct reflection of the number of

vesicles shed into the maternal circulation as a result of the maternal systemic

inflammatory response seen in NormP and PE. These data also suggest that increased

activation may lead to the release of smaller vesicles. The inflammatory response is

exacerbated in PE and it can be hypothesised that this would result in an increase in

circulating vesicles, but total counts were comparable in NormP and PE. However, our

results do not take into account the rate at which vesicles are cleared from the circulation.

It cannot be ruled out that vesicles in PE women are cleared from the circulation at a faster

rate than those from NormP women and for this reason we see no difference.

Throughout this study two questions were addressed: 1) is there a difference in vesicle

numbers and size between normal pregnancy and the disease state (NormP and PE)? and,

2) is there a difference in vesicle numbers and size between non-pregnant and pregnant

women (NonP vs. NormP and PE)? i.e. does pregnancy itself bring about changes in

vesicle populations?
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NormP vs. PE

Other studies have also used flow cytometry to measure total vesicle counts from late-

onset PE and matched NormP women (Lok et al., 2008b, Orozco et al., 2009). Both of

these studies contradict the findings reported in this study. One study (Orozco et al., 2009)

reported an increase in total vesicle counts in PE women whereas the other study (Lok et

al., 2008b) reported a decrease. Conflicting results were also found in studies looking at

early-onset PE. Three studies (Lok et al., 2008a, Lok et al., 2008b, Lok et al., 2009)

reported a decrease in vesicle counts in PE vs. NormP women, whereas three other studies

(VanWijk et al., 2002, Bretelle et al., 2003, Biro et al., 2007) found no difference.

Furthermore, one study (Alijotas-Reig et al., 2011) also reported no difference in total

vesicle counts in PE vs. NormP, whereas another study (Meziani et al., 2006) reported an

increase in vesicles in PE vs. NormP women, however both these studies were based on

samples not matched for gestational age.

NonP vs. Pregnancy (NormP and PE)

The flow cytometry results presented in this chapter showing no difference in total vesicle

counts in NonP vs. NormP are in agreement with other reported studies (VanWijk et al.,

2002, Biro et al., 2007, Lok et al., 2007, Lok et al., 2008a, Lok et al., 2009, Alijotas-Reig

et al., 2011). Only one study (Bretelle et al., 2003) reported an increase in vesicle counts.

Total vesicle counts in NonP vs. PE women have also been compared in previous studies.

In concurrence with the work presented in this chapter, three studies found no difference in

total vesicle counts (VanWijk et al., 2002, Bretelle et al., 2003, Biro et al., 2007) whereas

in three separate studies (Lok et al., 2007, Lok et al., 2008a, Lok et al., 2009) lower

numbers in PE women were reported.
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4.5.4.4 STBM

Currently, STBM can only be measured in PFP on the basis of their phenotype by flow

cytometry and not by NTA. Initial experiments spiking in vitro derived pSTBM into whole

blood showed they could be detected in the PFP pellet after ultracentrifugation using flow

cytometry. These data show that PLAP vesicles can be detected down to at least a

concentration of 0.1μg/ml, the equivalent of ~10,000 microvesicles/ml. Spiking pSTBM 

into whole blood using a concentration of pSTBM at 0.1μg/ml was only performed once 

and concentrations below 0.1μg/ml were not tested in this study. Future experiments are 

needed to investigate lower concentrations. The in vivo STBM counts in NormP and PE

women were below the lowest concentration tested in the pSTBM spiking experiments,

suggesting that pSTBM concentrations below 0.1μg/ml are measurable. The pSTBM 

spiking experiments show that the background level of PLAP vesicles (without pSTBM)

are actually higher than those detectable in the in vivo STBM experiments. There are

differences between the in vitro STBM and in vivo STBM data that may help to explain

this difference: 1) Different gating strategies were used and, 2) the in vitro STBM

experiments were performed using the Lightning Link FITC anti PLAP antibody NDOG2,

whereas the in vivo STBM experiments used the custom conjugated NDOG2-PE antibody.

Analysis of in vivo STBM were found to be elevated in NormP and PE women compared

to NonP women. Total STBM counts were significantly increased in PE vs. NonP women,

but the increase observed in NormP vs. NonP women did not reach significance.

Furthermore, it was shown that the percentage of NDOG2 labelled vesicles was

significantly elevated in NormP and PE women compared to NonP women. However,

contrary to previous findings in our laboratory using the STBM ELISA (Knight et al.,

1998, Germain et al., 2007) no difference in the total number of STBM or the percentage
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labelled positive with NDOG2 was evident in NormP vs. PE women. These results were

confirmed by the ELISA, showing significantly elevated STBM in NormP and PE women

vs. NonP women but no difference when comparing NormP vs. PE women. The reason for

this discrepancy is that in this current study all PFP samples were obtained from the

Oxford Pregnancy Biobank, which had a drawback in that the majority of samples were

from late-onset PE. The results obtained here were similar to those reported previously

(Goswami et al., 2006) showing elevated STBM in PE vs. NormP women in early-onset

PE, but no difference in late-onset PE. There are currently very few early-onset PFP

samples in the Biobank, of which there were insufficient volumes to carry out flow

cytometry, NTA and ELISA in parallel. Although it is possible to collect early-onset

samples, within the given time-frame of this study it was not feasible and therefore the

Biobank samples were used. This is an issue that will need to be addressed in the future.

Circulating STBM have been characterised in four other studies (VanWijk et al., 2002,

Lok et al., 2008a, Lok et al., 2008b, Orozco et al., 2009). In agreement with the current

study a previous report (Orozco et al., 2009) found a significant increase in total STBM

counts in NormP vs. NonP and no difference in STBM counts in late-onset PE vs. matched

NormP controls. However, the total number of STBM reported in the previous study

(Orozco et al., 2009) was extremely high (NormP; median value 3.5x106/ml and PE;

median value 5.0x106/ml). These numbers actually exceed the total vesicle counts

observed in the present study by ~3-fold in NormP and ~6-fold in PE and are also much

higher than those previously reported (VanWijk et al., 2002, Lok et al., 2008a, Lok et al.,

2008b). Moreover, as mentioned in the introduction to this chapter, one study (VanWijk et

al., 2002) showed a higher number of circulating STBM in the NonP controls compared to

NormP and PE women. This could be a reflection of the indirect staining protocol that was
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used to label the plasma vesicles in both these studies. There is a much greater chance of

non-specific binding when using indirect labelling, especially when no wash step is

included in the procedure.

In an initial study (Lok et al., 2008b) it was reported that total STBM counts and

percentages of STBM were comparable in PE vs. NormP women at 28, 32 (early-onset)

and 36 (late-onset) weeks gestation. However, contradictory to this finding, in a

subsequent study, an increase in STBM in PE vs. NormP women at 30 weeks gestation

was reported (Lok et al., 2008a). Also in this same study (Lok et al., 2008a), it was

demonstrated that Flt-1, a transmembrane receptor for VEGF was directly associated with

STBM. The results from the initial study (Lok et al., 2008b) do not correlate with the

STBM ELISA data reported previously (Goswami et al., 2006). One of the major

differences between these two studies (Goswami et al., 2006, Lok et al., 2008b ) is the

antibody used to detect STBM, which may help to explain the discrepancy in the results. In

both studies (Lok et al., 2008a, Lok et al., 2008b) the antibody ED822 was used, which is

against an unknown antigen expressed on the apical surface of the syncytiotrophoblast

layer (Contractor and Sooranna 1986). The specificity of this antibody is uncertain. In our

laboratory we have previously shown that ED822 binds to an antigen expressed on

pSTBM but also on peripheral blood monocytes (Southcombe et al., unpublished data).

Furthermore Flt-1 is expressed on pSTBM (Guller et al., 2011) and it is well documented

that it is also expressed on monocytes (Clauss et al., 1996, Waltenberger et al., 2000,

Sawano et al., 2001). It is therefore possible that both these studies (Lok et al., 2008a, Lok

et al., 2008b) are not solely detecting STBM, but also vesicles derived from monocytes.
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4.5.4.5 Platelet Vesicles

The results presented in this chapter confirm previous findings showing that platelet

vesicles are the most abundant derived population in plasma (VanWijk et al., 2002,

Bretelle et al., 2003, Lok et al., 2008a, Lok et al., 2008b, Alijotas-Reig et al., 2011). The

percentage of platelet vesicles was significantly decreased in PE vs. NonP women,

however this was not reflected in the total platelet vesicle counts. There was a trend to

suggest a reduction, but this was not significant (p = 0.066). These results showed that

total vesicle counts and the percentage positive were comparable between NonP vs.

NormP women and NormP vs. PE women. To our knowledge this is the first study to use

CD41 and W6/32 in combination to label platelet vesicles. No difference in CD41 single

or CD41/W6/32 double positive platelet vesicles between groups was detected.

NormP vs. PE

There have been two previous studies that have measured circulating platelet vesicles in

late-onset PE and matched NormP controls and both reported no difference in total platelet

vesicles (Gonzalez-Quintero et al., 2003, Lok et al., 2008b). However, the total platelet

vesicle counts (defined using anti-CD42) reported in the first of these two studies

(Gonzalez-Quintero et al., 2003) were up to 20-fold higher than those found in this study

and the percentage of platelet vesicles (defined using anti-CD61. NormP: 98.1% and PE:

93.2%) reported in the second previous study (Lok et al., 2008b) was also considerably

higher than those reported in the present study. An additional study (Macey et al., 2010)

measured the percentage of activated platelet vesicles in late-onset PE vs. matched NormP

controls and reported an increase in PE women, however this study measured vesicles in

whole blood and not plasma. More recently, one study (Alijotas-Reig et al., 2011) also

found no difference in platelet vesicles in PE vs. NormP women, but these findings are
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based on a non-matched case-control study. The first study to examine platelet vesicles in

early-onset PE vs. matched NormP controls found no difference (VanWijk et al., 2002),

whereas subsequent studies have all reported a decrease in platelet vesicle counts in PE

women (Bretelle et al., 2003, Lok et al., 2007, Lok et al., 2008b, Lok et al., 2009).

Circulating platelet vesicle counts may be a direct reflection of total platelet counts or may

be related to the rate at which they are cleared from the circulation. In this study it was not

possible to obtain platelet counts for all the NormP and PE women, therefore no comment

can be made. Two previous studies have measured total platelet counts and circulating

platelet vesicles in parallel, one reporting a positive correlation (Lok et al., 2008b) and the

other finding none (Bretelle et al., 2003).

Total platelet vesicle counts observed in this current study and that reported previously

(Bretelle et al., 2003) were much lower than those found in two other former studies

(Gonzalez-Quintero et al., 2003, Lok et al., 2008b). This is most probably a reflection of

the method of preparation of the plasma. The latter studies (Gonzalez-Quintero et al.,

2003, Lok et al., 2008b) used plasma which had only undergone a single centrifugation,

thus still comprising platelets that during the freezing process may have undergone

fragmentation, giving rise to artificial platelet vesicles and hence result in very high

counts. This is in contrast to the study presented in this chapter and that reported

previously (Bretelle et al., 2003) where double centrifugation was used to remove the

platelets and much lower total platelet vesicle counts were shown.
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NonP vs. Pregnancy (NormP and PE)

The results presented in this chapter are in agreement with some of those published

previously. One study (VanWijk et al., 2002) found no difference in total platelet vesicle

counts in NonP controls vs. NormP or PE women. Moreover, in another study (Lok et al.,

2007) total platelet vesicle counts were shown to be comparable in NonP vs. NormP

women. In a subsequent study (Lok et al., 2008a), total counts were not reported, but the

percentage of platelet vesicles between these two groups were found to be similar. In

contrast, there are two reports of increased total platelet vesicle counts in NormP women

compared to NonP controls (Bretelle et al., 2003, Alijotas-Reig et al., 2011). In this

chapter the percentage of platelet vesicles in NonP controls vs. PE women was

significantly decreased. This was also reflected in the total platelet vesicle counts, although

the difference did not reach significance. A previous study has reported significantly lower

platelet vesicle counts in early-onset PE women vs. NonP controls (Lok et al., 2007).

4.5.4.6 Leukocyte Vesicles

In our laboratory we have previously shown that NormP is characterised by activation of

leukocytes and this is significantly pronounced in PE (Sacks et al., 1998). Activation of

granulocytes, monocytes and lymphocytes may all contribute to the systemic inflammatory

responses in pregnancy. Leukocyte activation may in turn reflect the total number of

leukocyte derived vesicles found in the circulation. This study used W6/32 as a marker for

all HLA Class I leukocyte vesicles. Leukocyte vesicle numbers were very low accounting

for <0.1% of the total circulating vesicles in NonP women, <1.0% in NormP women and

2.3% in PE women. Moreover, in Chapter 2 of this thesis it was shown that in vitro

derived granulocyte vesicles did not label positive with W6/32 and therefore it is likely

that these vesicles were excluded from the in vivo analysis. However, without including a
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specific granulocyte marker (e.g. CD66) in the panel it is impossible to answer this

question. Circulating leukocyte vesicles were barely detectable in NonP women, however

a significant increase in total leukocyte vesicle counts and the percentage of W6/32

labelled vesicles was apparent in PE vs. NonP women. Total leukocyte vesicle counts and

the percentage positive were also raised in PE vs. NormP women and NormP vs. NonP

women, but these increases were not significant.

Total leukocyte vesicles have also been measured in other studies. Using anti-CD45 as a

marker, which in Chapter 2 was shown not to label all leukocyte vesicles, comparable

numbers were found in NormP and PE women in a previous non-matched case-control

study (Alijotas-Reig et al., 2011). Whereas when using anti-CD11a as a marker, one study

(Meziani et al., 2006) reported elevated leukocyte vesicles in PE women vs. non-matched

NormP controls. Another study (Lok et al., 2009) measured leukocyte vesicles in NonP

and early-onset PE vs. matched NormP controls and found no difference between all three

groups. The total leukocyte vesicle counts in this study (Lok et al., 2009) was determined

by measuring different subsets of leukocyte vesicles (i.e. monocytes, lymphocytes and

granulocytes). There have been other reports in the literature that have also measured

various subsets, which are described below (VanWijk et al., 2002, Lok et al., 2008b).

However, in these experiments only single colour or at most double colour labelling was

carried out. It was not feasible to analyse the different subsets of leukocyte vesicles in this

current study as our flow cytometer only has six available detection parameters.

Monocyte vesicles

Monocyte derived vesicles have been examined in three previous studies. Two studies

have shown a significant increase in circulating monocyte vesicles in early-onset PE vs.
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matched NormP controls (Lok et al., 2008b, Lok et al., 2009) and in one of these studies

an increase was also found in late-onset PE vs. matched NormP controls (Lok et al.,

2008b). In contrast, another study (VanWijk et al., 2002) found that the majority of

samples had no monocyte derived vesicles and there was no difference between NonP,

NormP or PE women.

Granulocyte vesicles

No granulocyte vesicles were detected in early-onset PE women, late-onset PE women, or

matched NormP controls in one former study (Lok et al., 2008b). Surprisingly, using the

same granulocyte maker (CD66e) in a subsequent study (Lok et al., 2009), granulocyte

vesicles were detected and were reported to be elevated in early-onset PE vs. NonP women

and NormP vs. NonP women. No difference in granulocyte vesicle counts was observed

when comparing early-onset PE vs. matched NormP controls. Granulocyte vesicles

(defined using CD66e) were also examined in another previous study (VanWijk et al.,

2002). Vesicle counts were comparable in NonP vs. NormP women and elevated

granulocyte vesicles were evident in early-onset PE women compared to matched NormP

controls or NonP women.

Lymphocyte vesicles

Circulating B-Cell vesicles (defined using CD20), cytotoxic T Cell vesicles (defined using

CD8) and helper T Cell vesicles (defined using CD4) have previously been measured in

three separate studies (VanWijk et al., 2002, Lok et al., 2008b, Lok et al., 2009).

B-Cell Vesicles. The number of B-Cell derived vesicles did not differ in early-onset PE vs.

matched NormP controls (VanWijk et al., 2002, Lok et al., 2008b, Lok et al., 2009).
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However, one study (Lok et al., 2008b) reported a significant increase in the number of

circulating B-Cell vesicles in PE women at 36 weeks gestation compared to NormP

controls.

Cytotoxic T Cell Vesicles. There is conflicting data in all three studies (VanWijk et al.,

2002, Lok et al., 2008b, Lok et al., 2009) with regard to the numbers of circulating

cytotoxic T Cell vesicles. One study (Lok et al., 2008b) only found significantly elevated

CD8 positive vesicles in PE women at 28 weeks gestation and thereafter no CD8 positive

vesicles were found in NormP or PE women. Another study (VanWijk et al., 2002)

reported significantly higher numbers of cytotoxic T Cell vesicles in NonP women

compared to NormP women and showed numbers to be significantly increased in PE

women compared to NormP controls. In contrast, one study (Lok et al., 2009) only found a

significant increase in cytotoxic T Cell vesicles when comparing PE to NonP women,

there was no difference in NonP vs. NormP women or PE vs. NormP women.

Helper T Cell Vesicles. No difference in circulating numbers of helper T Cell vesicles in

PE vs. NormP women were reported in two former studies (Lok et al., 2008b, Lok et al.,

2009), whereas in another study (VanWijk et al., 2002) numbers were shown to be

significantly elevated in PE vs. NormP controls.

In general, there appears to be huge variation between studies with regard to reported

circulating numbers of leukocyte vesicles in NormP and PE. The number of leukocyte

vesicles in PE has been reported to account for between 1.4-11.5% of the total number,

whereas in NormP this ranges from <0.1-3.1% (VanWijk et al., 2002, Lok et al., 2008b,

Lok et al., 2009). One study (Lok et al., 2009) found that the majority of circulating
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leukocyte-derived vesicles were from lymphocytes (CD4, CD8 and CD20), followed by

monocytes and the smallest group was derived from granulocytes, whereas another study

(VanWijk et al., 2002) reported that the majority of leukocyte vesicles were derived from

granulocytes, followed by lymphocytes and monocytes. Based on these findings, it is

difficult to speculate on the cellular origin(s) that accounts for the elevated number of

vesicles observed in PE, presented in this chapter. Experiments using multiple markers for

each individual leukocyte population subset would need to be carried out to investigate this

further.

At present it is unclear if the observed elevation in leukocyte derived vesicles in PE is a

direct consequence of leukocyte cell activation or may possibly play a role in inducing

endothelial dysfunction. One previous study (Martin et al., 2004) showed that T-

lymphocyte vesicles produced from a T Cell line impaired endothelial function of mouse

aortic rings in vitro. Furthermore, in vitro derived lymphocyte vesicles from diabetic

patients were found to decrease the expression of endothelial nitric oxide, a critical

component in maintaining normal endothelial function. It is therefore probable that the

exacerbated vascular damage observed in PE, may in part be due to an increase in

leukocyte derived vesicles.

4.5.4.7 RBC Vesicles

Total circulating RBC vesicles were found to be elevated in NormP vs. NonP women. A

significant increase in the percentage of CD235a/b positively labelled vesicles in NormP

and PE women vs. NonP controls was also observed. No difference in total RBC vesicle

counts or the percentage labelled CD235a/b positive was found in NormP vs. PE women.

To date, there have been only two other studies that have examined RBC vesicles in
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NormP and PE (VanWijk et al., 2002, Lok et al., 2008b). The first study (VanWijk et al.,

2002) examined total counts in NonP controls and early-onset PE vs. matched NormP

women (29.9 vs. 30.4 weeks mean gestation respectively) and showed no difference in

total RBC vesicle counts between the groups. Whereas the second study (Lok et al.,

2008b) found RBC vesicle counts to be significantly elevated at 28 weeks gestation and

thereafter (32 and 36 weeks gestation) were comparable to NormP matched controls. It is

well established that RBC counts, hemoglobin and hematocrit all decrease in NormP due

to an expansion in plasma volume, however levels in PE are comparable with NormP

(Dordevic et al., 2008). It has been shown that during NormP the osmotic fragility of

RBCs is increased compared to NonP (Rebelo et al., 1995), hence making the RBCs more

susceptible to hemolysis and fragmentation which may in turn result in the production of

RBC vesicles. RBCs may also be triggered to release vesicles as a result of oxidative

stress. Several studies have shown that activated leukocytes release reactive oxygen

species (ROS) and reactive nitrogen species (RNS) into the maternal circulation which

induces oxidative damage of the RBC membranes (Lynch and Fridovich 1978, Denicola et

al., 1998, Tsukimori et al., 2005).

RBC vesicles are comprised of large quantities of hemoglobin (Greenwalt et al., 1991, Lee

and Gladwin 2010) and it has also been proposed that RBC vesicles may scavenge nitric

oxide from the endothelium, thus reducing its bioavailability (Gladwin and Kim-Shapiro

2009). Nitric oxide is crucial to regulating normal vasodilatation, inhibiting platelet

aggregation and endothelial adhesion all of which are impaired in PE. Recently, a study

reported reduced nitric oxide bioavailability in PE (Sandrim et al., 2010). Our results show

that total RBC vesicle counts are comparable in late-onset PE and matched NormP

controls, but functionally they may be very different. This raises the question as to whether
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RBC vesicles in PE scavenge more nitric oxide than those in NormP. The expression level

of the hemoglobin scavenger receptor (CD163) may be up-regulated on RBC derived

vesicles in PE compared to NormP. Moreover, our laboratory has recently carried out

proteomic analysis on pSTBM pools from PE and NormP placentas using multi-

dimensional protein identification technology (MudPIT) and ultra-performance liquid

chromatography tandem mass spectrometry analysis (UPLC-MSE) (Tannetta et al.,

unpublished data). Preliminary analysis has shown that the hemoglobin scavenger receptor

(CD163) is associated with STBM and is common to both preparations, but is highly up-

regulated in PE STBM vs. NormP STBM. This suggests that along with RBC vesicles

which may scavenge nitric oxide from the endothelium, STBM may also play a role. More

experiments are required to investigate this further.

4.5.4.8 Endothelial Vesicles

In this study the endothelial cell marker CD146 was used to examine circulating

endothelial derived vesicles in NonP, NormP and PE women. This marker was chosen as it

showed no cross-reactivity with any of the other vesicle cell types. However, no vesicles

were detected in any of the samples examined. CD146 has been used to measure

circulating endothelial vesicles in many other studies (Mallat et al., 2000, Faure et al.,

2006, Duval et al., 2010), but this is the first time it has been used to measure endothelial

derived vesicles in NormP and PE.

Endothelial vesicles have been investigated in many other studies measuring vesicles in

NormP and PE, but these studies have used different endothelial markers including E-

Selectin (CD62E), (VanWijk et al., 2002, Gonzalez-Quintero et al., 2004, Lok et al.,

2008a), PECAM (CD31) (Gonzalez-Quintero et al., 2003, Meziani et al., 2006, Alijotas-
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Reig et al., 2011), VE-Cadherin (CD144) (VanWijk et al., 2002, Alijotas-Reig et al.,

2011) and CD51 (Bretelle et al., 2003). The range of circulating endothelial vesicles

reported in the literature varies considerably between studies. For example, using the same

endothelial marker (CD31) counts range from 13-8406/µl in NormP and 9-14723/µl in PE

(Bretelle et al., 2003, Gonzalez-Quintero et al., 2003).

NormP vs. PE

Aside from this current study there is only one other report in which no endothelial derived

vesicles were found in PE women vs. non-matched NormP controls (Meziani et al., 2006).

Three studies have reported an increase in endothelial vesicle counts in PE vs. NormP.

One study was based on not matched for gestational age samples (Alijotas-Reig et al.,

2011) and two of the studies were conducted by the same author using plasma from late-

onset PE vs. matched NormP controls (Gonzalez-Quintero et al., 2003, Gonzalez-Quintero

et al., 2004). In contrast, one former study (Lok et al., 2008b) found no difference in the

percentage positive endothelial vesicles in late-onset PE or early-onset PE compared to

matched NormP controls and this was also supported by another independent study

(VanWijk et al., 2002) who reported comparable endothelial vesicle counts in early-onset

PE vs. matched NormP women.

NonP vs NormP and PE

Two studies have reported endothelial vesicle counts to be significantly elevated in NormP

women compared to NonP controls (Bretelle et al., 2003, Alijotas-Reig et al., 2011). Very

low numbers were found in the NonP control women.
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Aside from the studies which have used CD62E to detect circulating endothelial vesicles in

plasma, one of the major concerns in the other studies is the choice of markers used. In

Chapter 2 of this thesis the endothelial marker CD144 was shown to be weakly expressed

on pSTBM, but a recent study using immunohistochemistry staining of placental sections

has shown CD144 to be strongly expressed on the syncytiotrophoblast (Groten et al.,

2010). It is therefore possible that the CD144 positive vesicles analysed in these previous

studies may not be entirely derived from the endothelium, but may also include STBM.

Similarly, CD31 is not endothelial specific and is also found on the surface of platelets,

monocytes, granulocytes and some lymphocyte subsets. Moreover, it has also been shown

to be expressed on the syncytiotrophoblast (Coukos et al., 1998). As a marker of

endothelial vesicles CD31 is often used in combination with a platelet marker (i.e. CD41,

CD42 or CD61) and those vesicles which label CD31+/CD(41,42 or 61)- are deemed

endothelial derived vesicles, however they may in reality be vesicles derived from

monocytes, granulocytes, lymphocytes or even STBM. In a recent study (Alijotas-Reig et

al., 2011) circulating vesicles were measured in PE women and non-matched NormP

controls, using two separate endothelial markers (CD144 and CD31+/CD41-). Using

CD144 there was no difference in circulating numbers in PE vs. NormP controls, however

counts were significantly elevated in PE women when using the markers CD31+/CD41-.

These data suggest that either these vesicles have a lower copy number of CD144 on their

surface compared to CD31 or the vesicles are not entirely derived from the same cellular

origin. One former study (Bretelle et al., 2003) used CD51 to examine endothelial vesicles,

however the pSTBM MudPIT data (Tannetta et a., unpublished data) suggest that CD51 is

associated with STBM and therefore may also include these in the analysis.



195

It is difficult to explain why no endothelial derived vesicles were detected in any of the

samples used in this study with the marker CD146. This same marker has been used

previously to investigate endothelial derived vesicles in other disease states and there are

reports of elevated numbers compared to normal healthy controls (Mallat et al., 2000,

Faure et al., 2006, Duval et al., 2010). There are a few possible explanations. As shown in

Chapter 2, CD146 bound to the endothelial derived vesicles produced in vitro, but perhaps

the mechanism by which the vesicles are produced in vivo in NormP and PE is very

different such that they don’t express this antigen on their surface. It is also possible that

the copy number of CD146 on the endothelial derived vesicles is too low to be detected by

flow cytometry and as mentioned previously when discussing STBM, clearance rates of

vesicles in the circulation are not taken into account. Moreover, a recent study showed that

flow cytometric detection of endothelial derived vesicles varies depending on the

centrifugation protocol of the plasma and the storage conditions (4ºC or -80ºC) (van Ierssel

et al., 2010). Endothelial vesicles were labelled using different markers including

CD31+/CD41-, CD62E and CD144. Examination of vesicle counts in plasma stored at 4ºC

was comparable using all three markers, however freezing resulted in an increase of

CD31+/CD41- and CD62E vesicle counts, whereas CD144 vesicle counts were

significantly lower (van Ierssel et al., 2010). Endothelial vesicles defined by CD146 may

also be effected by freezing, as was shown in previous data in this thesis when examining

RBC vesicles in fresh vs. frozen plasma. Future experiments will need to be carried out to

examine this further.

4.5.4.9 Orphan Vesicles

In this study there were a significant population of “orphan” vesicles, which accounted for

~16-26% of the total population and did not label with any of the markers of interest.
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These vesicles have not previously been reported as the majority of other studies only

examine Annexin V positive vesicles, rather than vesicles defined by FSC vs. SSC and

Bio-Maleimide. The origin of these vesicles is still likely to be the different cell types

investigated in this study (i.e. STBM, platelet, RBC, endothelial and leukocyte), however

the antigen copy number on the surface of the vesicle might be too low to be detected by

flow cytometry. Different markers may be required to identify these vesicles. In Chapter 2

of this thesis, using in vitro derived vesicles, it was demonstrated that some antigens are

not expressed on all vesicles and that some markers are also dependent on the stimulation

method. This may also apply to the in vivo derived vesicles, whereby during their

formation certain markers are excluded from their surface. The mechanism by which

vesicles are produced in vivo may influence the antigens they express.

4.5.4.10 Fluorescence NTA

Although flow cytometry can phenotype vesicles, one of its limitations is that it cannot

analyse exosomes and small microvesicles ≤ 290nm. The NanoSight LM10 instrument has 

shown that it can analyse microvesicles and nanovesicles the size of exosomes, however it

cannot phenotype them. As mentioned previously, during the course of this study our

group worked with NanoSight Ltd to develop an instrument incorporating a fluorescence

capability and therefore it was now possible to not only size and estimate vesicle

concentration, but also phenotype the vesicles. In addition, a more sensitive camera was

fitted to this instrument making it possible to track smaller celluar vesicles (sub 100nm)

than those measured using the LM10 instrument. Using fluorescent 100nm beads in both

scatter and fluorescence mode gave accurate sizing and concentration measurements. To

test the system on biological vesicles a preparation of pSTBM were then labelled with an

NDOG2-Qdot605 antibody and respective IgG1-Qdot605 isotype control antibody.
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Analysed in scatter and fluorescence mode, the size distributions of the NDOG2-labelled

pSTBM were very similar. These experiments show a population of NDOG2 positively

labelled pSTBM never before identified as they are too small to be detected by flow

cytometry. This development in the technology while too late to be utilised in this thesis

opens up new possibilities to phenotype vesicles in plasma. Using specific markers this

would allow plasma derived STBM and other circulating vesicles to be enumerated,

accurately sized and phenotyped all in a single assay. The impact that fluorescence NTA

could have to the future research into cellular vesicles as potential biomarkers will be

discussed in more detail in Chapter 5.

4.6 Summary

In this chapter the final aim of this thesis was addressed, which was to use flow cytometry

and NTA to determine the number, size and phenotype of STBM and other cellular derived

vesicles in NormP and PE. Cellular derived vesicles were obtained from PFP by

ultracentrifugation, which was shown to be an important requirement as it separates the

cellular derived vesicles from lipid vesicles in plasma.

An initial attempt using six-colour flow cytometry to quantitate and phenotype the cellular

vesicles demonstrated problems with the antibody panel. Subsequently, two separate

panels were designed: a three-colour panel for STBM and a five-colour panel for the other

vesicle types in NonP, NormP and PE women. Flow cytometric analysis showed no

difference in total vesicle numbers between groups, whereas NTA revealed smaller

vesicles in significantly elevated numbers in NormP and PE women compared to NonP

controls.



198

Phenotypic analysis of the vesicles larger than 290nm showed that the majority were

platelet derived, followed by RBC and leukocyte vesicles with the smallest population

being STBM. Differences between non-pregnancy and pregnancy were observed,

supporting the hypothesis that during pregnancy vesicle numbers change. Total STBM and

leukocyte vesicle numbers were significantly elevated in PE women compared to NonP

women and RBC vesicles were increased in NormP women compared to NonP controls.

The percentage of platelet vesicles was significantly decreased in PE compared to NonP

controls, which may be a reflection of their activation status. Furthermore, the percentages

of STBM and RBC vesicles were significantly elevated in NormP and PE women

compared to NonP controls and the percentage of leukocyte vesicles was increased in PE

vs. NonP control women. There was no significant difference in the numbers or percentage

of STBM or any of the other vesicles between NormP and PE women, probably due to the

samples being from late rather than early-onset PE women, matched to NormP controls.

Finally, measuring pSTBM using the advanced NanoSight NS500 instrument with

fluorescent labelled NDOG2 antibody revealed a population of sub 290nm vesicles never

analysed before and opens up new possibilities for the phenotypic analysis of cellular

derived vesicles in the future.
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Chapter 5

Final Discussion
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5.1 Final Discussion

In this thesis it was hypothesised that circulating vesicles in the maternal circulation may

be present at a size too small previously to have been detected and individually

characterised. Circulating STBM in PE may be altered and therefore may have the

potential to be used as a predictive biomarker. Moreover, the other circulating derived

vesicles may also change in PE and might be useful as diagnostic biomarkers. To test these

hypotheses, blood samples from NonP, NormP and PE women, all recruited to the Oxford

Pregnancy Biobank, were used. Circulating vesicles derived from STBM, platelets, RBCs,

endothelium and leukocytes were analysed in late-onset PE women matched to NormP and

NonP women. The two main techniques used to measure and characterise the cellular

derived vesicles in this study were flow cytometry and NTA. This study is the first of its

kind to use these two techniques in parallel to measure vesicles in NormP and PE. This has

resulted in many interesting findings between these groups and also given rise to several

questions which are discussed below.

5.1.1 Measuring Cellular Derived Vesicles Using Flow Cytometry

Flow cytometry is the most common technique used to characterise cellular derived

vesicles and has been used in a wide range of studies examining a variety of different

diseases. From the literature it was evident that analogue flow cytometers can measure

vesicles ≥500nm, whereas newer digital flow cytometers have an increased sensitivity and 

measure vesicles ≥300nm. Therefore, prior to analysing the clinical samples, first it was 

necessary to optimise our digital flow cytometer for the detection and counting of vesicles.

As shown in Chapter 2 of this thesis, it proved capable of analysing vesicles ≥290nm. In 

the past year a new generation of digital flow cytometers has been released onto the market

with improved light scatter detection performance, resulting in enhanced signal:noise ratio,
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enabling the detection of smaller vesicles (Lacroix et al., 2010a). The Apogee A40 flow

cytometer is reported to measure 200nm polystyrene beads (Chandler et al., 2011) while

the Apogee A50 flow cytometer can clearly distinguish polystyrene beads of 100nm and

can discriminate these from 300nm beads in a mixture (Lacroix et al., 2010a). It was also

recently reported that the BD Influx flow cytometer can distinguish beads of 100nm from

200nm when used in combination (Hoen et al., 2011). Furthermore, the Millipore

easyCyte Guava flow cytometer is claimed to measure beads as small as 40nm, however

no formal demonstration of this has yet been published.

Having established that our flow cytometer could analyse vesicles ≥290nm, next panels of 

antibodies were tested on in vitro derived vesicles from all the different cell types that

were to be examined in the in vivo clinical plasma samples. The results of this study were

somewhat surprising as it was not expected that many of the antigens expressed on the

parent cells were not expressed on all of the vesicles. Moreover, the expression of some of

the antigens was dependent on the stimulation method. As previously mentioned in

Chapter 2, the reasons for this are unknown, but can be speculated upon. During formation

of the vesicle, selective exclusion of the antigen from the vesicle surface may occur or the

antigen copy number on the surface of the vesicle may be too low to be detected by flow

cytometry. Currently it is not possible to establish whether these in vitro derived vesicles

are a true reflection of the in vivo situation and whether these same processes occur.

Nonetheless, this study shows that this may well be a possibility and markers should

therefore be chosen accordingly.

Using the in vitro derived vesicles also allowed the specificity of markers to be examined.

Many markers were shown to bind more than one cell type and this was crucial in
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selecting a panel of markers to use in the multi-colour flow cytometry assay for the

analysis of clinical samples. It is clear that many researchers may not have taken this into

consideration when selecting markers to examine in vivo derived circulating vesicles.

Many studies assume that the chosen marker will only label one specific cell type, where

in fact it may label several. Examples of this include the analysis of STBM using the anti

trophoblast antibody ED822 (Lok et al., 2008a, Lok et al., 2008b) and endothelial derived

vesicles using markers such as CD144 (Van Wijk et al., 2002, Alijotas-Reig et al., 2011)

or CD31 (Gonzalez-Quintero et al., 2003, Meziani et al., 2006, Alijotas-Reig et al., 2011).

5.1.2 Measuring Cellular Derived Vesicles Using NTA

In Chapter 3 of this thesis it was established that one of the major limitations to analysing

cellular derived vesicles by flow cytometry is that only a very small fraction of the total

population is detected by this technique. This was formally demonstrated by using NTA,

which can detect vesicles as small as 70nm, greatly exceeding the resolution of flow

cytometry. The evaluation of NTA carried out in Chapter 3 of this thesis clearly showed

for the first time that it can be used to estimate vesicle size and concentration in biological

samples, although as with many experimental systems there are certain limitations.

Although the smallest size of vesicles that can be detected using NTA is somewhat

dependent on their refractive index, the measurement of vesicle size is completely

independent of this factor. This is a major advantage over flow cytometry as with the latter

technique sizing is very dependent on vesicle refractive index (Chandler et al., 2011).

Recently, the standard practice of using polystyrene or latex beads to calibrate flow

cytometers for vesicle detection has come into question. How these bead measurements

relate to the size of cellular vesicles is not clear. Cellular vesicles have a lower refractive
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index than latex or polystyrene beads, which could lead to an underestimation of their size

(Foladori et al., 2008, Lacroix et al., 2010a). Using one of the new generation flow

cytometers (Apogee A40 instrument) it was recently shown that a 400nm polystyrene bead

has a refractive index equivalent to a 1μm lipid or cellular vesicle (Chandler et al., 2011).

Hence, flow cytometry may be analysing much larger vesicles than first thought. Even

though this is a significant drawback to using beads, currently no uniform, easily

obtainable, cross laboratory biological standard exists. The need for a biological standard

was recently discussed at the 3rd Flow Cytometry UK meeting in York, 2011. It was

suggested that liposomes could be used as an alternative approach to polystyrene beads as

these can be manufactured in various sizes, are highly monodisperse and would have an

appropriate refractive index. However these are not yet commercially available.

5.1.3 Detection of Vesicles in Plasma – A Need for Standardisation

Within the last year or so there has been a growing literature published on various pre-

analytical issues that are thought to effect the quantification of circulating derived vesicles

in plasma (Trummer et al., 2009, Hind et al., 2010, Mobarrez et al., 2010, van Ierssel et

al., 2010, Ayers et al., 2011, Yuana et al., 2011, Lee et al., 2012). In Chapter 4 Section

4.4.2 of this thesis a small pilot study examined one of these pre-analytical variables, the

effect of freezing PFP on quantification of total, platelet and RBC derived vesicles. These

data showed that freezing had no effect on the total number of circulating vesicles or those

derived from platelets, whereas RBC vesicles were significantly decreased after PFP had

been frozen. Three other studies have also used flow cytometry to examine the effect that

freezing has on vesicle quantification (Trummer et al., 2009, Mobarrez et al., 2010, Ayers

et al., 2011). The results shown in this thesis are in agreement with a former study

(Mobarrez et al., 2010) reporting that platelet vesicles are not affected by freezing. The
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findings of another study (Trummer et al., 2009) also support these data showing that total

Annexin V and platelet derived vesicle numbers were the same after freezing. In contrast,

a recent report showed that total Annexin V vesicles and platelet vesicles were increased

after freezing (Ayers et al., 2011). This is only one of many pre-analytical variables that

have been investigated. Although each of these studies is looking at the same variable,

there must be other variables between studies that affect vesicle quantification and account

for the observed differences. This makes it increasingly difficult to compare between

studies.

There are many other variables, some of which have been investigated that are likely to

impact on quantification of vesicles. These include: 1. Blood collection (needle gauge and

anticoagulant); 2. Plasma preparation (single or double centrifugation of blood and time

between venepuncture and centrifugation); 3. Plasma storage (fresh, 4ºC, frozen or snap

frozen); 4. Thawing temperature of plasma if stored frozen (on ice, at room temperature or

at 37°C); 5. Vesicle isolation (centrifugation speed/time to concentrate vesicles from

plasma); 6. Flow cytometer instrumentation (manufacturer and whether it is an analogue or

digital instrument); 7. Flow cytometry analysis (setting the lower and upper gates to define

the vesicles and the choice of threshold (FSC, SSC or fluorescence)) and 8. Fluorescent

markers and antibodies (choice of antigen, clone and fluorophores). In order to directly

compare between studies all of these need to be standardised. This is a very difficult task

and one that the Vascular Biology group of the Scientific and Standardisation Committee

(SSC) of the International Society on Thrombosis and Haemostasis (ISTH) is working

toward.
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To investigate vesicles as biomarkers in a clinical setting it is essential to understand the

impact that these pre-analytical variables may have on the development of a point-of-care

test. This is not only applicable to the diagnosis and treatment of PE, but is applicable to a

wide range of diseases in which vesicles have been shown to play a potential role (e.g.

cardiovascular disease, cancer). A point-of-care test needs to be high-throughput and

require as little processing to the sample as possible. It also needs to be designed in a way

which has little impact on other clinical tests that might be carried out in parallel. For

example it would important to establish whether the anticoagulants used for current

clinical assays are also suitable for analysis of vesicles. Samples would be analysed fresh

opposed to frozen and in a clinical setting it would be desirable to move away from high-

speed ultracentrifugation to purify the cellular vesicles, therefore both of these aspects

need to be addressed. Universal assay instrumentation, reagents and protocols would need

to be in place.

5.1.4 Measuring Cellular Derived Vesicles in NonP, NormP and PE Women

In Chapter 4 of this thesis, circulating vesicles were investigated in late-onset PE women,

NormP and NonP women. As previously stated in Chapter 4 Section 4.5.3, this study was

carried out using recommendations that had been made by others regarding pre-analytical

variables that could impact on vesicle quantification. Differences in many of the pre-

analytical variables discussed above made comparing this current study with those done

previously all the more difficult. The reason for using ultracentrifugation to pellet vesicles

has been discussed in Chapter 4 Section 4.5.1. Ultracentrifugation of PFP was shown to be

an absolute requirement to separate cellular from lipid derived vesicles, whilst minimising

vesicle loss. Many researchers use a lower centrifugation speed of ~20,000  g to isolate

vesicles as opposed to the 100,000 (average)  g spin used in this study. No formal
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experiments have been done to compare these different centrifugation speeds to establish

whether they pellet the same number or size of vesicles, however this comparison will be

made in the near future using the techniques developed in this thesis.

Using flow cytometry, a five-colour panel was established to phenotype platelet, RBC,

endothelial and leukocyte derived vesicles and a separate three-colour panel was designed

to investigate STBM. There is only one other published study investigating plasma derived

vesicles by flow cytometry using a three-colour panel (Gelderman and Simak 2008).

Hence, this is the first ever study to analyse cellular derived vesicles using both a three-

colour and five-colour panel. Furthermore, this is also the first time flow cytometry and

NTA have been used together to investigate cellular vesicles.

In this study, changes in vesicle number and percentage for a number of different subtypes

were found in pregnancy compared to non-pregnancy. Flow cytometric analysis revealed

that total numbers of circulating STBM and leukocyte vesicles were increased in PE vs.

NonP women and RBC vesicles were significantly elevated in NormP vs. NonP women.

The percentage of platelet vesicles in PE was reduced compared to NonP controls, whereas

percentages of STBM and RBC vesicles were significantly increased in PE and NormP

women compared to NonP controls. The percentage of leukocyte vesicles was also

significantly elevated in PE women compared to NonP controls. These data show that

there were clear differences in circulating cellular derived vesicles in pregnancy (NormP

and PE) compared to NonP, but there were no differences between NormP and PE. This

study used a total of six markers to examine the different vesicle subtypes, however it is

possible that other markers may establish differences between PE and NormP not seen

with the current panels. It is unclear at which point in pregnancy (1st, 2nd or 3rd trimester)
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these changes begin to occur and whether these are seen throughout pregnancy gestation.

As previously discussed the lack of differences between NormP and PE is most likely due

to the samples being from late- rather than early-onset PE. This is supported by a previous

study showing STBM, as measured by ELISA, to be elevated in early-onset but not late-

onset PE vs. NormP women (Goswami et al., 2006). However, due to constraints of the

Oxford Pregnancy Biobank these samples were not available to analyse in this present

study. Investigations into STBM and other cellular derived vesicles throughout pregnancy

and in a group of early-onset PE women will be explored in future studies. The use of

STBM and the other cellular vesicles as predictive or diagnostic biomarkers in PE

therefore remains an open question and will continue to be investigated.

As demonstrated in Chapter 4, the use of NTA has shown that flow cytometry is only

analysing a very small proportion of the total cellular derived vesicles in NonP, NormP

and PE women. No change in total vesicle number was detected by flow cytometry,

however changes were evident using NTA. Total vesicle counts were increased in NormP

and PE and the vesicle size was also smaller when compared to NonP controls. Whether or

not these changes in concentration and size also relate to the phenotype and potential

functions of the vesicles cannot be elucidated in this current study. There is however scope

for this as shown by the development of the NanoSight NS500 instrument which has a

fluorescence capability and could therefore be used to phenotype vesicles using fluorescent

antibodies. As shown in Chapter 4 Section 4.4.5 of this thesis, proof of principle was

demonstrated on the NanoSight NS500 instrument by labelling pSTBM with NDOG2-

Qdot605 Antibody (Dragovic et al., 2011).
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Although next generation flow cytometers are now being claimed to analyse vesicles in the

same size range as those analysed using the NanoSight NS500 instrument, fluorescence

NTA still has some distinct advantages. As previously mentioned in this chapter, these

claims are based on using polystyrene or latex beads which have a higher refractive index

than cellular vesicles and therefore may result in vesicles being under-sized. Although at

present only single-colour labelling is possible using fluorescence NTA, the vesicle sizing

measurement is made entirely independent of their refractive index and therefore sizing is

indeed more accurate. Also, the cost of the NanoSight NS500 instrument is considerably

more affordable in terms of the initial outlay and running costs in comparison to next

generation flow cytometers. At present, further developments are being made to the NS500

instrument to allow the use of conventional fluorophores (i.e. those excited using a 488nm

laser) to facilitate phenotyping. This also includes the development of a colour camera and

filter system for multi-colour analysis of vesicles. In addition the instrument now

incorporates the measurement of surface charge (zeta potential) which is important as there

may be charge differences between microvesicles and exosomes or between NormP and

PE STBM in relation to phosphatidylserine expression or oxidised proteins which may be

generated in the disease state. Differences in charge between subtypes of vesicles could aid

in their identification and ultimately their separation.

To develop STBM as a predictive biomarker, one of the ultimate aims would be to identify

and isolate this population from blood and determine their composition and function in PE.

Isolation of STBM from plasma could be achieved by using immunomagnetic beads

coupled to the NDOG2 antibody, to positively select the STBM. It may also be possible to

further fractionate the STBM into microvesicles and exosomes which may be important in

helping to understand their function. This could be achieved by various methods,
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including: filtration through nanofilters of different pore size; differential and density

gradient centrifugation and gel filtration chromatography. STBM may also be fractioned

using microfluidic separation and currently our laboratory is working with Dr Steven

Sheard (Engineering Science, Oxford) and Professor Jeung Sang (Pusan University,

Korea) to develop such a device. Fluorescence NTA would be used to verify the separation

of the two vesicle subtypes, but would obviously be dependent on the availability of

appropriate markers (Raimondo et al., 2011).

Fractionation of STBM into microvesicles and exosomes would allow proteomic and

miRNA analysis to determine whether their profiles differ between NormP and PE

(Redman et al., 2012). Ultimately, this would facilitate the identification of the molecules

that cause the maternal syndrome of PE and eventually help produce a therapy.
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