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Abstract 

Pregnancy is associated with neurological changes and increased risk of certain 

neurological pathologies. The mechanisms and causes of these changes are not entirely 

clear. Placenta-derived exosomes are small vesicles released from the placenta into 

maternal circulation. Research suggests that these exosomes are bioactive and can affect 

cells and tissues they encounter. There is evidence that exosomes of non-placental origin 

can cross the blood-brain barrier and be taken up by central nervous tissues, and that 

placenta-derived exosomes may increase the permeability of the blood-brain barrier. At 

the time of writing, no human studies have addressed the possibility that placenta-derived 

exosomes may cross the blood-brain barrier and affect neurological tissues. This project 

used a novel technology for exosome quantification, the ExoCounter assay, to analyse 

placenta-derived exosomes in matched cerebrospinal fluid and plasma samples from 

normotensive, preeclamptic and eclamptic pregnant women. This project did not find 

evidence that placenta-derived exosomes are present in cerebrospinal fluid. No difference 

was seen in plasma or cerebrospinal fluid counts between the three clinical groups, but 

this was affected by small samples sizes and unmatched gestational age between groups. 

In addition to work on the samples, this project assessed performance of the ExoCounter 

assay, and found high linearity, high repeatability, and dependence of the assay on intact 

exosome membranes. The impact of human/pipetting error and human anti-mouse 

antibodies was assessed, with no evidence found of interference by either factor.  
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Chapter 1 – Introduction and Literature Review 
 

 

Introduction 

The neurological system is highly involved in pregnancy and can drive pathology. Causes 

and mechanisms of healthy and pathological changes are not entirely clear. Research has 

revealed biological activities of exosomes, small membrane-bound vesicles released from 

cells, in many contexts. This includes exosomes derived from the placenta, which have 

established in vitro effects on multiple biological pathways, and have been implicated in 

diseases of pregnancy.  

At the time of writing, there are no published studies investigating the possibility that 

placenta-derived exosomes reach and affect the central nervous system in humans. This 

project aims to fill this gap, using a novel technology for exosome quantification. In brief, 

this project will characterise and optimise the performance of the ExoCounter assay, 

particularly for use in cerebrospinal fluid. Placenta-derived exosomes in matched plasma 

and cerebrospinal fluid samples will then be analysed by ExoCounter.  

To provide more context for the experimental work of this project, the introductory 

section will give a summary of research in relevant topics. This will include an overview 

of neurological changes in pregnancy, preeclampsia and eclampsia, and exosomes, 

particularly placenta-derived exosomes, and methods of exosome quantification.  

The brain and its changes in pregnancy 

Part of the rationale for this project stemmed from observations of neurological changes 

in pregnancy. This section will outline research showing pregnancy-related changes in 

the brain and its functions.  
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1.1 Brain structure and cellular composition 

To understand some of the later-discussed brain changes associated with pregnancy, it is 

useful to have an overview of the brain. The brain is a complex organ responsible for 

regulation of internal physiological processes, interaction with the external world, and 

complex cognitive functions that give us consciousness and awareness. The brain is 

enclosed within the skull, but separated by membranous coverings called the meninges, 

which provide protection and support. The three membranes (from outermost inwards) 

are the dura mater, arachnoid mater, and pia mater1.  

The brain is divided into a right and left hemisphere, joined by a band of nerve fibres (the 

corpus callosum). Each hemisphere is divided into lobes, which are associated with 

specific functions.  

• The frontal lobe, at the front of the head, is associated with complex human skills2, 

including abstract reasoning, voluntary movement, personality, and executive 

function (high-order processes that regulate and organise behaviour towards a 

particular goal3). The frontal lobe contains the prefrontal cortex, which is involved 

in executive functions, memory, language, and intelligence4.  

• The parietal lobe, in a central position, integrates sensory information, including 

spatial relationships, proprioception, object identification, and information on 

touch, taste, and temperature. The parietal lobe may contribute to language 

processing and production, but this is disputed5.  

• The occipital lobe, at the back of the brain, is the visual processing centre. 

Functions include colour determination, visuospatial information processing, 

depth and distance perception, and visual memory6.  
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• The temporal lobe, located at ear level, is multifunctional. It has roles in speech 

perception and production, hearing, episodic memory, social behaviour, and 

visual processing (via the temporo-occipital junction). The temporal lobe contains 

the hippocampus and amygdala. The hippocampus is important for memory and 

the amygdala is involved in the reward system and motivation, and emotional 

processing and responses, particularly those relating to fear 7. 

The four lobes form the cerebrum. The remaining brain structures include the 

hypothalamus, pituitary gland, cerebellum, and brainstem. The pituitary gland and 

hypothalamus have central roles in endocrine regulation, and oversee functions including 

sleep, sexual behaviour, and body temperature8. The cerebellum is associated with 

balance and motor control, with possible involvement in cognitive, emotional, and social 

processes9. The brainstem connects to the spinal cord; it acts as a ‘relay station’10, 

communicating between body parts and the brain. Separate structures in the brainstem – 

the midbrain, pons, and medulla – have distinct functions. The midbrain is important for 

auditory and visual information. The pons coordinates eye and facial movement, balance, 

and hearing. The medulla controls breathing, heart rhythms, blood gas levels, blood 

pressure and reflexive activities10–12.   

At the centre of the brain, there are four interconnected cerebrospinal fluid (CSF)-filled 

cavities forming the ventricular system. The ventricles are connected by channels called 

‘foramina’ (sing. foramen). The ventricular system is continuous with the CSF-filled 

central canal of the spinal cord. The ventricular system and central canal are lined with 

specialised neuroepithelium, called ependyma. This comprises a continuous monolayer 

of ependymal cells and serves as a ‘CSF-brain’ barrier. As well as its role in circulation 

of CSF, the ventricular system protects the brain by providing buoyancy and buffering 

against physical trauma13.   
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Figure 1: Sagittal diagram of brain showing the four lobes, spinal cord, and 

cerebellum. This diagram is taken from Johns Hopkins Medicine’s web page ‘Brain 

Anatomy and How the Brain Works’14. 

 

Cells in the brain are divided into two main categories: neurons and glial cells. Neurons 

are responsible for transmission of information via electrochemical signals. The typical 

model of a neuron is composed of a cell body, an axon, which transmits signals, and 

dendrites, which receive afferent signals via synapses with other neurons15, however 

structure can vary between neuron types16. Neurons form two types of ‘matter’ within the 

brain: grey and white. Grey matter is formed mainly by neuron cell bodies, dendrites, 

unmyelinated axons, and axon terminals. White matter mostly consists of long-range 
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myelinated axons, used for global communication, and contains few cell bodies17. 

Although simplified, grey matter can be thought of as the place where processing is 

completed, and white matter communicating between grey matter areas and the rest of 

the body17. 

Glial cells encompass any non-neuronal cells that provide support, nutrition, homeostatic 

functions etc10. Astrocytes are the most abundant glial cells, occupying ~25% of the total 

brain volume18. During development, astrocytes guide migration of developing axons19 

and are likely involved in formation and function of synapses20. Astrocytes regulate blood 

flow within the central nervous system (CNS) according to synaptic activity21, maintain 

interstitial fluid pH and ion concentrations, neurotransmitter homeostasis, alter neuronal 

excitability22, and contribute to BBB function23,24. Oligodendrocytes are myelin-

producing glial cells needed for insulation of axons and efficient conduction of signals25. 

Microglia are the primary resident immune cells of the brain26, mirroring tissue-resident 

macrophages, and support cognitive processes and homeostasis. Mice depleted of 

microglia show deficits in learning tasks27,28, demonstrating extra-immune functions.  

 

1.2 Cerebrospinal fluid 

CSF is a clear fluid occupying the ventricular system, perivascular space (space 

surrounding small blood vessels in the brain29), and space between the arachnoid mater 

and pia mater. It consists of water, proteins in low concentrations, ions, neurotransmitters, 

and glucose. Human adults have ~150mL of CSF which is renewed 2-3 times a day30. 

CSF provides hydromechanical protection by acting as a shock absorber and enabling 

buoyancy. It provides and circulates nutrients and removes waste products which interfere 

with neuronal function31.  
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The traditional hypothesis of CSF production is continual CSF production by the choroid 

plexus (CP), a monolayer of specialised epithelial cells within a network of capillaries in 

the ventricles of the brain30,32. The epithelial cells in the CP are connected by tight 

junctions, restricting paracellular diffusion of substances, whereas underlying capillaries 

are leaky. A plasma ultrafiltrate passes from the capillaries to the epithelial cells, where 

compounds in the fluid undergo passive pressure-driven filtration through the basolateral 

membrane. At the apical surface, compounds are actively secreted into the ventricles to 

form CSF. Water transport between the blood and ventricular system occurs via 

aquaporin-1 channels33. Under this model, CSF is considered a highly regulated 

ultrafiltrate of the plasma, and therefore has different concentrations of substances 

compared to plasma (see table below). 

A second hypothesis of CSF production opposes the traditional model. There are various 

lines of clinical and animal-based evidence that suggest that the CP is not the only site 

for CSF production, and that other sites can produce a comparable fluid33–37. As an 

alternative to sole choroid plexus-based production, this model suggests that CSF is 

permanently produced along the entire CSF system by filtration through cerebral capillary 

walls into the interstitial fluid of surrounding brain tissue, and that fluid is simultaneously 

reabsorbed into vessels of lower hydrostatic pressure, leading to a continuous exchange 

between plasma and interstitial fluid/CSF 34,38. It is typically considered that both the 

choroid plexus and extrachoroidal sites contribute to CSF production, but the main site 

of production remains contested.  

 

 CSF Blood plasma 

pH 7.28-7.3339 7.35-7.45(arterial)40 
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Osmolality (mOsm/Kg) 283-29641 275-29542 

Protein content (mg/ml) 0.16-0.3843,44 63-8543,44 

Sugar content (mg/ml) 0.45-0.843,44 0.8-1.243,44 

K+ (mmol/kg) 2.8644,45 4.6344,45 

Ca2+ (mmol/kg) 1.1444,45 2.3544,45 

Na+ (mmol/kg) 14744,45 15044,45 

Mg2+ (mmol/kg) 1.144,45 0.844,45 

Cl- (mmol/kg) 11344,45 9944,45 

HCO3
- (mmol/kg) 23.344,45 26.844,45 

Inorganic phosphate 

(mg/100ml) 

3.444,45 4.744,45 

Table 1: Comparing plasma and CSF constituents. Exact values for concentration of ions 

and other substances varies between papers; these values are largely taken from Hladky 

and Barrand (2014).  

 

Being near neurological tissues, the CSF proteome is an indicator of neurological health 

with relevance in many neurological diseases e.g. Alzheimer’s and Huntington’s 

disease46. As a result, it has been desirable to characterise both normal and pathological 

proteomes of the CSF, to identify biomarkers or clues about underlying pathology47.  

Several studies investigate the protein composition of CSF, using various 

methodologies46–53. In studies which drew comparisons with the plasma proteome, many 

proteins were seen within the CSF dataset that were not found in the plasma dataset, and 

vice versa, demonstrating the selective nature of protein transfer between the two fluids, 

and suggesting contribution from neurological tissues53. The main fraction of proteins in 
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the CSF are blood-derived, for example albumin which constitutes ~35-80% of total CSF 

protein, and immunoglobulins, which are present in low concentrations. Approximately 

20% of CSF proteins are brain-derived, but not necessarily brain-specific50,51. Studies find 

significant inter-individual differences, suggesting a high degree of variation in the 

population48,51. The CSF proteome is also altered by pregnancy, with an enrichment of 

proteins associated with pregnancy in other tissues e.g. prolactin48. 

 

1.3 The Blood-Brain Barrier 

The blood-brain barrier (BBB) is a selective interface within CNS vasculature that 

separates blood from the brain. It has an important role in maintaining the environment 

around the CNS and preventing entry of pathogens, toxins, non-neurological immune 

cells. Furthermore, the BBB protects against ion dysregulation54. To carry out this 

function, CNS vessels have properties that allow tight regulation of substances moving 

between blood and the CNS. The BBB is composed primarily of endothelial cells, glial 

cells and pericytes. The endothelial cells of the BBB have properties that distinguish them 

from non-BBB endothelial cells, and support their role in the BBB. These properties 

include high expression of tight junctions between adjacent cells to limit paracellular 

movement of solutes, and lower rates of transcytosis to reduce vesicle-mediated 

transcellular movement of compounds45,55.  

Unregulated diffusion of substances across the cell membrane is restricted by the presence 

of efflux transporters for lipophilic molecules. Additionally, CNS endothelial cells have 

nutrient transporters that enable entry of nutrients into the CNS and removal of waste 

products into the bloodstream. CNS endothelial cells have low expression of leukocyte 

adhesion molecules, to limit immune cells entering the CNS56.  
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Pericytes cover the endothelial walls of the microvasculature and are embedded in the 

vascular basement membrane. The microvasculature of the CNS has the highest known 

pericyte coverage of any tissue. Evidence in mice suggests that pericyte deficiency 

increases BBB permeability to water and tracer compounds via endothelial transcytosis, 

potentially by altering the protein expression profile of associated endothelial cells57. The 

basement membrane also has a role in BBB permeability by connecting cells, regulating 

intercellular communication, and providing an additional barrier55.  

Astrocytes are the primary glial cell associated with the BBB. Astrocytes are important 

in inducing the CNS-specific properties of endothelial cells and regulate water 

homeostasis56,58–60. Furthermore, astrocytes regulate contraction and dilation of vascular 

smooth muscle cells and pericytes surrounding arterioles and capillaries in response to 

neuronal activity. Astrocyte-derived factors may also influence BBB function61. 

Microglia may also be important in BBB integrity and tight junction expression56,62.  

 

1.4 Structural Changes Associated with Pregnancy 

It is well documented that pregnancy is associated with structural changes in the brain. 

20th century neurological studies using autopsies of deceased pregnant women identified 

enlargement of the pituitary gland63; these findings are now supported my magnetic 

resonance imaging (MRI) images64.  A 2022 review of neuroimaging studies identified 

other changes observed in pregnancy, including decreased total brain size, decreased 

cortical thickness, increased sulcal width, decreased sulcal depth and length, decreased 

grey matter volume, and increased ventricle size. These changes are suggestive of 

neurological tissue loss during pregnancy65.  
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Subsequent studies confirmed grey matter volume losses in consistent brain regions, with 

the largest functional overlap seen in areas associated with theory of mind tasks, rest, and 

higher-level cognitive tasks66. Another study associated grey matter reductions with areas 

involved in social cognition67. Areas that have been linked to pregnancy-related tissue 

changes include the amygdala, temporal lobe, hippocampus, hypothalamus, and medial 

prefrontal region, but there is variation between studies, and this is not an exhaustive 

list68. White matter microstructure, however, seems unaffected by pregnancy66. 

Connectome analyses suggest that structural changes are accompanied by changes in the 

functional brain network69. Murine studies support the notion that structural and 

functional changes are translated into altered behaviour, particularly the onset of maternal 

behaviours70,71. The next section will expand on behavioural changes further.  

1.5 Behavioural and Cognitive Changes in Pregnancy 

Behavioural and cognitive changes during pregnancy are consistently observed in human 

studies and animal models. A review of behavioural changes identified mood, sleep, diet 

and sexual behaviour as areas that are all potentially affected by pregnancy. Reported 

cognitive deficits include poor concentration, memory issues, and executive impairment. 

Importantly, some behavioural changes may be the result of lifestyle changes during 

pregnancy, such as smoking cessation, eating a healthier diet and prioritising sleep, but 

this is unlikely to account for all behavioural changes. This section will briefly outline 

important findings related to these topics. 

Increased caloric intake is often observed in pregnant women to meet the needs of a 

growing foetus72. There is evidence that this is partly achieved by decreasing the 

sensitivity of the hypothalamus to leptin (an appetite-suppressing hormone)73,74. 

Increased appetite may be affected by nausea and morning sickness, which are common 
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experiences in pregnancy75. Another diet-related change that is occasionally observed is 

pica (consumption of non-food items)72. Causes of pica are not entirely clear, but theories 

suggest it may function as a coping mechanism or be due to mineral deficiencies76. In one 

study, 32% of pregnant women with pica stated reduced stress and anxiety as their reason, 

16% to satisfy cravings and 4% to reduce nausea. 40% of women could not give a 

reason77. 

Research suggests that rates of depression and anxiety are significantly increased in 

pregnant women compared to nonpregnant women78. Somewhat conversely, hormonal 

responses to stress are suppressed in pregnancy and lactation, possibly to prevent 

detrimental exposure of the foetus to glucocorticoids. This may be mediated by increased 

activity of neurological pathways that inhibit the hypothalamus-pituitary-adrenal axis, 

which regulates stress responses74,79. Self-reports suggest that pregnant women 

experience emotions at extreme ends of the scale more frequently (euphoria, rage etc.) 

and show increased mood instability, manifesting in ‘mood swings’80. Irritability and 

anger were also reported by 13.9% and 18.8% of women respectively80. Overall, there is 

a lot of variation in mood changes experienced in pregnancy, which is likely influenced 

by  environmental factors, preexisting emotional health and different life experiences.  

Sexual behaviours are often altered in pregnancy, with reported changes in frequency of 

sexual activity, arousal, and satisfaction. These changes may also relate to changing body 

image, discomfort, and anxiety about pregnancy81,82. Pregnancy is also associated with 

sensory changes, particularly related to taste, with more than 90% of women reporting 

taste changes in one study83,84. Finally, sleep is affected during pregnancy. A meta-

analysis of studies on sleep quality in pregnancy found that 46% of women report poor 

sleep, and sleep quality worsens from the second to third trimester85. Again, this may also 

relate to discomfort and anxiety about impending parenthood.  
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Moving on to cognitive changes, a meta-analysis by Davies et al found that general 

cognitive function was worse in pregnant than non-pregnant women, but only in the third 

trimester86. General cognitive functioning was defined to include memory, attention, 

executive functions, verbal and visuospatial abilities, and processing speed. A small 

number of individual studies also found changes in the first and second trimester86,87. 

Interestingly, one study found that women pregnant with boys outperform women 

pregnant with girls87.  

Memory changes are frequently self-reported in pregnancy. This includes ‘memory fog’, 

a chronic feeling of memory impairment or memory fatigue, including a general sense of 

confusion and disorientation and reduced ability to focus80. Pregnant women also report 

short term memory lapses occurring intermittently and noticeably80. Some studies report 

objective differences in memory performance between pregnant and nonpregnant 

women88–90,while others find no effect91,92, and some show mixed results93. One meta-

analysis suggested that pregnancy has a negative effect on subjective memory, free recall, 

working memory, prospective memory, and a positive effect on recognition memory 

tasks94. It is important to note that performance on memory tests may not accurately 

reflect real-life memory function, and studies focus on different points during pregnancy, 

which may explain varied effects. For clarity, some terms are explained in the table below.  
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Memory-related terms Meaning in psychology 

Free recall A common memory task in which participants study a list 

of items and then attempt to remember the items in any 

order95. 

Working memory A form of short-term memory that retains information for 

a very brief period to be used in cognitive tasks96,97. 

Prospective memory A form of memory that focuses on the intention to act in 

the future aka. remembering to complete a planned 

action98. 

Recognition tasks Tasks which test recognition memory: the ability to 

recognise objects, people and events that were 

encountered previously99,100. 

Table 2: Explaining memory terminology 

 

1.6 Long-Term Neurological Changes  

Human and animal studies101,102 suggest that structural changes associated with 

pregnancy are not fully reversed in the postpartum period and can be identified long after 

birth. Using high-resolution brain scans, Hoekzema et al identified a consistent pattern of 

cortical grey matter reductions in recently postpartum women that was not observed in 

nulliparous controls. This reduction was still observed two years after birth, except partial 

recovery of a left hippocampal cluster. Grey matter changes were so consistent that a 

classification algorithm could accurately distinguish between parous and nulliparous 

women based on grey matter67. However, in a second study by Hoekzema et al, partial 
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restoration of grey matter was observed between early postpartum (~100 days) and later 

postpartum (~400 days), suggesting there is some rejuvenation effect66.  

Longer term studies also suggest eventual recovery from grey matter reductions. The 

Rotterdam prospective cohort study has investigated multiple health parameters in ~1800 

participants since 1990. Brain MRI imaging was added to the study in 2005 and >12,000 

scans have been processed (as of January 2022), of which 2392 are parous women. The 

time difference between first birth and first MRI scan was roughly 30-40 years. This data 

found an association between increased global grey matter volume and previous 

pregnancy; this association persists after adjustment for relevant parameters103. This may 

suggest that there is long term correction or even overcorrection for changes in the peri- 

and postpartum period.  

Notably, there is variation in postpartum findings relating to grey matter104, and this 

variation is maintained even in studies many years after birth, as will be described later. 

Small sample sizes, different time points for measurement and different imaging and 

analysis techniques may contribute to differing results, or it may reflect a true variation 

in the ability of female brains to ‘bounce back’ post-pregnancy. The extent of recovery 

after pregnancy may be affected by external factors: evidence from rodents suggests that 

stress exposure affects postpartum brain volume105.  

Overall, evidence is rather limited regarding long-term brain changes due to pregnancy. 

There is a more research done on animal models, which have limited use when 

extrapolating to humans106. It is difficult to separate the effects that raising a child has on 

the brain from those associated with pregnancy. A comparative study between adoptive 

and biological mothers may address this issue. However, the available evidence does 
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suggest that there are observable changes which persist into the postpartum period and 

beyond. 

  

1.7 The Blood-Brain Barrier in Pregnancy 

During pregnancy, the BBB must adapt to physiological changes. As well as changes in 

blood flow distribution, pregnancy leads to the release of vasoactive factors into the 

bloodstream which have the potential to increase BBB permeability. However, vasogenic 

brain oedema is not observed in normal pregnancy, suggesting that adaptation of the BBB 

counteracts systemic changes to protect the neurological system. As will be described 

further in the next section (Preeclampsia and eclampsia), failure of cerebral vasculature 

and the BBB to correct for these changes has been implicated in disease107.  

The exact nature of this adaptation is not entirely clear, due to difficulty in studying the 

BBB in humans. In vivo animal studies and in vitro studies suggest that pregnancy may 

be associated with increased BBB permeability to certain solutes, but there is conflicting 

evidence107–110. In rats, there is no difference between tight junction protein expression in 

pregnant and non-pregnant BBBs, suggesting no increase in paracellular permeability107. 

It is not clear how these findings would translate to human pregnancy. Overall, it is logical 

that the BBB must adapt to physiological changes to preserve a healthy neurological 

environment in pregnancy, but evidence is limited, particularly in human subjects.  
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Preeclampsia and eclampsia 

2.1 Symptoms, Complications, and Risk factors 

Preeclampsia and eclampsia are two related hypertensive disorders of pregnancy, which 

both involve multiple organ systems. Incidence of preeclampsia is estimated to affect 2-

10% of pregnancies worldwide. Pre-eclampsia is characterised by sudden-onset 

hypertension (systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 

mmHg), accompanied by another associated new-onset end-organ complication. This is 

often proteinuria, but can also be other renal complications, liver complications, 

uteroplacental dysfunction (e.g. foetal growth restriction (FGR), abnormal umbilical 

artery Doppler analysis), haematological complications (e.g. thrombocytopenia, 

disseminated intravascular coagulation), or neurological complications (e.g. eclampsia 

(see later), stroke)111,112. 

Preeclampsia is divided into subcategories based on timing of onset. As this is difficult 

to determine exactly, timing of delivery is used as a proxy measure, although it is 

important to note evidence that this is not a perfect proxy for onset and may underestimate 

incidence of early onset preeclampsia113. The International Society for the Study of 

Hypertension in Pregnancy divides preeclampsia into preterm (delivery before 37 

gestational weeks), term (delivery at or after 37 gestational weeks), and postpartum 

preeclampsia (after delivery)114,115. In research, preeclampsia is usually divided into early 

onset and late onset preeclampsia, with the cutoff being delivery at 34 gestational weeks, 

but this classification is not favoured clinically115–117. This division is based on 

differences in clinical presentation, complications and risk factors, as will be described 

later.  
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Preeclampsia increases the risk of many adverse health outcomes. For the foetus, 

preeclampsia-associated placental dysfunction leads to a higher likelihood of FGR 

(particularly in early onset disease), iatrogenic and spontaneous preterm birth, foetal 

hypoxia, placental abruption, foetal distress, and foetal death111. Preeclampsia can 

progress to seizures or coma, in which case the disease would be classified as eclampsia, 

which carries a high risk of mortality115. Severe preeclampsia can be associated with 

haemolysis, elevated liver enzymes and low platelet count syndrome (HELLP syndrome). 

Preeclampsia can also lead to non-obstetric complications, including but not limited to 

heart failure, pulmonary oedema, stroke, kidney damage (esp. glomerular endotheliosis) 

and peripartum cardiomyopathy118.  

Although symptoms resolve shortly after delivery of the placenta, a preeclamptic 

pregnancy has long term effects, with reduced life expectancy and increased lifetime risk 

of diabetes, stroke, and cardiovascular disease for the mother115. For the baby, there is an 

increased risk of neurodevelopmental, cardiovascular, and metabolic aberrances as an 

adult. As of 2012 it was estimated that over 300 million women and children worldwide 

are at increased risk of chronic health issues because of preeclampsia exposure119. An 

analysis of Danish health records showed that offspring exposed to preeclampsia, 

eclampsia and hypertension in pregnancy had a 29%, 188% and 12% increased risk of 

all-cause mortality than non-exposed offspring over a 41-year follow-up period. For 

preeclampsia, risk of mortality increased with disease severity120.  

Several risk factors have been identified for preeclampsia, with minor variation between 

factors listed by different organisations115. Evidence suggests different risk factors are at 

play in early onset and late onset preeclampsia, potentially indicating different 

pathological mechanisms. A multivariate approach identified factors associated with 

early onset and late onset preeclampsia in a >8000 sample set. For both groups, previous 



31 
 

pregnancy without preeclampsia reduced risk, while previous pregnancy with 

preeclampsia increased it. History of chronic hypertension was associated with early 

onset preeclampsia. Risk of late onset preeclampsia was increased if the woman’s mother 

had preeclampsia. Use of ovulation induction, but not in vitro fertilisation, was associated 

with risk of early onset preeclampsia121.  

Ethnicity affected the likelihood of preeclampsia development, with black women at 

higher risk of preeclampsia, and mixed and Indian/Pakistani women at higher risk of late 

onset preeclampsia only121. A large cohort study in the UK supports a role for race in risk. 

It found that black women are at higher risk of preeclampsia than white women, and that 

South Asian women have higher risk than white women for preterm preeclampsia only122. 

This association remains after accounting for social deprivation123–125 and ethnicity-

associated differences in incidence of chronic hypertension and cardiovascular 

disease126,127.  

Preexisting medical conditions are associated with increased preeclampsia risk, 

particularly chronic hypertension, which causes a fivefold risk increase compared to 

normotension128. A body mass index (BMI) >30 kg/m2 (The International Society for the 

Study of Hypertension in Pregnancy and National Institute for Health and Care 

Excellence) or 35 kg/m2 (American College of Obstetricians and Gynaecologists) is listed 

as a risk factor. Pre-pregnancy diabetes mellitus, chronic kidney disease and thyroid 

dysfunction are also risk factors115. There is some evidence for a role of gut dysbiosis, but 

more research is needed, particularly as dysbiosis is associated with other risk factors, 

such as obesity and metabolic disorder129,130. 

Obstetric history is relevant when considering preeclampsia risk. Primiparity is linked 

with a threefold increase in preeclampsia incidence131. In multiparous mothers, longer 
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intervals between pregnancies increase risk, which reaches that of primiparity after a 10-

year interval132. A subsequent pregnancy has the same risk as a primiparous pregnancy 

where the pregnancy involves exposure to new paternal antigens133. Multiple pregnancies, 

e.g. twins, carry a greater preeclampsia risk, with increasing risk for each extra foetus 

present131. As mentioned earlier, previous preeclamptic pregnancies increase risk 

substantively, as do previous pregnancies complicated by FGR, placental abruption, and 

stillbirth, particularly when associated with placental malperfusion115.  

Maternal age at both extremes is associated with increased preeclampsia risks. Both age 

categories are also linked with other risk factors. In mothers of advanced age (≥35 years), 

there is increased use of artificial reproductive technologies, multiple pregnancies, and a 

higher incidence of preexisting cardiometabolic issues. However, risk still increases with 

every year after 32 if confounding factors are accounted for121,134. In young mothers (<20 

years), socioeconomic factors and increased primiparity influence risk. Maternal age 

below 20 years is associated with late onset disease rather than early onset135. 

Environmental factors have also been implicated, including air quality and exposure to 

pollution136. High altitude (>2,700m) pregnancies have higher rates of preeclampsia, 

which is particularly pronounced in immigrants as compared to multigenerational high-

altitude inhabitants136. Diet may also influence preeclampsia risk137.  

 

2.2 Pathology 

The multisystemic nature of preeclampsia is well-established but presents issues when 

explaining pathology. There is no general consensus on the pathogenesis of preeclampsia, 

with different models placing different systems at the core of the disease. Furthermore, it 

is not clear if variations in clinical presentation represent different disease pathogenesis 



33 
 

or variations in susceptibilities of the affected women. Differences seen in early versus 

late onset preeclampsia cases give some weight to the idea that the diagnosis of 

preeclampsia may include related but distinct disease states with different causes and 

complications.  

Research into preeclampsia pathogenesis has not been able to reach a consensus on the 

order of causation. Feedback between different systems complicates the research further. 

The most common working model will be described below, along with other relevant 

lines of discussion about preeclampsia pathology.  

 

2.3 Pathogenesis 

The two-stage model of preeclampsia proposes that the disease initiates due to 

syncytiotrophoblast stress (stage I), which leads to maternal symptoms (stage II). The 

syncytiotrophoblast stress seen in preeclampsia is thought to be linked to poor 

placentation (this is expanded upon below). There is consistent evidence to show that the 

placenta and its function is central to preeclampsia138,139. Many questions remain 

regarding the exact details of the two-stage model, particularly the underlying causes of 

poor placentation and syncytiotrophoblast stress, and the mechanism of linkage between 

placental stress and maternal symptoms. There is evidence for involvement of many 

biological pathways and systems, which show aberrances that may be causative or 

reactive in disease pathology.  
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Proposed Model of Preeclampsia Pathogenesis 

As seen in the chart above, a central issue in preeclampsia pathology is poor placentation, 

the process by which the placental develops and embeds itself in the uterus. In normal 

placentation, the fertilised ovum develops into a blastocyst (cluster of dividing cells), 

which will develop into the foetus and foetal portion of the placenta. The blastocyst has 

an outer layer of trophoblast cells. The blastocyst implants into the uterus and contact 

between the trophoblast cells and endometrium triggers development of a multinucleated 

outer layer of syncytiotrophoblasts and inner layer of cytotrophoblasts. The 

syncytiotrophoblast layer sends out projections which penetrate maternal tissues, while 

cytotrophoblasts secrete enzymes to assist syncytiotrophoblast invasion of the 

endometrial wall. This also triggers formation of a specialised tissue called decidua from 

the endometrium140,141.  

Projections of cytotrophoblasts grow into the syncytiotrophoblast layer, forming primary 

chorionic villi. The villi are important structures for providing nutrients to the foetus and 

removing waste. They are surrounded by intervillous space, where maternal blood 

Causative factors including pre-existing risk factors, immunological factors 
and genetic predisposition.

Poor placentation leads to suboptimal placental function, hypoperfusion 
and syncytiotrophoblast stress.

Placental dysfunction is translated into maternal syndrome by bridging 
factors e.g. angiogenic factors, extracellular vesicles, pro-inflammatory 

factors.

Systemic vascular dysfunction and proinflammatory state manifests as 
clinical maternal symptoms, including proteinuria, HELLP, eclampsia, 

hypertension and organ function changes.
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provides nutrients and other substances e.g. dissolved gases140,141.Some villi, termed 

anchoring villi, are connected to the decidua through the cytotrophoblast shell. Later, a 

central core of loose connective tissue and blood vessels will form, marking development 

into secondary and then tertiary villi respectively. Some villi (‘branching villi’) grow 

laterally within the intervillous space to provide a large surface area for substance 

exchange between mother and foetus140,141.  

As the primary chorionic villi are forming, spaces called lacunae form within the 

syncytiotrophoblast layer. Erosion of maternal tissues connects the uterine spiral arteries 

to the lacunae network, establishing circulation between maternal and foetal tissues. The 

maternal spiral arteries undergo remodelling into lower resistance vessels to meet the high 

circulation demands of the growing foetus. The spiral arteries become significantly 

dilated, lose endothelium, smooth muscle cells and inner elastic lamina, and lose their 

ability to constrict in response to neural and hormonal signals at their terminal ends140,141. 

Cytotrophoblasts invade the spiral arteries and replace lost cells. Factors produced by 

both the decidua and placenta promote the remodelling process142. Maternal immune cells 

contribute to the remodelling process, for example uterine natural killer cells and 

macrophages. Maternal spiral artery remodelling is a crucial process for pregnancy 

outcomes, as it affects blood (and therefore nutrient) flow to the developing foetus140,141.  
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   Figure 2: Illustration showing the structure of the first trimester placenta, from Aplin et al 

2020143. 

Spiral artery remodelling is implicated in preeclampsia pathogenesis. There is evidence 

of limited remodelling in preeclamptic deciduae, with both reduced diameter of 

remodelled spiral arteries and depth of remodelling in preeclamptic placentas compared 

to normal placentas144–146. In preeclampsia, remodelling of the spiral arteries is commonly 

restricted to the decidua, while in normal pregnancy it extends into the myometrium145. 
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Notably, abnormal uterine Doppler findings are more common in early onset 

preeclampsia than late onset preeclampsia147. Traditionally, poor spiral artery 

remodelling was assumed to cause placental hypoperfusion and chronic hypoxia. A 2009 

model by Burton et al.144,148 suggests that the effect on flow volume is minimal, but that 

flow has increased pulsatility and pressure. This is partly attributed to the persistence of 

smooth muscle cells in the spiral arteries is preeclampsia that would ordinarily be 

replaced, meaning that the spiral arteries retain contractility in preeclampsia. This 

pulsatile flow may lead to ischaemia-reperfusion injury and oxidative stress rather than 

chronic hypoxia148.  

Whether due to placental hypoxia or ischaemia-reperfusion injuries, the result is adverse 

placental function and syncytiotrophoblast stress. This leads to release of inflammatory 

and stress-signalling factors, which cross into maternal circulation and can affect multiple 

biological pathways and systems. The exact nature of these bridging factors is not known, 

and there are likely multiple factors involved. Several candidates have been identified 

including syncytiotrophoblast-derived extracellular vesicles, (anti)angiogenic factors, 

free foetal haemoglobin149, and reactive oxygen species115,150. 

Abnormal histopathological findings have been reported in preeclamptic placentae, 

including atherosis, syncytial knots, increased cytotrophoblast proliferation, accelerated 

villus branching, small sclerotic villi, and thickening of the trophoblast membrane115,151. 

However, there is a large overlap between histopathology observed in preeclamptic 

placentas and those seen in FGR152, suggesting extra factors are at play in preeclampsia 

initiation. Furthermore, while abnormal histological placental findings are common in 

preeclampsia, pregnancies with severe preeclamptic symptoms can still have normal 

histological findings, and normal placental histology cannot be used to exclude disease152. 

Abnormal histological findings are more common in preterm preeclampsia, as opposed 
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to term, suggesting differences in pathological mechanisms115,152. Abnormal placentation 

is also less associated with late onset preeclampsia 150.  

A less-cited theory of preeclampsia pathogenesis places the maternal cardiovascular 

system at the centre of disease initiation. This theory has significantly less traction than 

placenta-oriented models but is worth mentioning. Briefly, this theory states that placental 

dysfunction is preceded by maternal cardiovascular maladaptation to pregnancy. 

Evidence given for a primary cardiovascular role include the higher risk of cardiovascular 

disease persisting decades post-preeclampsia, and the predominance of cardiovascular 

symptoms in preeclampsia, particularly hypertension153,154. The two theories are not 

mutually exclusive, as a vicious cycle where placental stress aggravates peripheral 

cardiovascular function and suboptimal cardiovascular function worsens placental stress 

may form.   

There is evidence for a causative immune component to preeclampsia, with one theory 

stipulating that preeclampsia is due to inadequate tolerance of the maternal immune 

system to paternally inherited antigens in the foetus115. There are many lines of evidence 

suggesting that exposure to paternal antigens reduces preeclampsia risk. Pre-conception 

use of barrier contraception (e.g. condoms) compared to non-barrier methods (e.g. 

hormonal pill, intra-uterine device) is associated with higher preeclampsia risk155,156, 

although this has not been entirely consistent across studies, with some showing no risk 

change157. A higher incidence of preeclampsia is observed in subsequent pregnancies 

where paternity has changed158, pregnancies after a long inter-pregnancy interval159, 

pregnancies conceived with donor sperm160 and primiparous pregnancies161. Oral sex 

practices are associated with lower preeclampsia risk, particularly when semen is 

ingested162. These observations suggest that a lack of maternal tolerance to paternal 

antigens may contribute to preeclampsia pathology.  
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Furthermore, normal placentation is characterised by a T cell and cytokine profile biased 

towards type 2 helper T cells and anti-inflammatory cytokines e.g. IL10. Preeclamptic T 

cell profiles lean towards type 1 helper T cells and associated pro-inflammatory cytokines 

e.g. TNF and IFNγ163,164. Preeclampsia may also be associated with increased 

complement activation165. More aggressive macrophage phenotypes are observed in 

preeclamptic placentae166. A mechanism for immune involvement in pathogenesis would 

be that a more aggressive, pro-inflammatory immune response against paternal antigens 

expressed on trophoblasts would impede invasion of the endometrial tissues and growth 

of cytotrophoblasts into the spiral arteries, therefore reducing depth and success of 

placentation.  

To summarise, the pathogenesis of preeclampsia is still unclear and different theories 

emphasise different systems. Typically, the placenta is considered essential for 

pathogenesis. Deficient spiral artery remodelling is observed in preeclampsia, resulting 

in syncytiotrophoblast stress due to hypoxia and/or ischaemia-reperfusion injury. There 

is evidence of abnormal placental morphology in preeclampsia, but there is a large 

overlap with FGR. The underlying causes of poor placentation and spiral artery 

remodelling are not clear, but likely involve predisposing risk factors and immune 

intolerance to paternal antigens. In the two-stage model, placental issues (stage I) are 

translated into maternal symptoms (stage II) by bridging factors, which may include 

syncytiotrophoblast-derived extracellular vesicles, (anti)angiogenic factors, and other 

bioactive molecules.  
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2.4 Endothelial Dysfunction in Preeclampsia Pathology  

Widespread endothelial dysfunction, driven by factors released from the stressed 

placenta, is thought to underlie other organ dysfunction seen in preeclampsia. Arterial 

stiffness, an indicator of endothelial dysfunction, has been observed in preeclamptic 

women and increases with disease severity149,167. Endothelial dysfunction may lead to 

reduced blood flow to important organs, including the heart and kidney, and increased 

venous congestion. This can induce reflex constriction of arteries, driving hypertension. 

Early endothelial dysfunction, particularly linked to the placenta, is especially associated 

with early onset preeclampsia.  

Placental release of angiogenic factors is implicated in preeclampsia development and 

can have effects on the vascular system. Serum soluble Fms-like tyrosine kinase-1 (sFlt1) 

is increased, and placental growth factor (PlGF) decreased approximately 5 weeks before 

preeclampsia onset. sFlt1 is an antiangiogenic factor and PlGF is an angiogenic factor168. 

The ratio of sFlt1 and PlGF is used in preeclampsia diagnosis and early prediction, as it 

is significantly raised in many preeclampsia patients115,168. Again, while increased 

sFlt1:PlGF ratio is strongly associated with preeclampsia, it is not uniformly observed in 

all established cases, highlighting heterogeneity. 

sFlt1 can bind both PlGF and vascular endothelial growth factor (VEGF), reducing 

biologically available PlGF and VEGF, which are potent angiogenic factors. One theory 

states that when sFlt1 levels reach a certain threshold, the associated reduction in 

angiogenic factors leads to widespread angiogenic dysfunction and clinical 

preeclampsia169,170. In women with preexisting endothelial issues, such as those seen in 

hypertension or obesity, this threshold is lower, so that clinical symptoms manifest at 

lower sFlt1 levels171,172. In this case, the normal sFlt1 rise seen in non-preeclamptic 
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pregnancies may be sufficient to cause preeclampsia in highly susceptible women, 

potentially explaining why increased sFlt1 is not seen in every preeclampsia case173.  

There is evidence that sFlt1 levels may promote clinical preeclampsia symptoms, 

particularly relating to endothelial dysfunction. In rat models, excess adenoviral 

expression of sFlt1 produces a preeclampsia-like syndrome, including proteinuria, 

hypertension, and glomerular endotheliosis169,173. Furthermore, serum from healthy 

pregnant women, but not preeclamptic women, can induce endothelial tube formation of 

human umbilical vein endothelial cells (HUVECs)169. Addition of exogenous sFlt1 to 

healthy serum inhibits tube formation, while addition of VEGF and PlGF to preeclamptic 

serum enables tube formation. Additionally, pilot studies of extracorporeal reduction of 

sFlt1 by apheresis may bring clinical benefits by increasing duration of pregnancy174,175.  

 

2.5 Differences in Late and Early Onset Pathology 

As alluded to in the sections above, differences have been identified between late and 

early onset preeclampsia. Early onset preeclampsia is associated with worse neonatal 

outcomes, including prematurity, foetal growth restriction and perinatal morbidity and 

mortality. Early onset preeclampsia also carries a higher risk of future cardiovascular 

disease for the mother, possibly due to the increased severity associated with early onset 

disease. Late onset preeclampsia is still dangerous, with 20% of HELLP syndrome and 

55% of eclampsia cases presenting on or after 37 gestational weeks116. There are 

differences in risk factors associated with early and late onset preeclampsia. Furthermore, 

early onset preeclampsia shows significant association with angiogenic biomarker 

patterns, while this is not observed in late onset preeclampsia115. As a result, angiogenic 

biomarker ratios have limited diagnostic use in late onset disease.  
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It has been suggested that early and late onset preeclampsia have different mechanisms 

of pathogenesis and may even be distinct diseases, rather than subtypes of 

preeclampsia117. An often-cited theory proposes that early onset preeclampsia is the result 

of poor placentation while late onset disease relates to pre-existing maternal endothelial 

dysfunction or an abnormal reaction to normal factors shed from a healthy placenta117,176–

178. Abnormal histopathological findings are less common in late onset placentas 

compared to early onset115, supporting this theory. This theory is consistent with lower 

likelihood of FGR in late onset preeclampsia.  

A second theory posits that both categories of preeclampsia begin in the placenta. In this 

model, early onset preeclampsia starts in early placental development with shallow and/or 

abnormal placentation and limited spiral artery remodelling. In late onset preeclampsia, 

initial placentation is normal but there is intrinsic placental dysfunction in later gestation, 

as the maturing placenta outgrows the capacity of the uterus and other maternal systems. 

This leads to placental hypoperfusion. In both early onset and late onset, the placental 

issues then lead to the same syncytiotrophoblast stress, only with different timings116. 

However, machine learning approaches using data on systolic blood pressure, urinary 

protein, serum urea nitrogen, potassium and calcium levels, creatinine, platelet, and white 

blood cell counts from >11,000 pregnant women could predict late-onset preeclampsia in 

the early second trimester179. This suggests that late onset preeclampsia cases diverge 

from normal pregnancies at an earlier gestational age than is often assumed116, and that 

‘late onset’ may be a misleading term for what is really ‘late presenting’ disease.  

Overall, differences are consistently seen in the presentation, risk factors and outcomes 

of women with early and late onset preeclampsia. It has been suggested that this is a result 

of different underlying mechanisms. Proposed mechanisms for late onset preeclampsia 

place either the maternal endothelial system or the placenta at the initiation of disease.  
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2.6 Treatment  

Currently the only effective treatment for preeclampsia is delivery of the placenta. In early 

onset preeclampsia, there is a need to balance the risks of preterm birth with those of a 

preeclamptic pregnancy. Therapeutics are focused on attenuating symptoms but do not 

address underlying causes. Antihypertensive medications are used to manage blood 

pressure and associated complications while magnesium sulphate reduces risk of 

eclampsia onset. The main aim of these treatments is to prolong pregnancy and thus 

minimise the adverse effects of preterm birth115,180.  

Some novel therapeutic strategies are being investigated180. As mentioned above, there 

has been some success in prolonging pregnancy in preterm preeclamptic women by 

reducing sFlt1 using an extracorporeal dextran-sulphate apheresis column175. There are 

issues as these columns are not selective and remove other blood components that may 

be important during pregnancy180. Recombinant or adenovirus-carried PlGF or VEGF 

treatment improves blood pressure and sFlt1 levels in rodent models180–183. PlGF has also 

been trialled in primate models of preeclampsia with positive effects180,184,185. Small 

interfering RNAs have been used in baboon models of preeclampsia to lower sFlt1 levels, 

with success in lowering blood pressure and proteinuria186.  

There has been more progress in development of prophylactic treatments. One of the 

earliest suggestions for prophylaxis was aspirin. A 1985 trial showed that prophylactic 

aspirin treatment reduced preeclampsia, FGR and stillbirth in high-risk women187. Studies 

of aspirin use in preeclampsia have since been plagued with variations in dosage and 

timing of treatment onset115. However, evidence from a meta-analysis confirms that 

aspirin is effective in preventing preterm preeclampsia if given to high-risk women before 

16 gestational weeks115,188. The best dosage for prevention is yet to be determined. Meta-
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analyses have identified that low-dose calcium supplements reduce preeclampsia risk in 

high-risk women with low dietary calcium intake, and that exercise can also reduce 

risk180,189,190. Treatment of pre-existing hypertension before or in early pregnancy also 

reduces risk of preeclampsia development180,191.  

 

2.7 The Neurological System in Preeclampsia and Eclampsia 

As early as 400BC, Hippocrates noted that headaches preceded ‘fits’ in pregnancy192. The 

most obvious indicator of neurological involvement in preeclampsia is seizure, but there 

are other associated neurological complications, including cortical blindness, ischaemic 

stroke, subarachnoid and intracerebral haemorrhage115,193. It is estimated that 

neurological complications are a direct cause in 30-70% of preeclamptic deaths, often due 

to intracerebral haemorrhage or cerebral oedema193–197.  

The underlying causes of neurological dysfunction, particularly seizure, in preeclampsia 

are not entirely clear115. Autoregulation of cerebral blood flow has been implicated. In 

normal conditions, arterioles react to systemic blood pressure changes to ensure constant 

cerebral flow and prevent hyper- and hypoperfusion injuries. Two theories of eclamptic 

seizure hinge on this system, with one suggesting that overcorrection for increased 

pressure results in cerebral ischaemia, and another contrarily suggesting that rapid 

hypertension exceeds the autoregulatory capacity and results in vasogenic oedema 

(extracellular accumulation of fluid198) and BBB dysfunction. Notably, the reversibility 

of symptoms postpartum is inconsistent with ischaemic injury and there is significant 

overlap between clinical presentation of eclampsia and other cases of hypertension-

related cerebral oedema, lending more weight to the second theory.  
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However, studies find little correlation between hypertension and eclamptic seizure, with 

~40% of eclamptic seizures occurring at normotension. It is possible that the 

autoregulatory system may independently go awry. Indeed, abnormalities in 

autoregulation have been observed in preeclampsia and chronic hypertension199–202, 

although there is some contradictory evidence203. As described earlier, preeclampsia (and 

eclampsia) is associated with widespread endothelial dysfunction, and it is possible that 

endogenous disruption of the cerebral autoregulatory system is also a function of 

endothelial dysfunction. This would also suggest that some bridging factors from the 

stressed placenta are able to reach and affect neurological tissues. 

Biological activity of placenta-derived factors in neurological tissues would require the 

BBB to be crossed. Increased BBB permeability is observed in several animal models of 

preeclampsia and incidences of cerebral oedema in eclamptic women is also consistent 

with this. Furthermore, increased CSF to plasma albumin ratio has been observed in 

eclamptic and preeclamptic women, suggesting BBB injury204. In a rodent model, 

circulating factors in maternal plasma were suggested to inhibit efflux transporters in the 

BBB, which was then associated with increased hippocampal sensitivity to seizure205.  

The underlying causes of BBB dysfunction are not clear. Damage due to defects in the 

autoregulatory system has been implicated, as well as inflammation and extracellular 

vesicles. In a rat model of preeclampsia, pro-inflammatory cytokines increase BBB 

permeability206. Given the association with preeclampsia and a pro-inflammatory state, 

pro-inflammatory cytokines are a likely candidate for causing BBB issues. Leon et al 

2021 found that exposure to placental extracellular vesicles in in vivo and in vitro models 

disrupted BBB function207. This paper is discussed in more depth in Section 3.2.f.  
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2.8 Long-Term Consequences  

Although acute symptoms generally resolve postpartum, preeclampsia and eclampsia 

have long-term implications on neurological health. Multiple studies find that women 

exposed to preeclamptic pregnancy show higher risk of all-cause dementia and 

Alzheimer’s disease after adjustment for multiple variables208–210. Studies of brain 

structure showed reduced cortical grey matter volume in previously preeclamptic women 

compared to previously normotensive pregnant women211. The preeclamptic group also 

showed increased white matter lesions in the temporal lobe and altered microstructural 

integrity in the temporal, occipital and parietal lobes211,212, a feature that is associated with 

cerebrovascular damage213. Importantly, white matter lesions are also associated with risk 

of dementia and stroke213. Some studies find poorer performance in various measures of 

cognitive function in previously preeclamptic women214–216, although another study 

suggested that this may be mediated by confounding factors, including BMI, depression, 

and education level217. 

 

2.9 Summary 

Research into preeclampsia and eclampsia has identified widespread physiological 

dysfunction, but less progress has been made in understanding the mechanisms of this 

dysfunction. There is still debate about the central causes of preeclampsia, and variations 

in clinical presentation and research findings has led researchers to question whether all 

preeclampsia cases are even the same disease. Working models of preeclampsia 

pathology are disputed and leave many questions unanswered. Limited understanding of 

preeclampsia is an issue when looking for therapeutic strategies. Current treatment 
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options for preeclampsia are limited and focus on symptom attenuation, rather than 

targeting core mechanisms.  

Preeclampsia is associated with acute and long-term neurological consequences. Acute 

complications include seizure, cortical blindness and cerebrovascular issues, including 

stroke and haemorrhage. Long-term risks include association with dementias, structural 

brain changes, and possible impact on cognitive function. Again, there is no consensus 

on the mechanisms that underlie this and variation in clinical findings further complicate 

the research.  

 

Exosomes 

3.1 Extracellular Vesicles 

Extracellular vesicles are lipid-bound particles that are secreted by cells into extracellular 

space. Within the lipid membrane, extracellular vesicles can contain biologically active 

cargo, e.g. nucleic acids and proteins. When they encounter recipient tissues or cells, 

extracellular vesicles interact via receptor molecules and ligands and can be internalised 

by micropinocytosis and phagocytosis. The cargo of extracellular vesicles can influence 

the behaviour and function of recipient cells. In this way, extracellular vesicles provide a 

system by which biological messages about cell and tissue health can be delivered to 

physiologically distant tissues, and may alter the function of those tissues in a 

pathological or healthy adaptive manner218,219. 

Extracellular vesicles can be broadly classified as microvesicles, exosomes and apoptotic 

bodies. The main distinction between classifications is route of formation, but there are 

also differences in vesicle size and protein content218. The size ranges given for different 
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vesicle classifications are rough and differ between papers. This may reflect differences 

in vesicle populations from various origin tissues220, effects of isolation, freezing and 

storing221,222, or variable results from different methods of measurement. 

Microvesicles range from 100nm to 1μm in diameter and form by direct budding and 

pinching from the plasma membrane. They contain mostly cytosolic- and plasma 

membrane-associated proteins, such as tetraspanins, cytoskeletal proteins and 

integrins223. Apoptotic bodies are between 1 and 5μm in diameter and form as products 

of apoptotic cell death224,225. Under normal physiology, they are considered relatively 

inactive and have markers that promote their removal by immune cells. However, there 

is evidence that apoptotic bodies can modulate immune responses, and defective 

apoptotic body clearance is implicated in autoimmune disease224. Exosomes will be 

described in the sections below.  

Research into extracellular vesicles can roughly be divided into three main aims: 

identifying changes in vesicle numbers or markers for use in diagnosis, identifying the 

contribution of vesicles to disease pathology, and use of vesicles as a therapeutic delivery 

system. Several fields of medical research have had success in using extracellular vesicles 

for these purposes226–231, and significant efforts are underway to better understand 

extracellular vesicles in the context of pregnancy, so that they can be integrated into 

therapeutic and diagnostic approaches232.  

 

3.2 Exosomes 

This project focuses on exosomes, and these will therefore be discussed in more detail 

than other extracellular vesicle types. Exosomes are the smallest category of extracellular 

vesicle at 30-150nm diameter218,220,233. As with other vesicle types, this size range is 
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variable, and the diameter of exosomes can also be affected by handling and storage220–

222. There are also differences in the production routes and cargo of exosomes compared 

to other extracellular vesicle types. These will be discussed in this section.  

 

3.2.a Production 

The main route for exosome production begins in the endosomal system – part of a 

dynamic, intracellular sorting and transport system for cell components. Endosomes are 

membrane-bound cytosolic organelles which are part of the endocytic pathway. This 

pathway regulates recycling, sorting, storage, transport and trafficking of proteins and 

lipids between various organelles234. Early endosomes mature into late endosomes then 

multivesicular bodies. During this process, inward budding of the lipid endosomal 

membrane forms intraluminal vesicles, the precursor to exosomes, which accumulate in 

the lumen of the multivesicular body. Some multivesicular bodies will be transported to 

lysosomes for degradation, while some will be fused with the cell’s plasma membrane. It 

is not entirely clear what signals regulate this decision. However, if the multivesicular 

body fuses with the cell membrane, it releases intraluminal vesicles into the extracellular 

space as exosomes218–220,233.  

 

3.2.b Composition and Cargo 

As mentioned previously, exosomes are enclosed by a lipid bilayer membrane. Exosome 

cargo varies depending on origin. The cargo of exosomes can include proteins, nucleic 

acids (both DNA and RNA in many forms), amino acids and metabolites. Exosome cargo 

does not perfectly reflect the contents of the parent cell, as regulated protein sorting and 
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overrepresentation of proteins relevant to exosome biogenesis skew the contents. The 

‘Endosomal Sorting Complexes Required for Transport’ (ESCRT) proteins are 

considered important in regulating exosome biogenesis, and therefore can be found in 

exosome cargo. These include the proteins Alix, TSG101, and HSC70, which are often 

used as exosome markers. Importantly, there is some evidence for an ESCRT-

independent mechanism of exosome biogenesis, as cells depleted of ESCRT proteins are 

still able to produce exosomes235–237. The protein cargo of exosomes is also influenced by 

posttranslational modifications on proteins, such as ubiquitination238,239.  

Exosomes contain tetraspanins, particularly CD63, CD9 and CD81. Tetraspanins are 

membrane-spanning proteins with a role in cell membrane structure240. These were once 

considered a specific marker for exosomes, but they have also been identified in 

microvesicles and apoptotic bodies218. In this project, the tetraspanin CD63 is used to 

immobilise exosomes. Other membrane proteins frequently present in exosomes include 

ligands, receptors, MHC molecules, integrins and flotillins219. As with proteins, nucleic 

acid content of the exosome is regulated, and some RNA subtypes are differentially 

represented in exosomes compared to the parent cell. Certain miRNAs are preferentially 

included in exosomes239,241 and general miRNA content is higher in exosomes than host 

cells239,242.  

 

3.2.c Placenta-Derived Exosomes 

During pregnancy, the placenta releases extracellular vesicles, including exosomes, into 

maternal circulation. In this project, these are called placenta-derived extracellular 

vesicles, but they are also referred to as syncytiotrophoblast extracellular vesicles in 

literature149. Placental alkaline phosphatase (PLAP) is used as a marker for these 
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vesicles243,244. Using this marker, placenta-derived exosomes are first observed in the first 

trimester of pregnancy, and their numbers increase with gestational age244. Several studies 

have suggested that these exosomes may be biologically active and influence pathways 

relevant to both healthy and pathological pregnancies. This will be expanded upon below.  

 

3.2.d Role of Placenta-Derived Exosomes in Pregnancy 

Placenta-derived exosomes are implicated in many processes of normal pregnancy. 

Perhaps the most-studied area is exosome-mediated immune modulation, as maternal 

tolerance is essential for preventing rejection of the foetus and enabling healthy 

pregnancy245. Many immune cells are involved in the maternal immune response, 

primarily natural killer (NK) cells, macrophages, and T cells. NK cells and macrophages 

are highly abundant in the decidua, with lesser T cell presence and near-absence of B cells 

and dendritic cells246,247. In vitro evidence suggests that both NK cells and monocytes can 

internalise placenta-derived exosomes166,248–250, although there is some in vitro evidence 

that monocytes (a precursor to macrophages) preferentially interact with placenta-derived 

exosomes over NK cells250. Notably, this experiment was performed using cells isolated 

from peripheral blood, so it is not clear how this translates into an in vivo decidual setting.  

Studies suggest that placental exosomes modulate the behaviour of macrophages and their 

precursors, monocytes. Transcriptomics of monocytes incubated with placenta-derived 

exosomes found a more tolerogenic and immunosuppressive phenotype than in non-

exposed monocytes. The analysis showed enrichment of the anti-inflammatory IL10 

pathway and suppression of genes involved in antigen presentation. Exosomes may 

promote expansion of a monocyte subset with potent immunosuppressive capabilities, 



52 
 

that is increased in the peripheral blood of pregnant women as compared to non-pregnant 

controls250.  

Incubation of T cells with exosome-exposed monocytes reduces general T cell 

proliferation but promotes formation of regulatory T cells250, a T cell subset that 

suppresses exaggerated or deleterious immune responses251. Regulatory T cell 

populations expand during pregnancy, particularly regulatory T cells with specificity for 

foetal antigen, and mouse studies suggest that they are required for foetal survival252–255. 

Therefore, changes seen in T cell populations are consistent with those seen in healthy 

pregnancy and upregulation of regulatory T cells by exosome-exposed monocytes may 

contribute to pregnancy success.  

Incubation of monocytes with placenta-derived exosomes upregulates programmed cell 

death ligand-1(PD-L1), which promotes tolerance by suppressing T cell proliferation and 

activation250,256. Cytokine profiling of medium from exosome-exposed monocyte and T 

cell co-culture showed reduced cytotoxic cytokines. There is also evidence that 

extracellular vesicles of pregnant women carry immunosuppressive cargo (the cytokines 

TGF-β1 and IL10), but the extracellular vesicles were not tested for placental origin249. 

Placenta-derived exosomes have also been demonstrated to carry PD-L1246.  

A murine study of placenta-derived exosome uptake by macrophages suggested that 

placenta-derived exosomes are preferentially targeted to the lungs and liver and are 

frequently internalised by pulmonary macrophages246,257. It is not clear if this translates 

to humans or what the physiological implications would be, but this demonstrates that the 

effects of placenta-derived exosomes may be wide-reaching. 

There is evidence for a role of placenta-derived exosomes in the endothelial system. One 

study showed that placenta-derived vesicles transfer functional miRNAs into endothelial 
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cells258. Exosomes isolated from peripheral blood of pregnant women promote HUVEC 

migration, with a decreasing effect with increasing trimester259. Furthermore, there is 

evidence that exosomes isolated from trophoblast cell lines can promote vascular smooth 

muscle migration260.  

Exosomes derived from isolated placental mesenchymal stromal cells can stimulate 

angiogenesis and endothelial cell migration, as measured using endothelial tube 

formation assay, cell migration assays and mouse model of ischaemic injury. This study 

suggests that, despite the focus on syncytiotrophoblast-derived vesicles, vesicles from 

other placental cell types may be biologically active261. An effect of exosomes on the 

endothelial system and angiogenesis is particularly relevant given the established 

importance of artery remodelling in pregnancy success.  

When considering the role of placenta-derived exosomes in normal pregnancy, it is 

important to note that many studies are performed ex vivo or in murine models, so it is 

not clear how they translate into a human in vivo context. There are many other 

pregnancy-associated physiological and hormonal changes that have effects alongside 

placenta-derived exosomes. To the best of my knowledge, no papers have addressed the 

relative contributions of placenta-derived exosomes and other relevant factors to changes 

in pregnancy, so it is difficult to estimate how biologically significant the effects of 

placenta-derived exosomes are.   

 

3.2.e Role of Placenta-Derived Exosomes in Preeclampsia 

Total exosome load in the plasma is increased in pregnancy, and there is evidence that 

this increase is even larger in preeclamptic pregnancy262. Several studies have found 

increased levels of placenta-derived extracellular vesicles and/or exosomes in the plasma 
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of preeclamptic women, compared to normotensive pregnant women262–265. However, the 

increase in total exosomes is often observed to be greater than the increase in placenta-

derived exosomes, meaning that the proportion of placenta-derived exosomes may be 

effectively decreased or unchanged in the peripheral plasma262,266. A study of 

extracellular vesicles isolated by placental perfusion found that expression of PLAP per 

vesicle was reduced in preeclampsia compared to normal pregnancy. The implications of 

this are not entirely clear, but may suggest that measurements and comparisons between 

preeclampsia and normal pregnancy are being affected by different expression of 

markers, or may reflect a lower proportion of placenta-derived extracellular vesicles267. 

Other studies find differences between early and late onset preeclampsia, with early onset 

preeclampsia being associated with higher levels of placenta-derived vesicles263,266.  

The cargo of placenta-derived exosomes and other extracellular vesicles is different in 

preeclamptic pregnancies266; there is evidence of different lipid profiles in preeclamptic 

and normal placenta-derived vesicles166,268. Exosome cargo relating to 

angiogenesis/endothelial function, inflammation and cellular stress have been studied 

most extensively, because of links to pathology138,266,269, however there is evidence of 

differentially expressed cargo relevant to other processes. A 2015 proteomics analysis of 

syncytiotrophoblast-derived extracellular vesicles from placental explants found almost 

200 differentially expressed proteins in preeclamptic vesicles compared to normal. The 

main biological processes of these proteins included cellular processes, single-organism 

processes, and metabolic processes270.  Interestingly, the most upregulated protein in 

preeclamptic vesicles, siglec-6, is suspected to suppress trophoblast invasiveness, and 

therefore has clear links to preeclampsia pathology270,271.  

Differential expression of compounds relating to endothelial and vascular function have 

been reported. Increased exosomal expression of sFlt1 and soluble endoglin has been 
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observed in preeclampsia272,273. Furthermore, placenta-derived exosomes show reduced 

levels of endothelial nitric oxide synthase in preeclampsia versus normal pregnancy. 

Nitric oxide synthase produces nitric oxide, which is a potent vasodilator, suggesting that 

reduced nitric oxide availability from vesicles may contribute to endothelial 

dysfunction274,275. Preeclamptic placenta-derived exosomes express neprilysin which 

increases blood pressure by constricting vessels and promoting sodium retention264,276–

278. Altered expression of such compounds suggests that placenta-derived exosomes and 

other extracellular vesicles may be physiologically relevant in the vasculature.  

There is evidence that preeclamptic placenta-derived extracellular vesicles can induce 

endothelial dysfunction272. This is highly relevant when considering that endothelial 

dysfunction is often implicated in preeclampsia pathology. Exposure of HUVECs to 

preeclamptic exosomes results in reduced cell proliferation, tube formation and cell 

migration, and increase permeability and apoptosis, as compared to normal pregnancy 

exosomes272,279. Exposure to preeclamptic exosomes may also decrease expression of 

binding proteins in HUVECs, such as VE-cadherin and occludin279. Vesicles from 

preeclamptic women but not normal pregnancy can inhibit relaxation of isolated 

myometrial arteries. Whole plasma did not have the same effect280. 

If pregnant mice are injected with preeclamptic or normal pregnancy exosomes, the 

preeclamptic exosome-injected mice develop a preeclampsia-like syndrome, including 

increased blood pressure and reduced foetal birth weight272. This may give the impression 

that placenta-derived exosomes have a causative effect in human preeclampsia, however 

it is important to remember that injection of human exosomes into mice will generate an 

anti-human inflammatory response281, and changes seen in the mice may be related to an 

increased anti-human immune response to the preeclamptic vesicles and may not replicate 

the physiological effects of preeclamptic exosomes in a human setting. Furthermore, it is 
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not clear in the study where the site of injection was, and this is also unlikely to be 

physiologically representative as the tail vein is frequently used for injections in mice. 

Injection of extracellular vesicles is also associated with other events, particularly 

embolism166.  

Studies have observed immunological effects of preeclamptic exosomes. One study 

observed placenta-derived vesicles bound to circulating monocytes of pregnant women, 

suggesting that placenta-derived vesicles come into close contact with circulating 

immune cells. Incubation of PBMC with placenta-derived vesicles from preeclamptic 

placentae increases production of inflammatory cytokines, such as IL-18 and TNFα, from 

PBMC. Noticeably, this effect was not observed if PBMC was incubated with vesicles 

isolated by mechanical disruption of villous tissue, suggesting that isolation method may 

affect the behaviour of vesicles282. Furthermore, exposure to preeclamptic placenta-

derived extracellular vesicles shifts macrophages towards a more inflammatory 

phenotype in vitro and in murine models. Preeclamptic-vesicle-exposed macrophages 

were capable of inhibiting angiogenesis in tube formation assays166.  

As with placenta-derived exosomes in normal pregnancy, it is not clear how extensive the 

contribution of exosomes is to preeclampsia pathology. It is important to keep in mind 

that there are many other changes observed in preeclampsia and other factors that are also 

associated with preeclampsia, such as products of oxidative stress and antiangiogenic 

factors. 
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3.2.f Exosomes and the Blood-Brain Barrier 

There is a lot of scientific interest in the interaction between exosomes and the BBB. This 

section will summarise recent research that is relevant to this project, and then expand on 

papers that focus on the interaction between placenta-derived vesicles and the BBB.  

The possibility that exosomes may cross the BBB has generated a lot of interest as it 

presents a possible method to deliver therapeutic substances to the CNS, which has long 

been an issue when developing drugs targeted to the brain283,284. In addition, it provides a 

mechanism by which peripheral cancers may metastasise to the brain283,285. It has been 

established that exosomes can cross the BBB into the CNS in both in vitro and in vivo 

experiments283,284,286–290, Furthermore, CNS-derived exosomes have been identified in 

peripheral circulation, suggesting bidirectional passage of exosomes290–293. While the 

ability of exosomes to cross the BBB has been shown, there is limited understanding 

about the specific details. For example, it is not clear by which mechanisms exosomes 

cross, whether there is selectivity for specific exosomes, and whether disease states or 

other altered physiological states can affect crossing290. Furthermore, most evidence is in 

vitro 294, and in vivo studies primarily use murine models, so even less is known about 

human in vivo mechanisms290,294–296. 

Several potential mechanisms have been proposed for exosome crossing, and it is possible 

that different mechanisms apply to exosomes of different origins. The main mechanism 

put forward is the transcytotic mechanism, which involves transcellular transport of 

exosomes via membrane-bound carriers/vesicles, which then eject exosomes on the other 

side of the cell286,290,294. This is often observed in epithelial cells, and similar pathways 

are used by other substances to cross the BBB, such as immune cells, large proteins, and 

viruses290,295–297. Again, the evidence for transcytosis is almost entirely based on in vitro 
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assays289, so it is not clear if this is representative of in vivo behaviour. There is also some 

evidence that paracellular transport is possible and may be upregulated in certain disease 

states and inflammation283,294. 

Different mechanisms of initial uptake by BBB cells are also suggested, including 

macropinocytosis (a non-specific internalisation process by which actin-rich structures 

extend from the cell-surface and collapse to form a cellular compartment, the 

macropinosome, which contains extracellular material298) and receptor-mediated 

endocytosis (process by which recruitment of proteins, especially clathrin to the plasma 

membrane followed by invagination of the membrane forms a clathrin-coated vesicle that 

typically fuses with a sorting endosome to release cargo)289,299,300. Blocking 

micropinocytosis or receptor-mediated endocytosis significantly decreases extracellular 

vesicle uptake. Neither completely prevented uptake, suggesting that a mixture of 

mechanisms may be used301. It is also possible that the contents of exosomes are released 

into BBB cells, repackaged, and re-released on the CNS side, allowing a transfer of cargo 

but not necessarily the original exosome structure itself289. Importantly, different 

exosome types cross the BBB at different rates290, but the reasons for this are not entirely 

clear, and may relate to size, cargo, and markers on the exosome membrane.  

Other studies also support an effect of inflammation on BBB crossing, particularly 

associating inflammation with increased active transport of extracellular vesicles289,294,301. 

Pre-conditioning by pro-inflammatory cytokines, e.g. IL-6 and TNF-α, has been 

implicated in promotion of exosome crossing, particularly the endocytosis of 

exosomes302. There is also evidence that exosomes containing inflammatory mediators 

themselves can disturb the BBB303–305. This may lead to a vicious circle where 

neuroinflammation leads to increased exosome crossing, and inflammatory markers in 

exosomes promote neuroinflammation and further exosome crossing286,306,307.  
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A 2020 paper by Banks et al attempted to look more in depth at exosome uptake by the 

brain290. They found that four out of ten tested exosome types showed non-random uptake 

by different brain regions, with uptake increased in the olfactory bulb compared to the 

cerebral cortex, cerebellum, and whole brain uptake rates. This suggests that exosomes 

are not equally internalised by all brain regions, but that this may depend on exosome 

phenotype. A second study supported high uptake in the olfactory bulb of healthy brains 

but suggested that patterns of uptake were different in mouse models of neurological 

pathologies, including stroke, Parkinson’s disease, autism, and Alzheimer’s disease308. It 

also suggested that exosomes in pathological brains preferentially home to areas of 

inflammation308. Induction of inflammation by LPS, a major component of certain 

bacteria cell walls309, also increases brain uptake of exosomes in some exosome types. 

Additionally, exosomes are not taken up by all cell types equally, with one study finding 

that exosomes were preferentially taken up by neurons in pathological brains, as 

compared to glial cells308.  

While there has been extensive research into the functional effects of CNS-derived 

vesicles within the brain, there are fewer studies looking at the effects of peripheral 

exosomes in the CNS310,311. One study found that small extracellular vesicles in milk were 

able to cross the BBB after consumption by mouse pups. Comparing mice fed with milk 

containing RNA-depleted or RNA-sufficient vesicles revealed differential expression of 

genes in the hippocampus, and reduced dendritic complexity in the hippocampus of the 

RNA-depleted-milk mice. The RNA-depleted-milk mice also performed more poorly in 

tests of spatial learning and memory, and showed increased severity of induced seizure 

compared to RNA-sufficient-milk mice287. Other studies suggest that peripheral 

exosomes can also impact glial cells285,312. Overall, these studies suggest that peripheral 

extracellular vesicles can alter brain function310,311. 
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There are very few studies which look specifically at placenta-derived exosomes and the 

CNS, and they are primarily conducted in mouse models, which have serious 

physiological differences compared to humans106.To date, there is no in vivo evidence of 

placenta-derived exosomes crossing the BBB. There are two main studies that address 

localisation of placenta-derived vesicles in mice313,314. Both studies had a similar design 

in that placenta-derived vesicles were injected via tail vein into mice. In Tong et al 2017, 

the vesicles were derived from human placental explants and injected into pregnant mice. 

In Nguyen et al 2021, the vesicles were purified from mouse plasma of pregnant and non-

pregnant mice and injected into both pregnant and non-pregnant mice.  

Tong et al found placental vesicles localised to the lungs, liver, and kidneys of the 

pregnant mice, and did not observe vesicles in the brain, thymus, heart, spleen, pancreas, 

skeletal muscle, or foetal-placental unit314. Nguyen et al observed that vesicles from 

pregnant mice localised to the lungs when injected into non-pregnant mice, while vesicles 

from non-pregnant mice did not, perhaps suggesting some affinity of pregnancy-specific 

vesicles for the lungs. Vesicles from both pregnant and non-pregnant were detected in the 

liver. In pregnant mice expressing green fluorescent protein in the placenta, endogenous 

placenta-derived vesicles were found in the maternal lungs313. 

Some studies find that vesicles derived from placental mesenchymal stromal cells 

(pMSCs) can have neurological effects315,316. pMSCs are a  multipotent stem cell type 

which has been shown to secrete exosomes that could potentially enter the maternal 

circulation317,318. Barzegar et al found that injection of vesicles from human pMSCs 

protect the brain from ischaemic injury in a mouse model of ischaemic stroke, and Clark 

et al observed that vesicles from human pMSCs promoted myelin regeneration, protected 

oligodendrocytes, and improved motor function in a mouse model of multiple sclerosis, 

a disease characterised by demyelination, inflammation, and neuronal loss319. Neither 
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study investigated whether the vesicles crossed the BBB into the CNS, so it is not clear 

if this is due to downstream signalling effects or direct activities of vesicles in the CNS. 

However, these studies provide evidence that non-trophoblast-derived placental vesicles 

may also impact the CNS and possibly cross the BBB315,316.   

An important study that largely motivated this project is Leon et al 2021207. To summarise 

the key findings, this paper found that preeclamptic plasma increased permeability in a 

monolayer of female brain endothelial cells, used as a model of the BBB, to high-

molecular weight dyes, and reduced transendothelial electrical resistance (TEER) in 

comparison to normotensive pregnancy plasma. TEER is an established method for 

estimating the integrity of monolayers, with particular emphasis on tight junction integrity 

and paracellular resistance320,321. Isolated small extracellular vesicles (mostly comprised 

of exosomes, based on average particle diameter) from preeclamptic and normotensive 

placental explants reduced TEER, but preeclamptic vesicles caused a greater reduction. 

Increased permeability was also seen after incubation with preeclamptic vesicles207. This 

study suggested that placenta-derived vesicles may increase the permeability of the BBB 

in vivo, and to a much greater extent in preeclamptic pregnancies.  

Overall, evidence strongly suggests that exosomes can cross the BBB in both directions. 

The mechanisms of this are not entirely clear, but likely involve transcytosis and 

paracellular movement. Peripheral exosomes can be taken up by central nervous tissues 

and drive changes in neuronal and glial behaviour. Both uptake by neurological tissues 

and crossing of the BBB are influenced by the exosome phenotype and the physiological 

state of the tissues, particularly inflammation and pathological changes.  
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3.3 Quantifying Exosomes 

There are several methods available for quantifying exosomes, each with its own 

advantages and limitations. This section will outline the available methods for exosome 

quantification and then introduce a new method that will be used in this project: the 

ExoCounter. 

 

3.3.a Existing Methods 

Electron microscopy was the first method used to identify exosomes. Transmission 

electron microscopy (TEM) involves passing a beam of electrons through an ultra-thin 

specimen. When the beam strikes the specimen, it is not all transmitted, depending on the 

thickness and electron transparency (allowing electrons to pass through with minimal 

electron scattering) of the sample. Scanning emission microscopy (SEM) has a similar 

principle but creates an image by detecting reflected electrons, rather than the transmitted 

ones. An advantage of electron-based microscopy as opposed to light microscopy is that 

it can achieve higher resolutions by many orders of magnitude322,323.  

Although electron microscopy is considered a gold standard for verifying the quality of 

isolated exosomes, there are serious limitations when used for quantification. Firstly, this 

method is very labour-intensive and has a low throughput324. The dehydration and 

embedding of the specimen are likely to cause exosome loss and therefore underestimate 

exosome numbers324–326. Because of these limitations, electron microscopy is no longer a 

preferred method for quantifying exosomes324. 

Nanoparticle tracking analysis (NTA) involves illumination of sample particles by laser 

beam. The light that is scattered by the particles is recorded and analysed according to 

algorithms to identify particle concentration. The size distribution within the sample is 
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also calculated. It is also possible to analyse vesicles tagged with fluorescent antibodies 

to count antigen-specific subpopulations324,327,328.  

One advantage of NTA is that it has higher resolving capabilities than other light 

scattering methods, particularly the dynamic light scattering method (described later), and 

can analyse particles with a mean diameter <100nm329. There is minimal sample 

preparation (often just dilution) and samples are reusable. Measurements are rapid once 

machine optimisation has been completed330. The ability to generate data about particle 

size is another benefit of NTA, as this information is useful in estimating the success of 

exosome isolation and purification techniques328. 

NTA has limitations. Firstly, it measures more than just vesicles, as it counts any particles 

that exceed the detection limit, including protein aggregates, cell debris and other 

contaminants331. Furthermore, NTA has a limited range of particle concentration 

measurements, roughly 107-109 particles per millilitre. There is little work on 

standardisation of NTA protocols. Differences in the camera and detection threshold 

settings, as well as other aspects of the protocol, can introduce variability and complicate 

comparisons of NTA results obtained from different groups324,329. NTA technology 

requires several optimisation steps, which can be time-consuming329.  

Additionally, NTA has reduced sensitivity for particles smaller than 50nm as the intensity 

of scattered light decreases with particle diameter so very small particles may disappear 

below background noise331. Another problem stemming from this is overestimation of 

average vesicle size331. This may be exacerbated as NTA measures the hydrodynamic 

size, which includes both the solid phase of the vesicle but also the solvent that adheres 

to it. As a result, size measurements from NTA tend to be larger than those from TEM, 

with the difference between the two decreasing as particle size increases (TEM size is 
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~50% larger than NTA for 15nm diameter, and only 5% for 100 nm diameter)331–333. 

Furthermore, presence of a small number of much larger particles e.g. dust can cause 

issues by scattering light329. 

A similar method often used for exosome quantification is dynamic light scattering 

(DLS). DLS is based on the Brownian motion of dispersed particles (in this case 

exosomes), which causes fluctuations in scattered light. Scattered light is proportional to 

particle diameter to the sixth power, meaning that this technique is especially sensitive to 

large particles. This is an advantage when intending to measure large particles, but 

contaminating dust particles or aggregates can affect measurements when smaller 

particles such as exosomes are the intended target329.  

Advantages of DLS include rapid speed of measurements, with a more straightforward 

and user-friendly procedure than NTA, and can adjust to different sample concentrations, 

so dilution of the sample is not necessary324,329. As with NTA, samples are reusable 

afterwards. It has a relatively high throughput and gives information on size distribution. 

However, DLS has a poor ability to distinguish between particle populations that are close 

in size, particularly when compared to NTA329. Where NTA will present multiple peaks 

of size distribution in a polydisperse sample, DLS struggles to resolve these peaks, and 

will present a merged version329.  

Flow cytometry is another method used for exosome quantification. Flow cytometry 

detects suspended particles via their interaction with a laser beam in a detection cell. As 

particles encounter the beam, they scatter the light. Any fluorophores included in the 

sample will fluoresce. This is an advantage as flow cytometry can be combined with 

fluorescent labels for surface proteins to give information on vesicle phenotype334. 

Another advantage of flow cytometry is that it is generally accurate for particles above a 
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certain size threshold330. The issue with flow cytometry is that it is not accurate for 

particles below 200nm diameter, with some reviews giving an even higher threshold for 

accuracy e.g. 300nm 330,331. This presents a clear issue for analysis of exosomes, which 

fall below this size threshold. To somewhat overcome this limitation and produce a semi-

quantitative result, nanobeads can be bound to particles to increase their surface area330.  

An additional consequence of the limited sensitivity for low-diameter particles, is that 

size distributions will be skewed towards larger particles. Swarming effects can also be 

seen, where multiple vesicles are detected as a single event, also causing a loss of linearity 

with dilution334. Another issue with flow cytometry is that fluorescent signals are easily 

influenced by cell debris and cytosolic proteins, meaning that high-purity samples are 

needed. This can be an issue326,330, as many methods of exosome isolation are unable to 

provide such high-purity samples as required335.  

This is not an exhaustive list of methods used to quantify exosomes, but gives an overview 

of the main methodologies. As well as using exosome quantification methods, some 

studies use proxy measures of exosome number, for example by measuring expression of 

protein markers by ELISA or quantified western blotting, or enriched nucleic acids by 

PCR. These methods have the obvious drawback of interference by protein aggregates, 

non-exosomal particles and cell-debris, and rely heavily on a successful isolation and 

purification stage. As explained previously, markers are not consistently expressed in 

exosome populations and this technique is vulnerable to changes in expression. 

Inconsistent use of methodologies is a widespread issue in exosome research, which poses 

problems when drawing comparisons or assimilating evidence from different studies. 

Even commonly used techniques such as NTA are not standardised across groups. More 

work comparing and standardising quantification techniques would greatly benefit the 

field336. 
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3.3.b The ExoCounter Assay Principle 

JVC Kenwood’s ExoCounter is a new device for quantifying populations of exosomes. 

This section will set out the principle of the ExoCounter assay, but a detailed protocol for 

the assay is given in the General Methods section.  

The ExoCounter assay combines immunoassay techniques with size selectivity to target 

a specific exosome population. The assay begins by immobilising capture antibodies onto 

a disc with 12 wells. Capture antibody must be specific for a marker with known 

expression in the target exosome population. Upon incubation with the test sample, the 

target exosomes bind the capture antibodies and adhere to the disc. The disc has circular 

grooves which have a diameter of 260nm at the top and taper to 160nm at the bottom. 

This prevents particles larger than 160nm from adhering to the disc, reducing interference 

by microvesicles and other contaminants.  

Nanobeads with conjugated labelling antibodies will then be used to detect immobilised 

exosomes. Again, the conjugated antibodies must be specific for a marker with known 

expression in the target exosome population. The nanobeads bind to the captured 

exosomes via the conjugated antibodies and become immobilised on the disc. The 

nanobeads have a diameter of 200nm, which prevents binding of multiple beads to the 

same exosome, so that exosomes and beads are immobilised at a 1:1 ratio. The disc is 

then inserted into a disc-reader, which scans the disc with a laser of wavelength 405nm. 

The beads refract the light from the laser and the refraction is quantified and converted to 

pulses by a photodetector. The number of pulses corresponds to the number of beads and 

therefore the number of exosomes on the disc337,338.  
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A  

 

 

B(a)         B(b)   

 

Figure 3: Understanding the ExoCounter assay. (A); Diagram illustrating the 

ExoCounter principle. The horizontal blue line represents the well surface. On the well 

surface, adhered antibodies (in this project, anti-CD63 antibodies) bind an exosome. 

This exosome is then bound by an antibody-conjugated bead. This bead is then detected 

by the ExoCounter device (represented by the purple beam). This diagram is not true 

to size nor do the relative sizes of the different components reflect real size ratios. (B); 

Adapted from Kabe et al 2018: scanning electron microscopy images of (a) 
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immobilised exosomes on the disc and (b) exosomes and conjugated beads immobilised 

on the disc.  

 

3.3.c Advantages of the ExoCounter Assay 

Several samples can be analysed simultaneously by ExoCounter assay. In this project, a 

maximum of four samples was run per disc, to allow for three repeats and a background 

measure for each sample. The number of discs that could be run simultaneously was 

limited to four, because of the number of metal frames we had and the size of our 

incubator, giving a maximum sample number of 32 per assay. Theoretically, the 

ExoCounter assay could be scaled up further if not limited by incubator size or metal 

frames.  

The combination of size selectivity and antibody-based detection theoretically reduces 

interference by contaminants and non-exosomal vesicles, as well as promoting high 

specificity for the intended target. However, evidence of reduced interference by 

microvesicles, dust and protein aggregates has not yet been published, so there is a need 

for experimental evidence of this. This could be achieved by comparing counts of 

exosomes with and without added contamination.   

Kabe et al 2018 performed a characterisation of ExoCounter assay performance compared 

to other standard techniques. To summarise the findings of the paper, it showed firstly 

that no primary antibody treatment prevented binding of either exosomes or conjugated 

beads, suggesting that washing steps are successful in minimising residual unbound 

particles. Furthermore, discs without antibody coatings did not show pulse signals when 

measured by the ExoCounter device. When primary antibody and exosomes were added, 

signal was low without addition of conjugated beads. Additionally, by quantifying 



69 
 

residual unbound exosomes from a disc with bound primary antibody, they found that 

almost 90% of the exosomes were bound to the disc338.  

Extremely high linearity was shown by the ExoCounter device (R2 was 0.996 for purified 

exosomes, 0.955 for serum), and the assay performed better in this respect than ELISA 

assay and flow cytometry (R2 was 0.954 for ELISA on purified exosomes, and 0.969 and 

0.919 for flow cytometry on purified exosomes and serum respectively). Limit of 

detection in purified exosomes and serum was determined as the amount of exosomal 

protein or serum with a signal equal to background. Again, the ExoCounter assay 

performed better than ELISA and flow cytometry. For purified exosomes, the limits of 

detection for the ExoCounter assay, ELISA and flow cytometry were 1.16, 926 and 487ng 

of protein respectively. In serum, the limits of detection for the ExoCounter assay and 

flow cytometry were 0.39 and 14μl338. 

 

3.3.d Limitations of the ExoCounter Assay 

As with all antibody-based assays, the selectivity and accuracy of the assay is highly 

dependent on the quality of the antibody. High cross-reactivity or low affinity for intended 

markers will limit the effectiveness of the ExoCounter technique, and this technique 

would therefore not be suitable for quantifying exosome populations that do not have 

well-defined and specific markers, or do not have high-quality antibodies available for 

those markers. Ideally, antibodies used in the ExoCounter assay should have previously 

published data supporting their use in identifying this exosome population, and/or data 

supporting the accuracy of the antibody should be generated by the group before using 

the antibody in the ExoCounter assay.  
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Another important aspect to consider is the relatively recent introduction of the 

ExoCounter assay. Initial findings show significant promise, with high repeatability and 

sensitivity. Nonetheless, these parameters have been tested in limited contexts: a PubMed 

search for publications containing the term "ExoCounter" yielded merely four results 

("PubMed advanced search, Query box: ‘(ExoCounter[Title/Abstract]) AND 

(ExoCounter[Text Word])’"). While all four papers demonstrate the assay's potential, the 

ExoCounter technology has not been around long enough for thorough experimental 

analyses of possible limitations, for example understanding how contamination by dust 

or protein aggregates affects results.  

For studies which wish to use the ExoCounter on a sample type that has not been 

published before or to use a modified version of the protocol should test the performance 

of the ExoCounter assay. This may include standard tests, such as linearity tests, limit of 

detection tests and checks of repeatability, but may also include less standard tests, if 

relevant to the project. In this way, the suitability of the ExoCounter assay for addressing 

the specific scientific question can be established, and more evidence can be generated 

on the assay’s performance in different biological contexts.  

 

Rationale for the project and hypotheses 

As described in earlier sections, healthy and complicated pregnancies are associated with 

significant and fundamental neurological changes. Preeclamptic pregnancies are 

associated with neurological dysfunction. Acute neurological symptoms tend to resolve 

postpartum, but preeclamptic pregnancies increase risk of certain long-term neurological 

issues. Therefore, it is likely that there are pregnancy-related factors which are 

biologically active in the CNS. 
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There is evidence that placenta-derived exosomes can affect various maternal tissues and 

systems. In preeclampsia the content, number and biological effects of these vesicles are 

different and may contribute to preeclampsia pathology. There is evidence that BBB 

permeability is affected in pregnancy, and is increased in preeclamptic pregnancies. 

Previous research suggests that it is possible for peripheral exosomes of non-placental 

origin to cross the BBB into the CNS. To date, no human in vivo studies have looked at 

the possibility that placenta-derived exosomes may reach the CNS.  

The ExoCounter assay offers a suitable method for quantifying exosome populations in 

CSF for the following reasons: it shows high sensitivity and linearity in small volumes of 

sample, size-exclusion may reduce contamination by non-exosomal particles, antibody-

based detection distinguishes between different exosome populations (depending on 

existence of a suitable marker).  

Based on the evidence outlined above, the following hypotheses were drawn up 

1. Syncytiotrophoblast-derived vesicles can cross the BBB and be detected in CSF. 

2. The ExoCounter assay has high sensitivity with small volumes of sample338, and 

will be suitable for detecting placenta-derived vesicles in CSF.  

3. Increased BBB permeability in (pre)eclamptic pregnancy, possibly combined 

with increased numbers of placenta-derived vesicles, leads to increased numbers 

of these vesicles in (pre)eclamptic CSF. 

4. Syncytiotrophoblast-derived vesicles may be biologically active in the 

neurological system and contribute to complications and changes. 

This project focused on hypotheses 1, 2 and 3. To investigate these hypotheses, the project 

had the following aims. 
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1. To demonstrate robustness of the ExoCounter assay and assess suitability of the 

assay for use in CSF. This will include: 

a. Optimisation of the ExoCounter assay protocol. 

b. Demonstration that the ExoCounter assay is reproducible and that 

background measures can sufficiently correct for inter-assay variation. 

c. Demonstration that the NDOG2 antibody is a suitable marker for placenta-

derived vesicles in cerebrospinal fluid, and has minimal cross-reactivity in 

neurological tissues. 

d. Demonstration that high linearity is retained when used on CSF. 

2. Provided that the above aims show suitability of the ExoCounter for use in CSF, 

to obtain ExoCounter measurements for matched plasma and CSF samples from 

pregnant women. 

3. Analyse obtained data. This will include: 

a. Analysis for associations between ExoCounter data and clinical grouping 

and other relevant factors. 

b. Determining whether ExoCounter values from pregnant CSF are 

significantly different to those obtained from non-pregnant CSF. 

c. Analysis for associations between plasma and CSF values. 

Chapter 2 focuses on Aim 1 and Hypothesis 2, while Chapter 3 focuses on Aims 2 and 3 

and Hypotheses 1 and 3.  
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Chapter 2 - General Methods 
 

Plasma Samples from the John Radcliffe Hospital, Oxford 

Plasma samples were collected from consented patients at the Women’s Centre, John 

Radcliffe Hospital, Oxford. Blood was collected from patients by research midwives and 

then centrifuged at 1500g, 21°C for 15 minutes, in a swing bucket centrifuge (Beckman 

Coulter Avanti J-20XP, Beckman Coulter JS-5.3 swing-out rotor). Any visibly 

haemolysed samples were discarded at this stage; for non-haemolysed samples, 

supernatant was removed and placed into 15ml falcon tube. Supernatant was spun at 

13000g, 21°C for 2 minutes. The supernatant from this centrifugation was then stored in 

aliquots at -80°C. Where used for ExoCounter, samples were thawed on the day of the 

assay and centrifuged at 13000g for 2 minutes before being assayed.  

 

Non-Pregnant CSF 

Non-pregnant CSF was obtained from the Autoimmune Neurology Group, Nuffield 

Department of Clinical Neurosciences, University of Oxford.  

Non-pregnant CSF was also obtained from BioIVT, product ‘Human Cerebrospinal Fluid 

(Remnant) No Diagnosis’, HUMANCSFR-0101364.  

 

Plasma and CSF Samples from South Africa 

For CSF samples: lumbar puncture was performed at the time of caesarean section. CSF 

then drips directly into the collection tube, and was transferred into a Sarstedt 

polypropylene tube. CSF that was visibly contaminated by blood was discarded and CSF 
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was tapped into a new tube once the bleeding had stopped. CSF was then centrifuged at 

2200 x g for 10 minutes at 20°C. Sample was then aliquoted into cryotubes (Sarstedt, no. 

72.377 or 72.377.007) and frozen at -80°C. 

For plasma samples: blood was collected into EDTA-K2 tubes. Plasma was centrifuged 

at 2200 x g for 10 minutes at 20°C. Sample was then aliquoted into cryotubes (Sarstedt, 

no. 72.377.005) and frozen at -80°C. 

Samples were transferred to Oxford under HTA Licence 12217. 

 

Placental Perfusion and Ultracentrifugation 

Placentas were obtained from pregnant women undergoing elective Caesarean sections 

before labour onset at the Women’s Centre, John Radcliffe Hospital, Oxford. Written 

informed consent was obtained before placenta collection. Placentas were perfused within 

20 minutes of delivery, having been transported to the laboratory in warm Hank’s 

solution. The umbilical cord was clamped, and excess was cut off and discarded. The 

membrane covering the foetal side was pulled away. An intact peripheral lobe with no 

identifiable villus breakage was chosen, and the umbilical artery and vein associated with 

that lobe identified. Sutures are applied to prevent flow of blood from the umbilical cord 

to the cannulation area. The artery and vein were cannulated and secured. 

The lobe was perfused with 0.1 µm filtered medium (Medium 199 with Earle’s salts, L-

glutamine and sodium bicarbonate, liquid, sterile-filtered (Sigma Life Science) 

containing 0.8% dextran 20, 0.5% bovine serum albumin, and 5000U/L sodium heparin), 

at a rate of 5ml/min and exudate collected in a cylinder and measured to calibrate the 

system. The whole placenta was then inverted, with the maternal surface facing up and 
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laid in a Perspex water jacket warmed to 37°C. The maternal surface was then perfused 

with filtered medium (as above, but without dextran, and continually oxygenated), 

through six 1.7mm foetal feeding tubes pushed into the lobe. Both the foetal and maternal 

circuit are initially run ‘open’ to remove excess red blood cells. Following this, the 

circuits were closed by recycling measured foetal medium from the cylinder back into the 

foetal reservoir. The volume of foetal effluent was measured throughout the perfusion to 

ensure that the circuit was intact. Perfusion was continued for three hours at a 4 to 5 

ml/min flow rate to obtain perfusate.  

After three hours, perfusate was centrifuged twice at 1500g for 10 minutes at 4°C in a 

Beckman Coulter Avanti J-20XP centrifuge with a Beckman Coulter JS-5.3 swing-out 

rotor to remove cell debris. The supernatant was then pooled and spun at 10,000g in a 

Beckman Ultracentrifuge SW32 Ti Swinging-Bucket Rotor at 4°C for 30 minutes. The 

resulting supernatant was then centrifuged at 150,000g at 4°C for 30 minutes. The 

exosome-enriched pellet was washed and resuspended in filtered (through a 0.1um 

membrane) PBS to a concentration of 2 to 5 μg/μl (BCA measurement) and stored at -

80°C.  

 

Bicinchoninic Acid (BCA) Assay  

Protein standards at concentrations 1, 0.5, 0.25, 0.125, and 0.0625 mg/ml were prepared 

in advance of the BCA assay from bovine serum albumin stock of known protein 

concentration. Samples were diluted with distilled water to a concentration estimated to 

be within those of the protein standards (plasma samples were diluted 1 in 200). All 

samples, standards and blanks were run in duplicates.  



76 
 

12.5μl of sample, standard or blank (distilled water) was pipetted into each well on a 96 

well plate (Nunclon Delta Surface, ThermoFisher). BCA Reagent B was mixed into 

Reagent A (both Pierce) in a 1 in 50 concentration (B being the lesser component). The 

plate was covered with aluminium foil, mixed for 30 seconds on a plate shaker, and 

incubated for 30 minutes at 37°C. The plate was then allowed to cool to room temperature 

before absorbance at 562nm was read using a FLUOStar OPTIMA (BMG) plate reader. 

Absorbance readings were converted to protein concentrations using the standard curve 

produced from the absorbance readings of the known concentration standards. 

Concentration of diluted samples was then scaled up to the undiluted value.  

 

Western Blotting 

A known concentration (as determined by BCA) of sample was mixed with 4x Laemmli 

buffer with 5% 2-mercaptoethanol, and diluted with double distilled water. Sample mixes 

were then warmed at 95°C in a heating box for 10 minutes, before being centrifuged for 

1 minute at 9000rpm. Samples were loaded onto NuPAGE TM 4-12% Bis-Tris Gel 1.0 

mm x 10 well gels (Invitrogen by ThermoFisher Scientific), along with Precision Plus 

Protein Dual Colour Standards (Bio-Rad), within a Novex minicell tank (Invitrogen, UK) 

filled with NuPAGETM MOPS SDS running buffer (Novex by Life Technologies). 

Electrophoresis was then run at 150V until the proteins were near the bottom of the gel. 

Following electrophoresis, proteins were transferred onto a polyvinylidene fluoride 

membrane (Immuno-Blot PVDF Membrane, Bio-Rad). The membrane and gel were 

sandwiched between four filter papers soaked in anode 1, two soaked in anode 2, and, on 

the other side of the gel and membrane, three soaked in cathode buffer solution. Protein 

transfer was completed by running at 25V for 45 minutes.  
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Buffer solution Composition pH 

Anode 1 300mM Tris, 10% 

methanol 

10.4 

Anode 2 25mM Tris, 20% methanol 10.4 

Cathode 25mM Tris, 40mM e-

aminohexanoic acid, 20% 

methanol 

n/a 

Table 3: Composition of buffer solutions used in Western blotting protocol 

Successful protein transfer was checked by soaking the membrane in Ponceau S Staining 

Solution (ThermoFisher), according to manufacturer instructions. Ponceau stain was then 

washed by soaking in TBST (10xTBS stock diluted 1 in 10 in double distilled water, 0.1% 

Tween20). The membrane was then blocked with 5% skim milk powder (Sigma Aldrich) 

diluted in TBST for 45 minutes. The membrane was then placed in a falcon tube 

containing 5% milk powder with primary antibody at 1 in 1000 concentration. This was 

incubated in a roller overnight at 4°C.  

The next day, the membrane was washed thrice in TBST for 5 minutes, and then incubated 

with the corresponding secondary antibody (HRP-conjugated anti-mouse or anti-rabbit 

antibody, Cell Signalling Technology) at 1 in 1000 concentration in 5% milk solution for 

1 hour. After 1 hour, the membrane(s) was washed thrice in TBST for 5 minutes. The 

membranes were then treated with EZ-ECL chemiluminescence detection kit for 

horseradish peroxidase (HRP) (Pierce ECL Western Blotting Substrate) for one minute, 

before transfer to a cassette.  

The membrane was then incubated with Cl-Xposure Film (Thermo Scientific) for 1 

minute (time can be altered according to signal intensity) in the dark. Film was developed 
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by soaking in developer solution (Champion Devalex XD2 Developer) rinsing in double 

distilled water and soaking in fixer solution (Champion Fixaplus X-ray Fixer). Developer 

and fixer solution were prepared as such: for developer, 125ml Devalex A, 10ml Devalex 

B, 12.5 Devalex C, and 352.5ml distilled water; for fixer: 120ml Fixaplus A, 22.5ml 

Fixaplus B, 357.5ml distilled water. Following development and fixing, film was left to 

dry then scanned.  

Total protein from Ponceau S staining and band intensity in the final blot were quantified 

using ImageJ. Briefly, the image was inverted, background subtracted, and intensity was 

measured. 

 

Nanoparticle Tracking Analysis (NTA)  

NTA was performed using NanoSight NS500 system (Malvern Instruments, Malvern, 

United Kingdom). Fluidics were primed with PBS (Dulbecco’s phosphate buffered saline, 

Sigma Aldrich), and quality control performed using 100nm silica beads (Polysciences 

Inc.) diluted in fPBS. Samples were injected into the sample chamber via a 1ml syringe. 

Laser beams are directed at the samples in the sample chamber, where they illuminate the 

particles. The illuminated particles are then visualised using a standard optical 

microscope. Captured images were analysed by NTA software to calculate particle size 

and concentration.  

 

ExoCounter Assay  

The ExoCounter (JVCKENWOOD corp.) assay in performed on a plastic disc provided 

by JVCKENWOOD with 16 ‘wells’. Samples were analysed in triplicates, with a fourth 
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well being used for background measurement for each sample. Firstly, 90μl of primary 

antibody was incubated in each well at a concentration of 5ug/ml for 1 hour at 37°C with 

a plate cover. The wells were washed with 3x300μl of fPBST (filtered phosphate-buffered 

saline with 0.05% Tween20). Each well was filled with 200μl of blocking buffer (1% 

casein, diluted in PBST) and incubated at room temperature for 1 hour with a plate cover. 

After this hour, the disc was again washed with 3x300μl PBST. 50μl of sample was 

applied to each well, with plasma being diluted 1 in 4 in PBST. The disc was incubated 

for 2 hours at 37°C with a plate seal on a plate shaker, then washed as before. 50μl of 

antibody-bead solution (JVCKENWOOD) at a concentration of 20μg/ml, diluted in 1% 

casein in PBST, was added to each well and the disc was incubated for 90 minutes at 

37°C on a plate shaker, with a plate seal. Finally, the disc was washed with 3000μl PBST, 

followed by 3000μl double-distilled water to prevent salt crystal formation, then set to 

dry for 15 minutes at 37°C.  

At this point the disc could be read by the optical system. In brief, this uses a Blu-ray 

laser device to convert diffraction of light caused by the beads attached to the disc into an 

exosome count. Corrected counts were calculated by subtracting the background count 

from the mean raw count of the triplicate. Where two of the three raw counts within a 

triplicate were very close in number and the third was not, the third was considered an 

outlier. To avoid subjectivity when removing outliers, outliers were only removed if these 

conditions were satisfied: 

• The largest of the two ‘non-outliers’ was no more than 130% of the smaller ‘non-

outlier’. 

• The difference between the average of the ‘non-outliers’ and the ‘outlier’ was at 

least three times larger than the difference between the two ‘non-outliers’.  
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Figure 4: Example of ExoCounter disc layout. Each smaller circle represents a well. B = 

background.  

 

Human Anti-Mouse Antibody Enzyme-Linked Immunosorbent Assay (HAMA 

ELISA) 

ELISA was performed using the LEGEND MAXTM Human Anti-Mouse Ig (HAMA) 

ELISA Kit according to supplier instructions. Briefly, the Wash Buffer was diluted 20X 

in deionised water. The lyophilised HAMA Standard was reconstituted to 1000ng/mL in 

Assay Buffer A, incubated at room temperature for ten minutes, then vortexed. 

Lyophilised Matrix A was reconstituted by adding 3mL of deionised water into the vial, 

incubated at room temperature for 15 minutes. The lyophilised Quality Controls were 

reconstituted by adding 400 and 650μl Assay Buffer A to each vial respectively, as 

directed by the specific labels. These were incubated for 10 minutes at room temperature, 

then vortexed. All standards and samples were run in duplicates, and samples were not 

diluted. Serial dilution of standards was performed to produce standards of the 
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concentrations 250, 125, 62.5, 31.3, 15.6, 7.8, 3.9 ng/mL. Neat Assay Buffer A was used 

as a zero standard. 

The ELISA plate was washed 4 times with 300μl of 1x Wash Buffer per well, and residual 

buffer was blotted onto absorbent paper. 50μl of Mouse Ig Conjugate was added to each 

well. 25μl of reconstituted Matrix A was added to the standard and quality control wells, 

and 25μl of Assay Buffer A was added to the sample wells. Then, 25μl of standard, quality 

control or sample was added to the standard, quality control and sample wells 

respectively. The plate was sealed with the provided plate sealer and incubated at room 

temperature for 2 hours, while shaking at 200rpm. The plate contents were then discarded 

and the plate washed 5 times with 1x Wash Buffer, as done earlier. In the final wash, the 

wells were soaked for 1 minute. 

100μl of Substrate Solution C was added to each well and incubated for 15 minutes in the 

dark. The reaction was then stopped by adding 100μl of Stop Solution to each well. The 

absorbance was read at 450nm using CLARIOstar (BMG LabTech). Readings were 

converted to antibody concentrations based on the standard curve using BMG LabTech’s 

data analysis software MARS.  

 

Statistical Analysis 

Statistical testing was performed using IBM SPSS and GraphPad Prism software. 
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Antibodies Used in This Project 

Target antigen Application Supplier 

CD63 ExoCounter BioLegend Inc 

PLAP ExoCounter, western 

blotting 

In-house antibody 

(NDOG2) 

Beta-actin Western blotting Life Technologies Limited 

Vinculin Western blotting Sigma-Aldrich 

Table 4: Antibodies used in this project. 
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Chapter 3 - Optimising and Characterising the ExoCounter 

Assay 
 

1. Optimising the ExoCounter Protocol and Determining Dependence on Intact 

Exosomes 

Initial runs of ExoCounter showed very high variation within the three wells of the same 

sample (‘intra-triplicate’ variation) on the first disc, while this issue was not seen where 

a second disc was run. High intra-triplicate variation suggests suboptimal function of the 

ExoCounter assay, as the readings from the same sample should be relatively similar. It 

was found that double priming of the JVCKENWOOD ExoCounter washing device 

significantly reduced intra-triplicate variation on the second disc (p<0.02), with no 

difference seen in the mean deviation on the second disc (p>0.95) (Fig. 5A).  

Secondly, different concentrations of casein blocking solution were tested to reduce 

background without reducing signal (Fig. 5B). It was found in two samples that a blocking 

solution with 0.1% casein in PBST performed better than 0.01% casein in PBST, 

effectively increasing the corrected signal (the mean raw signal after subtraction of the 

background signal) by reducing the background signal. This difference was not 

significant (p=0.09), but 0.1% casein blocking solution was used from now onwards. 

In addition, it was important to make sure that the ExoCounter assay was really detecting 

intact lipid-bound exosomes. Possible mechanisms of exosome-independent PLAP-bead 

retention could potentially include cross-linking of CD63 antibody and PLAP-beads by 

protein aggregates, insufficient washing to remove excess bead from the wells or direct 

binding between CD63 and PLAP-beads. Diagrams of possible mechanisms of exosome-

independent bead retention can be seen in Fig. 5C.  
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To test the possibility of exosome-independent signal, the following experiment was 

carried out. Placenta-derived exosomes extracted by placental perfusion and 

ultracentrifugation were spiked-in to a non-pregnant plasma sample. One aliquot of this 

sample was treated with 1% NP-40 (ThermoFisher) diluted in filtered PBST. A second 

aliquot was treated with an equal volume of PBST, without NP-40. Both aliquots were 

then incubated at 37°C for 30 minutes before being tested by ExoCounter assay in the 

usual way. NP-40 is a surfactant used to disrupt lipid membranes such as those of 

exosomes339,340. If the ExoCounter detects intact exosomes, the count observed in the 

membrane-disrupted NP-40 sample should be significantly reduced compared to the other 

sample. 

This was exactly what was observed (Fig. 5D), with the NP-40+ sample having only 

2.15% of the NP-40- sample count. This experiment showed that ExoCounter signal is 

significantly reduced following membrane disruption (p<0.0001). The small signal 

observed in the NP-40-treated sample is likely due to a combination of incomplete 

exosome disruption and exosome-independent signal e.g. incomplete removal of the 

beads through washing and cross-linking by protein aggregates.  
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D  

Figure 5: Optimisation of ExoCounter assay protocol and effects of NP-40. Error bars 

represent standard deviation. (A); graph showing the effects of double priming of the 

ExoCounter washing device on intra-triplicate standard deviation, as a percentage of 

overall count. For each bar (e.g. first disc, double priming), n=3 discs/12 triplicates. 

(B); graph showing the effects of 0.01 and 0.1% casein blocking solution on raw count, 

background count and the corrected count in two samples (A and B). (C); diagrams 

showing possible exosome-independent mechanisms of signal. The first diagram shows 

the secondary bead bound by protein aggregates, and the second shows direct binding 

between the coating antibody and the secondary bead. (D); graph showing the 

corrected counts of exosome samples with and without NP-40.  

 

2. Testing for Cross-Reactivity of the NDOG2 Enzyme 

The anti-PLAP antibody used to detect placental exosomes was NDOG2, an in-house 

antibody. This has previously been tested for cross-reactivity against multiple tissues 

(unpublished data from the Vatish group and Sunderland et al 1984341), with minimal 
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cross-reactivity found. Of note, Sunderland et al did find reactivity of the NDOG2 

antibody against the cervix, lung, fallopian tube, and thymus, as well as the placenta. 

RNA analysis confirms that PLAP is expressed in the cervix, lung, and fallopian tube, 

although not in the thymus. There was low but non-zero expression found in neurological 

tissues342. No reactivity of the antibody was found for testes, duodenum, colon, adrenal 

and pituitary glands, liver, myometrium, heart, kidney, and tonsils. Therefore, while 

PLAP is enriched in the placenta and placenta-derived vesicles, it is not an entirely 

placenta-specific marker, and low levels of signal in non-pregnant samples may be 

expected but should be significantly lower than those in pregnant samples.  

As this project would focus heavily on CSF, it was important to understand how NDOG2 

reacts with neurological tissues. Reactivity of the NDOG2 antibody with neurological 

tissues had not been previously tested. Quantified western blotting was performed to 

determine reactivity of the NDOG2 antibody to neurological tissues. Beta-actin and 

vinculin were added as loading controls, but PLAP signal was normalised to total protein 

rather than beta-actin or vinculin signal, based on the recommendations of several 

papers343–348. 

Neat non-pregnant CSF was tested against PLAP. This posed problems as the protein 

concentration of cerebrospinal fluid is typically very low349, and there was insufficient 

sample available for protein concentration or BCA testing. Maximum sample volume was 

added in the cerebrospinal fluid lane, and a minimum possible total protein was calculated 

based on reported ranges of CSF protein levels. Placental lysate was loaded alongside 

CSF as a positive control. Protein concentration of placental lysate was calculated by 

BCA, and the protein loaded matched the minimum possible protein calculated for the 

CSF.  
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In addition, PLAP was tested against tissues that contribute to CSF formation. Three non-

pregnant plasma samples were tested, to represent the contribution of the peripheral 

circulation to CSF formation, and brain lysate was tested, representing the neurological 

contribution to CSF. Placental lysates and exosomes extracted by perfusion were used as 

positive controls.  

As expected, the placental exosomes showed the highest normalised signal, followed by 

placental lysates. All non-pregnant samples showed significantly lower signals compared 

to placental lysate (p<0.01). The brain lysate showed a marginally higher signal than the 

CSF and plasma, possibly due to the very low but non-zero expression of PLAP in brain 

tissues described above. If this was the reason, it did not appear to affect PLAP signal 

within CSF, which had a very similar signal to non-pregnant plasma. This is consistent 

with previous findings that plasma is the main contributor to CSF protein content.  
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Figure 6: Western blots and Ponceau S stains of different sample types. Error bars 

represent standard deviation  (A); western blot of three placental lysates and brain 

lysate against PLAP, (B) shows the corresponding Ponceau S stain for total protein, 

as used for normalisation. (C); western blot of multiple sample types against PLAP 

and (D) the corresponding Ponceau S stain. (E); the quantified PLAP signals of 

different samples, normalised to total protein (Ponceau S). 

 

3. Reproducibility of the ExoCounter Assay and Impact of Freeze-Thaw Cycles 

Reproducibility of the ExoCounter assay was tested by running the same sample multiple 

times on different days (Fig. 7A). To reduce the impact of freeze-thaw samples, following 

the first run, the sample was split into aliquots that could then be run on three different 

days with no added freeze-thaw cycles. Following the first freeze-thaw cycle, the 

ExoCounter result remains very consistent for the sample (coefficient of variation <6). 

Breaking down the corrected signal into raw count and background count shows the 

importance of the background count in correcting for inter-assay variability (Fig. 7B). 

The raw count is much less consistent between runs, but the shape of the background 

count mirrors that of the raw count, resulting in a very consistent corrected count.  

The initial decrease in count between runs 1 and 2 of 20.7% is fairly consistent with data 

from four other samples that were run twice with a freeze-thaw cycle in between (Fig. 

7C). These samples had an average decrease of 37.05% (SD: 15.1%, p=0.032) between 

runs. This is also consistent with literature on the impact of freeze-thaw cycles on small 

EV yield221, with Gelibter et al 2022 finding a 44% reduction in small EV yield after a 

freeze-thaw cycle222. Given the impact of freeze-thaw cycles on exosome yield, care was 

taken to limit freeze-thaw samples in the South African samples used later on.  
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To test the reliability of the ExoCounter disc-reading technology, two discs were run three 

times consecutively (Fig. 7D). Variation between the reads was very small, although a 

small decrease was seen with each read. This may be due to minor damage from the laser 

used or a result of increased drying. Furthermore, repeated reading of the same disc over 

almost 7 weeks showed that a large proportion of the signal is retained on the disc long-

term (Fig.7E). Again, a small but consistent decrease is seen over time, at an average rate 

of 0.4% of the original signal per day. Notably, the standard deviation (of the proportion 

of original) increases with time (p<0.001), as some wells retained signal much better than 

others (Fig.7F). It is not clear what causes this disparity, with no correlation between 

signal retention and original signal, and no difference between background and non-

background wells.  
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F  

 

Figure 7: Testing reproducibility and the effects of freeze-thaw cycles. Error bars 

represent standard deviation. (A); graph showing the corrected counts of the same 

sample run four times, with one freeze-thaw cycle shown by the dotted line. (B); the 

same sample, with background and raw counts shown. (C); graph showing the 

corrected counts of four samples before and after a freeze-thaw cycle. For all samples, 

the first sample was run in October, and the second in January, with the sample stored 

at -80°C in between. (D); graph showing the counts of two discs read three times 

consecutively. Counts are shown as a percentage of the original count. (E); graph 

showing changes in counts obtained from the same disc read repeatedly over several 

weeks. (F); graph showing the change in standard deviation of the same disc as in (E), 

demonstrating increasing variation in the retention of signal by different wells.  

 

4. Linearity testing 

One of the most important parameters for assessing assay performance is linearity350, 
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the test results, which are directly proportional to the concentration (amount) of the 

analyte in the test sample’351. JVCKENWOOD already demonstrated that the ExoCounter 

displayed a high linearity of >0.99 in their 2018 paper338. However, there were slight 

changes in the assay protocol used by JVCKENWOOD compared to the protocol used in 

this project (see table below). Furthermore, it was important to show linearity in samples 

relevant to those used in this project and using the CD63-PLAP antibody combination.  

 JVCKENWOOD 2018338 This project 

Diluent for coating 

antibody 

Carbonate-bicarbonate 

buffer (pH 9.6) 

Filtered PBS 

Incubation of coating 

antibody 

Overnight at 4°C 1 hour at 37°C 

Blocking solution 1% skim milk in PBST 0.1% casein in filtered 

PBST 

Incubation of antibody-

beads 

2 minutes under a magnetic 

field 

90 minutes at 37°C, 

shaking 

Table 5: Key differences between the ExoCounter protocols used in 

JVCKENWOOD’s 2018 paper and this project. 

Firstly, linearity was tested on different dilutions of plasma in fPBST, between 1 in 4 to 

neat, to ensure that dilution of plasma would not obscure obtained values. Linearity was 

found to be high for the full range of dilutions (Fig. 8A), with an R2 coefficient >0.98. 

Both background and raw signals also showed high linearity (Fig. 8B). 
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B  

Figure 8: Initial linearity tests with diluted plasma. Error bars represent standard 

deviation. (A); graph showing corrected ExoCounter values for different dilutions of 

plasma. (B); graph showing the raw and background counts of the same dilutions of 

plasma. 
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Linearity was then tested using a series of ‘exosome spike-in’ experiments. These 

experiments used exosomes isolated by placental perfusion and ultracentrifugation, as 

described in the Methods chapter. Isolated exosomes were aliquoted and tested by 

nanoparticle tracking analysis for an estimate of particle size and concentration. The 

modal diameter of particles was 152.8nm, which is consistent with exosomes. Secondly, 

the protein concentration of isolated exosomes was tested by BCA, which gave a 

concentration of 2.689 mg/ml. A known concentration of isolated exosome can then be 

spiked into either non-pregnant CSF or 25% non-pregnant plasma (diluted in fPBST), and 

the sample was then tested by ExoCounter assay. 

 

Figure 9: Workflow of spike-in linearity tests.  

 

A previous paper by Jiang et al 2023337 suggested that linearity plateaus at an upper 

boundary between 1 and 3μg protein per well, and a lower boundary between 0.04 and 

0.001μg. Considering variation in exosome samples, and the use of different diluents 

(PBST in Jiang et al versus plasma and CSF in this project), it was decided to repeat the 

spike-in experiment over a wide range of protein concentrations, to get an estimate of the 

upper linearity range for subsequent spike-in experiments.   

The results of this experiment (Fig. 10B) were consistent with those from Jiang et al, 

suggesting that linearity reached an upper plateau above 2 μg protein per well, potentially 

due to oversaturation of the disc or inability to sufficiently wash away such high numbers 
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of exosomes. Below this upper plateau, linearity was high, with an R2 coefficient >0.98. 

From here onwards, all linearity experiments were tested below the 2μg range.  

 

Parameter Value +/- standard deviation 

Mean diameter 206.1 +/- 1.7 nm 

Mode diameter 152.8 +/- 5.3 nm 

10th Percentile 132.2 +/- 1.2 nm 

50th Percentile 178.8 +/- 0.8 nm 

90th Percentile 322.0 +/- 5.9 nm 

Particles per ml 8.37e+11 +/- 1.92e+10 

Particles per frame 77.5 +/- 1.1 particles/frame 

A 
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B  

 

 

C  

 

Figure 10: NTA results and initial spike-in linearity tests. Error bars represent 

standard deviation. (A); graph showing the distribution of particle diameters observed 

in the isolated exosome sample during nanoparticle tracking analysis. The sample was 

diluted 1 in 1000 for analysis. Table 6: NTA results. (B); linearity test of different 
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protein concentrations of isolated exosomes ‘spiked-in’ to non-pregnant plasma. This 

identified the upper limit of linearity as between located between 2 and 4μg of exosome 

protein per well. (C); graph showing the linearity of the same sample as in (B), with 

higher values excluded.  

 

Following the initial test of linearity, which had a primary aim of determining a good 

protein concentration range for further linearity tests, exosome ‘spike-in’ tests were 

carried out on non-pregnant CSF and plasma. The CSF spike-in test showed high 

linearity, even at very low protein concentrations per well (Figs. 11A and B) with raw 

and background counts also being highly linear (Fig. 11C). Calculated numbers of 

exosomes per unit of protein were relatively consistent (some variation is to be expected 

from pipetting error) until the lowest value (0.004μg of protein per well), which suggest 

that the lower limit of linearity in CSF is between 0.012μg and 0.004μg (Fig. 11D).  

In the plasma spike-in experiment, the linearity was high for the first four protein 

concentrations (1, 0.333, 0.111, 0.037μg protein per well), but dropped off after that (Figs. 

11E and F). The calculated particles per protein unit were less consistent than in the CSF 

experiment, particularly at smaller concentrations (Fig. 11G). 
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*Lower range shown in Fig. 11B 
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G  
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Figure 11: Linearity spike-in experiments. Error bars represent the standard deviation. 

(A); graph showing corrected values obtained from different protein concentrations of 

isolated exosome spiked-in to neat non-pregnant CSF. (B); graph showing the lower 
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values of (A). (C); graph showing the raw and background counts observed in (A). (D); 

graph showing the calculated vesicles per nanogram of protein (calculated from 

corrected ExoCounter values and BCA) in the different concentrations of protein per 

well. These were relatively consistent, until 0.004μg of protein per well, suggesting a 

potential lower limit of linearity. (E); graph showing corrected values obtained from 

different protein concentrations of isolated exosome spiked-in to non-pregnant plasma, 

diluted 1 in 4 in fPBST. (F); graph showing the higher values of (E). (G); graph 

showing the calculated vesicles per nanogram of protein (calculated from corrected 

ExoCounter values and BCA) in the different concentrations of protein per well. These 

showed lower consistency, particularly as protein concentration per well decreased. 

(H); graph comparing the corrected ExoCounter values obtained when the same 

calculated protein concentration of isolated exosome protein was spiked-in to non-

pregnant CSF or plasma. Of note, different aliquots of isolated exosomes were used to 

avoid a freeze-thaw cycle.  

 

Notably, the values obtained in the plasma spike-in experiment were lower than those 

obtained for the same protein concentration in CSF (Fig. 11H). This could potentially be 

due to the different biological properties of the two fluids, for example blocking of 

antibody binding due to the higher concentration of protein in plasma. However, different 

aliquots of isolated exosome were used for the two experiments, to avoid a freeze-thaw 

cycle, and the plasma experiment was repeated later than the CSF experiment. It was not 

clear whether the large difference was due to biological fluid properties, or due to 

differences in the aliquot, as some studies suggest that exosome yield decreases with long-

term freezing222. To examine these possibilities, a test was performed in which the same 

protein concentrations from the same aliquot of isolated exosomes were spiked into 
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plasma and CSF, and analysed on the same test run. Protein concentrations were chosen 

that were within the linear range for both CSF and plasma in the earlier experiments.  

In this experiment (Figs. 12A and B), the values obtained in CSF and plasma showed a 

much smaller difference in size, with CSF having the lower values this time. This suggests 

that the large difference in values seen earlier may be due to unequal aliquots or damage 

to the exosomes used in the plasma experiment due to longer freezer storage. It is not 

clear what drives the increased values seen in the plasma samples. Possible mechanisms 

may include improved antibody function at the higher pH, small contribution of PLAP+ 

exosomes from non-placental tissues, e.g. lungs, in plasma and better exosome stability 

or reduced aggregation in plasma. Additionally, this is only one experiment, and further 

repeats would be beneficial to see if this is a consistent pattern.  
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B  

Figure 12: Comparing spike-in tests of CSF and plasma. (A); graph showing the values 

obtained from the same protein concentration of exosome being spiked-in to non-

pregnant plasma and CSF on the same assay run. (B); graph showing the same as (A). 

 

Additionally, a comparison was drawn between the values obtained from NTA and those 

obtained from ExoCounter (see table below). Using the BCA value of protein 

concentration in the isolated exosome sample, ExoCounter and NTA values were 

converted to particles per microgram of protein, to allow for comparison. Only particles 

with a diameter of 150nm or below were included in the NTA values, to exclude larger 

contaminating non-exosomal particles and exosome aggregates223. The ExoCounter 

values were significantly lower than those obtained in NTA (p<0.0001). This is to be 

expected for several reasons: 

• NTA does not distinguish between exosomes of different populations and origins, 

while ExoCounter assay only detects exosomes with specific markers of origin (in 

this case, PLAP). Many of the exosomes in the isolated exosome sample will be 
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of non-syncytiotrophoblast origin e.g. exosomes derived from various blood 

cells352.  

• Not all exosomes of placental origin will express CD63 and PLAP 

simultaneously. Although CD63 was previously shown by MACSPlex to be the 

most abundant tetraspanin expressed by placenta-derived exosomes, expression is 

not 100%337. 

• NTA has been suggested to overestimate particle number due to lipoprotein and 

protein aggregate contamination353. 

• The ExoCounter assays were performed after NTA, so longer freezer time may 

have reduced exosome content222. 

In addition, this is roughly consistent with unpublished data from the Vatish group, which 

found in another sample that the CD63+ PLAP+ count per microgram protein from 

ExoCounter were 0.64% of total particle count per microgram protein obtained with 

NTA. Notably, the unpublished data includes particles with a diameter above 150nm. If 

the NTA data from this project included particles above 150nm, the ExoCounter value 

(plasma) as a percentage of NTA would be 0.48%, which is very similar to the value 

obtained previously.  
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 Particles per microgram 

protein 

As a percentage of NTA 

NTA 8.1x107 +/- 4.9x106 n/a 

In plasma 1.5x106 +/- 2.7x105 1.85% 

In CSF 6.7x105 +/- 1.2x105 0.83% 

 

Table 6: Comparing the number of particles observed per microgram of protein (BCA) 

using different techniques. The plasma and CSF values were calculated from all three 

protein concentrations used in the experiment directly above this table. 

 

5. Summary of Chapter 3  

Firstly, the ExoCounter assay was optimised to reduce intra-triplicate variation and 

increase signal, by double priming the washing device and using a higher concentration 

of casein in the blocking solution respectively. The assay was found to be dependent on 

intact exosomes, as addition of a lipid-membrane-disrupting agent drastically reduces 

signal. Reproducibility testing suggested high reproducibility of the ExoCounter assay 

provided that freeze-thaw cycles are avoided.  

The cross-reactivity of the NDOG2 (anti-PLAP) antibody against neurological tissues 

compared to placenta-derived samples was tested. It was found that there was very low 

reactivity of the antibody to non-pregnant CSF, brain lysate and plasma, and high 

reactivity with exosomes isolated from the placenta and placental lysate.  

Linearity testing found high linearity of the ExoCounter except at very low concentrations 

of exosomes. ExoCounter values were lower than those obtained by NTA, but that was 

to be expected for multiple reasons.  
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Chapter 4 – Analysing the South African samples 
 

 

1. Demographic and clinical information on South African samples 

36 samples were included in the South African dataset. Clinical and demographic data 

was collected alongside the samples. Information was given on the date of sample 

collection, maternal outcome, maternal age, race, gravidity, HIV status and viral load at 

last assessment if positive, tobacco use, diabetes, chronic hypertension, pre-pregnancy 

weight, height, data and time of delivery, gestational age at delivery, indication for 

delivery, mode of delivery, liveborn or stillborn, sex of offspring, magnesium sulphate 

treatment, stroke incidence, cortical blindness, creatinine greater than 120μmol/l, liver 

rupture, HELLP syndrome, admission to ICU, maternal death, post-partum haemorrhage 

(PPH), Glasgow coma score <13, sepsis, intubation, intrauterine foetal death, neonatal or 

infant death and abruption. No cases of stroke, cortical blindness, high creatinine, liver 

rupture, ICU admission, maternal death, postpartum haemorrhage, coma, sepsis, 

intubation, neonatal or infant death, or abruption were seen.  

The average age of mothers was 28.6, with a range from 14 to 43, with an average 

gestational age at delivery of 35+6 (weeks, days), and a range of 27 to 41+2. As calculated 

from height and weight measurements given, mean pre-pregnancy maternal body mass 

index was 30.157 (obese), and ranged from 17.54 (underweight) to 54.62 (severely 

obese)354. One sample was missing information needed for BMI calculations, so is not 

included. 66% of the sample set was overweight or obese (20% overweight, 46% obese), 

29% were normal, and 6% were underweight (percentages rounded to whole numbers). 

This is consistent with BMI patterns in the general South African population355.  
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 All participants identified as black or ‘coloured’ (South African term for people of 

multiracial ancestry, potentially including African, European, and Asian heritage356). All 

pregnancies were singleton pregnancies delivered by Caesarean section. There was 

variation in parity, with some mothers being primiparous and others having up to 8 

previous children. The mean gravidity was 2.75. Mean gestational age at delivery was 

35+6, with a range of 27 to 41+2.  

 

 

A  
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D  

Figure 13: Histograms showing the distribution of variables within the South African sample 

set. (A); maternal age in years, (B); gestational age at delivery in days, (C); pre-pregnancy 

body mass index, calculated from height and pre-pregnancy weight, in kg/m2, (D); gravidity.  

 

Samples were divided into three groups based on clinical outcome: no diagnosis of 

preeclampsia or eclampsia (group 1), preeclampsia without progression to eclampsia 

(group 2), and pregnancies with progression to eclampsia (group 3). Within the normal 

group, there were no instances of severe hypertension (defined as systolic blood pressure 

higher than 160 mmHg or diastolic blood pressure higher than 110 mmHg), no 

intrauterine or postnatal foetal death. There were two cases of intrauterine death, both in 

the eclamptic group. A summary of the relevant clinical and demographic data in the 

different groups can be seen below. 
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Clinical 

group 

Gestational 

age at birth 

(days)* 

Pre-pregnancy 

BMI 

Maternal 

age 

Percentage of 

black participants 

Percentage 

primiparous 

participants* 

1, n=12 276 33.1 29.2 58% 0% 

2, n=12 246 27.8 29.1 42% 58% 

3, n=12 231 29.8 27.4 75% 50% 

Total, n=36 251 30.2 28.6 58% 31% 

 

Clinical 

group 

Gravidity Percentage 

of male 

offspring 

Percentage 

HIV 

positive 

Instances of 

intrauterine 

death 

Percentage 

with severe 

hypertension*  

Percentage 

needing 

emergency 

C-section* 

1, n=12 3.5 50% 17% 0 0% 8% 

2, n=12 2.3 50% 9% 0 50% 58% 

3, n=12 2.5 42% 9% 2 58% 92% 

Total, n=36 2.8 47% 11% 2 36% 53% 

 

Table 7: Demographic and clinical data between clinical groups. An asterisk denotes 

non-random distribution between clinical groups. All non-black participants were 

coloured, all non-male offspring were female. Severe hypertension is defined in the 

previous paragraph.  

Statistical tests were used to identify associations between the clinical groupings and 

other clinical and demographic data. Chi-squared tests found no significant association 

between clinical grouping and ethnicity, sex of the child, smoking during pregnancy and 

HIV status. Primiparity was non-randomly distributed between the clinical groups, with 
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primiparous pregnancies preferentially falling in the preeclamptic or eclamptic groups. 

This is consistent with previous studies that have shown increased risk of preeclampsia 

in the first pregnancy357. Eclampsia was associated with increased risk of a stay in the 

Obstetric Critical Care Unit (p=0.002). Similarly, both preeclampsia and eclampsia were 

associated with severe hypertension (p<0.001). One-way ANOVA analysis found no 

association between clinical grouping and maternal pre-pregnancy BMI or maternal age. 

Due to insufficient homogeneity of variance in the gestational age at delivery, Welch's 

test was used and found non-random distribution of gestational age between the clinical 

groups, with the mean gestational age being lower in the preeclamptic and eclamptic 

groups. It is likely that this is attributable to clinical guidelines, which promote early 

delivery of the baby to relieve symptoms of preeclampsia and reduce risk of adverse 

outcomes358. Similarly, a chi-squared test also found non-random distribution of 

emergency Caesarean section, with a strong association between emergency Caesarean 

section and eclampsia or preeclampsia (Cramer’s V = 0.686).  

Overall, the demographic and clinical characteristics reflect demographics within the 

South African population and patterns observed in previous literature on eclampsia and 

pre-eclampsia.  

 

2. Introduction to Analysis of Samples by ExoCounter 

Plasma samples from 35 of the 36 participants and CSF samples from 33 of the 36 

participants were analysed by ExoCounter. One participant’s CSF and plasma samples 

were not analysed due to safety concerns regarding HIV positivity, and the other two CSF 

samples were not analysed due to insufficient sample volume. This reduced the sample 

size for normal plasma and CSF samples from 12 to 11, and reduced the sample size for 
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eclamptic CSF to 10. All plasma samples were diluted 1 in 4 in fPBST, and CSF was 

assayed neat. All values were then corrected for background and extrapolated to 1ml (for 

CSF, multiplied by 20, for plasma multiplied by 80), and ExoCounter values given in 

graphs below are per ml of sample. The table below shows the spread of data. 

 

 Plasma (per ml) CSF (per ml) 

10th (percentile) 853,856 4,932 

20th  1,091,061 40,097 

30th  1,170,128 65,179 

40th  1,478,533 69,845 

50th  1,668,853 74,860 

60th  2,022,235 89,364 

70th  3,604,651 102,573 

80th  16,835,795 137,536 

90th 280,141,440 179,933 

Minimum 0 0 

Maximum 518,612,053 228,380 

Mean 52,943,713 86,993 

Median 1,668,853 74,860 

 

Table 8: Descriptive statistics on ExoCounter values obtained from CSF and 

plasma samples. 
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3. Plasma samples 

This section focuses on analysis of the South African plasma samples by ExoCounter and 

other techniques. The figure below displays the spread of the data (Fig. 14).  

 

A  

 

Figure 14: Scatter plot of ExoCounter values obtained from South African samples 
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3.1 Investigating Human Anti-Mouse Antibodies and Protein Concentration of 

Plasma 

The most striking aspect of the plasma data is the huge upper range seen. While the largest 

value is ~5.2x108, 83% of the values were less than 5% of this upper value. There was a 

large cluster of values between 1x106 and 5x106, with 21 out of 35 (60%) samples falling 

within these values. The large upper spread of the data can be seen in Fig. 14A. 

As the highest values were so much larger than the majority, it was considered that it may 

not be due to true signal. The highest values were obtained on several different runs of 

the ExoCounter assay, so it seemed unlikely that the issue was related to an issue in the 

ExoCounter performance or protocol, particularly as nothing similar had been observed 

while characterising the assay (Chapter 3). Instead it seemed more likely that some 

property of these samples influenced the observed count. 

One hypothesis was that the observed counts were influenced by human anti-mouse 

antibodies (HAMAs). HAMAs are immunoglobulins with specificity for epitopes found 

on mouse antibodies. As mouse antibodies are frequently used in in vitro immunoassays, 

these antibodies can potentially interfere with assay results. Both the anti-PLAP antibody, 

NDOG2, and the anti-CD63 antibody were produced in mice. Although there are limited 

studies on the prevalence of HAMAs, it seems that prevalence in different populations 

varies between ~10 to 40%359. Increased prevalence of HAMAs is associated with contact 

with mice e.g. laboratory or veterinary workers, owners of mice as pets, dietary animal 

products or administration of therapeutic mouse-related therapies, for example 

monoclonal antibodies produced in mice360.  

It is difficult to predict the direction and magnitude of interference by HAMAs. Falsely 

positive results can be caused by cross-linking of the signal antibody to the capture 

antibody, and falsely negative results can be caused by caused by HAMAs blocking 
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binding sites for the signal antibody. In this case, HAMAs were suspected of causing the 

strikingly high values, particularly as these occurred at a frequency that was roughly like 

that of HAMAs. Fig. 15A shows two potential mechanisms for signal elevation by 

HAMAs: direct exosome-independent crosslinking of the disc-bound CD63 antibody and 

the PLAP-covered beads or adherence of the HAMA to the disc followed by binding of 

the PLAP-covered bead.  

Another possibility that was considered was that the results of these plasma signals may 

be influenced by plasma protein concentration. This, however, seemed less likely as 

literature reports on plasma protein concentration show relatively low variation between 

samples, certainly in a significantly lower magnitude than the variation seen in 

ExoCounter values. A correlation between ExoCounter values and protein concentration 

may suggest that plasma proteins are interfering with measurements, either reducing 

signal by blocking binding or increasing signal through cross-linking. To investigate this 

possibility, the protein concentration of the plasma samples was analysed by BCA assay. 

Four plasma samples were not included in the BCA analysis due to HIV-related safety 

concerns. 

 A  
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Figure 15: HAMAs and protein concentration. (A); illustrations showing potential 

mechanisms of HAMA interference: cross-linking and direct binding after adherence 

to the disc. (B); graph showing ExoCounter values and corresponding HAMA 

concentration. (C); graph showing the ExoCounter values in samples with and without 

HAMA. The horizontal line represents the median value. (D) graph showing 

ExoCounter values and corresponding protein concentration. 

 

25% of the normal samples, 50% of the preeclampsia samples and 33.3% of the eclampsia 

samples were positive for HAMA. This was found by Chi-square to be a non-significant 

distribution (p=0.569), suggesting no association between grouping and HAMA 

incidence. For those that were positive for HAMAs, a qualitative comparison could be 

made between the concentration of HAMA (as compared to the standard curve) and the 

plasma count. One HAMA+ sample was excluded because the value for HAMA 

concentration was above the highest concentration used in the standard curve. There was 

no correlation between the measured value of HAMAs and corrected ExoCounter count 

(R2=0.02, p=0.424). 

If samples were divided qualitatively into HAMA-positive and HAMA-negative samples, 

the HAMA-positive samples had a higher mean (117,000,000 vs 15,200,000 (3 s.f.)), but 

this was mainly due to the three highest HAMA-positive values. The median values were 

more similar between the two groups (1,560,000 for HAMA-negative, 1,970,000 for 

HAMA-positive). As expected from the large overlap in HAMA-positive and HAMA-

negative ExoCounter values, no significant difference was seen between the two groups 

(Mann-Whitney-U test, p=0.302). 

It does seem notable that of the five highest values, four lay in the HAMA-positive group. 

Not all HAMAs are alike, as they can target different immunoglobulin types e.g. IgM or 
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IgG, and can target different isotopes on mouse antibodies359. It may be possible that 

HAMAs have an effect only in some samples, causing the most extreme results. However, 

for the rest of the analysis, it was assumed that HAMAs did not have any effect on count. 

This will be further discussed in the Future Directions section of the Discussion.  

No correlation was seen between BCA protein concentrations and corrected ExoCounter 

counts (R2=0.019, p=0.4467). This is a positive sign, suggesting that the ExoCounter 

assay is reflecting true differences in exosome presence, rather than differences in overall 

plasma concentration. The median concentration was lower in both the PE and eclampsia 

groups, with the mean decreasing across the three groups (97.45, 89.13, 83.13 mg/ml for 

normal, PE and eclampsia respectively, Fig. 16A). This was found to be statistically 

significant by Kruskal-Wallis test (p=0.0145).  

The decreased protein concentration may relate to levels of albumin, which is the most 

abundant protein in the blood, accounting for approximately half of all plasma proteins361. 

A 2004 study found that serum albumin is reduced in severe preeclampsia, and showed a 

trend between disease severity and lower albumin levels, although this did not reach 

significance362. A later study confirmed that lower albumin levels were associated with 

worse outcomes in preeclamptic patients, but did not draw a comparison between normal 

and preeclamptic measurements363. No significant association was seen between 

subgroups of severity within preeclampsia and eclampsia: mild/moderate PE, severe PE, 

eclampsia without admission to the Obstetric Critical Care Unit (OCCU), eclampsia with 

admission to the OCCU (Kruskal-Wallis test, p=0.477, Fig.16B). 

The association between clinical grouping and plasma protein concentration may also 

account for the correlation seen between gestational age and total protein concentration 

(Spearman r = 0.319, p=0.0375, Fig. 16C). As gestational age is lower in both the 

preeclampsia and eclampsia groups, and lower protein concentration is also associated 
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with these groups, it is no surprise that there is an association between gestational age and 

protein concentration. This correlation is also consistent with a 2016 paper that found 

gestational age at delivery was lower in preeclampsia patients with severe 

hypoproteinaemia compared to mild hypoproteinaemia363. A slightly lower mean protein 

concentration was seen in the early onset (<34 weeks) preeclamptic patients than late 

onset (81.1 vs 89.6 mg/ml, Fig. 16D), but this was not significant (Mann-Whitney-U test, 

p=0.324).  

 

A  
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Figure 16: Investigating associations with plasma protein concentration. (A); scatter 

plot showing the distribution of protein concentrations within each clinical group. The 

horizontal line represents the mean. (B); scatter plot showing the distribution of protein 

concentrations within more detailed clinical groupings. The horizontal line represents 

the median. (C); graph showing the relationship between gestational age in days and 

protein concentration. (D); scatter plot showing the distribution of protein 

concentrations within early onset and late onset preeclampsia and eclampsia (34-week 

cutoff). The horizontal line represents the mean. 
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3.2 Testing for Outliers in ExoCounter Data 

Before analysing ExoCounter data in the context of clinical information, outliers were 

first addressed. Identification of outliers was performed using the ‘robust regression 

followed by outlier identification’ (ROUT) method in GraphPad Prism364. This was 

chosen over Grubbs’ method as ROUT has previously been shown to perform better 

where there is more than one outlier present365. Therefore, to allow for the possibility of 

more than one outlier, the ROUT method was used. The ROUT method can be used with 

as few as three values in a dataset366.  

The Q value refers to the False Discovery Rate. For example, a Q of 5% means that fewer 

than 5% of the statistically significant outliers will be false positives, while 95% will be 

real364. It is often recommended that Q be set to 1%, but given the relatively low sample 

sizes, Q was conservatively set to 0.1% to greatly reduce likelihood of removing true data 

points366.  

The ROUT method identified four outliers: two in the normal group, one in the 

preeclampsia group and one in the eclampsia group. Figs 17A and 17B below show the 

data with and without identified outliers.  

As mentioned previously, one normal sample was not tested due to concerns about HIV-

positivity. Including the loss of this sample and the removal of outliers, the final sample 

sizes were n=9, n=11, n=11 for normal, preeclampsia and eclampsia respectively. 
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A               B  

 

Figure 17: Outliers in the plasma dataset. (A); scatter plot showing the distribution of 

ExoCounter values for plasma in clinical groups, before removal of outliers. 

Horizontal lines represent the median (B); (A) after removal of outliers.  

 

3.3 Testing for Correlations with Clinical Data 

No significant difference was found between the different clinical groupings (Kruskal-

Wallis test, p=0.627). The means varied a lot between groups (1,630,000, 68,900,000, 

2,110,000 per ml for normal, preeclampsia and eclampsia respectively, 3 s.f.), but the 

medians were more consistent (1,530,000, 1,530,000, 1,760,000 per ml for normal, 

preeclampsia and eclampsia respectively, 3 s.f.). It is not surprising that no significant 

difference is reached as previous studies show large overlap between preeclampsia and 

normal controls, where the majority of preeclamptic values are within the range seen in 

non-hypertensive controls265.  
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A notable feature of the ExoCounter data was the spread of the preeclampsia data, which 

seemed to fall into two groups. Seven of the eleven data points were tightly clustered and 

smaller than the remaining four points (Fig. 17B). It was considered that this may reflect 

differences in underlying pathology or physiology in these women.  

The preeclampsia and eclampsia groups were further divided into early onset (<34 weeks) 

and late onset (≥34 weeks) disease. In the early onset preeclampsia group the median was 

higher than the late onset group (52,400,000 vs 1,414,000, 3.s.f.) but the reverse was true 

in the eclampsia group (1,270,000 vs 2,460,000 in early vs late onset, 3 s.f.). Neither 

difference was statistically significant (Mann-Whitney U Test, p=0.376 and p=0.052 for 

preeclampsia and eclampsia respectively), nor was there a statistically significant 

difference when eclampsia and preeclampsia were combined (Mann-Whitney U Test, 

p=0.752). 

Preeclamptic and eclamptic groups were then divided further into various measures of 

disease severity. Firstly, preeclampsia was divided into cases with severe hypertension 

and those without. Severe hypertension was defined as systolic blood pressure higher than 

160mmHg or diastolic blood pressure higher than 110 mmHg. Within both the 

preeclampsia and eclampsia groups there was no significant difference (Mann-Whitney 

U test, p>0.999 and p=0.315 for preeclampsia and eclampsia respectively).  
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Figure 18: Testing for correlations with clinical data. (A); scatter plot showing 

ExoCounter values in early and late onset preeclampsia samples. Horizontal lines 

represent the median. (B); scatter plot showing ExoCounter values in early and late 

onset eclampsia samples. Horizontal lines represent the median. (C); scatter plot 

showing ExoCounter values in early and late onset preeclampsia and eclampsia 

combined. Horizontal lines represent the median. (D); scatter plot showing 

ExoCounter values in severe and moderate hypertension in the eclampsia and 

preeclampsia clinical groupings. Severe hypertension was defined as systolic pressure 

>160mmHg or diastolic pressure >110mmHg. Horizontal lines represent the median. 

 

It was interesting that both severe hypertension and early onset in the eclampsia group 

showed lower median values than the moderate hypertension and late onset groups, as 
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severe hypertension and early onset are associated with more severe disease. In addition, 

cases with HELLP and OCCU admission showed slightly lower median values than those 

without (Fig. 19A), but neither reached significance.  

 

A  

 

Figure 19: ExoCounter values and eclampsia severity. (A); scatter plot showing 

ExoCounter values in eclampsia with and without HELLP and OCCU admission. 

Horizontal lines represent the median. 

 

3.4 The role of Gestational Age 

Several studies have reported increasing numbers of placental extracellular vesicles with 

increasing gestational age232,265,367–369. In this project, there was no significant association 

between gestational age and plasma count in any of the three clinical groups, although 
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eclampsia was the closest to reaching significance (correlation matrix, p=0.613, p=0.795, 

p=0.076 for normal, preeclampsia, and eclampsia respectively). Eclampsia was the only 

clinical group where the linear regression showed a positive slope value (22100, 3.s.f.). 

Both normal and preeclampsia had negative slope values (-7250 and -62600 for normal 

and preeclampsia respectively), and very low R2 values (R2=0.003, R2=0.0001 for normal 

and preeclampsia, compared to R2=0.1655 for eclampsia).  

In other studies of vesicle count and gestational age, a large degree of overlap is seen 

between different gestational ages in the studies, despite the trend towards increasing 

count. Secondly, many of the studies showing an association between gestational age and 

vesicle count have larger sample numbers, use multiple samples from the same 

individuals over certain timeframe (limiting the impact of interindividual variation), and 

use a wider range of gestational age, with many beginning in the first or early second 

trimester. Therefore, it is not necessarily surprising that no effect was seen in this project, 

as the small sample sizes and range of gestational ages may obscure any correlation.  

Furthermore, there is evidence that the increase in placental extracellular vesicles seen in 

later gestational age is associated with an even greater increase in total extracellular 

vesicle numbers, meaning that the proportion of placental extracellular vesicles within 

total extracellular vesicles is decreased367. It is not clear how the ExoCounter assay is 

affected by the ratio of target vesicles to overall vesicles, particularly as the capture 

antibody does not distinguish between vesicle subpopulations. It is possible, that the 

ExoCounter results are affected by the existence of high levels of non-placental vesicles, 

and would be useful to test this experimentally.  
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Figure 20: Graph showing the relationship between gestational age in days and 

ExoCounter values within the three clinical groups. The lines represent the line of best 

fit found by linear regression (GraphPad). Lines appear curved due the log scale on 

the y axis. The vertical dotted line denotes 34 weeks. 

 

3.5 Testing for Remaining Possible Associations 

The plasma ExoCounter data was also tested against various other clinical and 

demographic parameters. In order of the graphs below, the plasma data was tested against 

maternal age (Spearman nonparametric correlation, Spearman r=-0.230, p=0.214, not 

significant), maternal BMI (linear regression, p=0.0682, not significant), ethnicity 

(Mann-Whitney U test, p=0.637, not significant), sex of child (Mann-Whitney U test, 

p=0.654, not significant), parity (Mann-Whitney U test, p=0.814, not significant), and 

HIV status (Mann-Whitney U test, p=0.875, not significant). To check that extra time in 

the freezer did not affect sample count, plasma counts were tested against month taken 

by Kruskal-Wallis test, and no significant difference was found (p=0.628). 
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C       D  

 

E          F  
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Figure 21: Plasma ExoCounter values and other parameters. (A); graph showing the 

relationship between maternal age and ExoCounter values. (B); graph showing the 

relationship between maternal pre-pregnancy BMI and ExoCounter values. The graph 

is colour-coded according to corresponding BMI categories354.In order, yellow is 

underweight, green is healthy weight, blue is overweight, purple is obese, and pink is 

severely obese. One value was not included because there was no data on the height of 

the woman. (C); scatter plot showing ExoCounter values in black and coloured 

individuals. Horizontal lines represent the median. (D); scatter plot showing 

ExoCounter values in pregnancies with male and female offspring. Horizontal lines 

represent the median. (E); scatter plot showing ExoCounter values in primiparous and 
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multiparous samples. Horizontal lines represent the median. (F); scatter plot showing 

ExoCounter values in HIV-positive and negative samples. Horizontal lines represent 

the median. (G); scatter plot showing ExoCounter values sorted according to the month 

of 2021 in which the sample was taken. Horizontal lines represent the median. 

 

4. Cerebrospinal Fluid Samples 

CSF samples were analysed by ExoCounter assay. Unlike plasma samples, they were run 

neat (as opposed to 1 in 4 dilutions in fPBST). One sample was not analysed due to HIV-

related concerns, and another two CSF samples could not be run due to insufficient 

volume. ExoCounter values were extrapolated to one millilitre of sample. No patients 

were treated with magnesium sulfate, except for one eclampsia sample which was already 

excluded due to low sample volume. The CSF data was tested for outliers using the same 

methodology described for plasma samples (ROUT method, Q=0.1%), and no outliers 

were identified, regardless of whether all CSF samples were tested together or as separate 

clinical groups.  

The spread of the CSF data is described earlier in Chapter 4, Section 2 ‘Introduction to 

Analysis of Samples by ExoCounter’. Briefly, the median was 74,860, mean was 86,993 

and range was 228,380. CSF samples showed a much lower standard deviation than 

plasma samples (58300 vs 52,900,000 for CSF and plasma respectively). A scatter plot 

showing the values obtained for CSF values can be seen below (Fig. 22A).  

 

4.1 Testing for Correlations with Clinical Data 

After separation into clinical groups, the mean ExoCounter values were 108,000, 64,400, 

and 91,300 for normal, preeclampsia and eclampsia groups respectively, while the 
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medians were 98,300, 63,600, and 85,600 in the same order. As compared to the plasma 

samples, the medians and means were closer in value in the CSF samples, showing that 

extremely large values skewing the mean was less of an issue in these samples. No 

significant difference was seen between the clinical groupings in the CSF samples 

(Kruskal-Wallis test, p=0.1955, Fig. 22B).  

The CSF data was also tested for an effect of HAMA by quantitatively grouping CSF 

samples into those with and without positive HAMA values in corresponding plasma. 

The median CSF values between the HAMA+ and HAMA- groups were very similar 

(88600 and 68400 for HAMA- and HAMA+ respectively, Fig. 22C). Furthermore, Mann-

Whitney U test did not find a significant difference between the two groups (p=0.291). 

Therefore, there is no evidence that presence of HAMA in plasma affects CSF values.   

 

A  
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The CSF sample counts showed no correlation with the corresponding plasma counts. In 

fact, the linear regression line was almost flat, with a slope of 2.437x10-6. Spearman’s 

nonparametric correlation test gave a result of p=0.290. Furthermore, the South African 

CSF results were compared with the values from four non-pregnant CSF samples. The 

means and medians were similar for each group but higher in non-pregnant samples 

(means: 99,700 and 87,000; medians: 105,000 and 74,900 for non-pregnant and pregnant 

samples respectively, 3 s.f.). No significant difference was seen between the two groups 

(Mann-Whitney U test, p=0.239). 

 

Figure 22: CSF ExoCounter values. In all graphs the horizontal line represents the 

median. (A); scatter plot showing the distribution of ExoCounter values from the South 

African CSF samples. (B); scatter plot showing the distribution of ExoCounter values 

from CSF of different clinical groups. (C); scatter plot showing the distribution of 

ExoCounter values from CSF where the corresponding plasma was HAMA-positive or 

HAMA-negative.  
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Figure 23: Relationship with matched plasma; comparing pregnant and non-pregnant 

CSF. (A); graph showing the relationship between the ExoCounter values in 

corresponding plasma and CSF samples. (B); scatter plot showing distribution of 

ExoCounter values in pregnant and non-pregnant CSF samples. The horizontal line 

represents the median. 

 

4.2 Testing for Remaining Associations 

Based on data above, it seemed unlikely that the pregnant CSF values related to anything 

more than background signal, for example from the low levels of PLAP expression 

observed in neurological tissue342. However, as there was still a range of values seen in 

the CSF, the values were tested against various clinical and demographic parameters. No 

correlations were seen between CSF count and gestational age, neither separated into 

clinical groups (nonparametric Spearman’s correlation, p=0.940, p=0.601, p>0.999 for 

normal, preeclampsia and eclampsia respectively) nor combined (nonparametric 

Spearman’s correlation, p=0.594), maternal age (nonparametric Spearman’s correlation, 

p=0.229), sex of the child (Mann-Whitney U test, p=0.523), ethnicity (Mann-Whitney U 

test, p=0.562), HIV status (Mann-Whitney U test, p=0.887) or parity (Mann-Whitney U 

test, p=0.614). CSF samples did not seem affected by extra time in the freezer (Kruskal-

Wallis, p=0.523). 
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Figure 24: CSF ExoCounter values and other parameters. (A); graph showing the 

relationship between gestational age and ExoCounter values in different clinical 

groups. The vertical dotted line denotes 34 weeks. (B); graph showing the relationship 

between maternal BMI and ExoCounter values. The different background colours 

represent the BMI categories354: yellow for underweight, green for normal weight, blue 

for overweight, purple for obese, and pink for severely obese. (C); graph showing the 

relationship between maternal age and ExoCounter values. (D); scatter plot showing 

the distribution of ExoCounter values by ethnicity. The horizontal bars represent the 

median. (E); scatter plot showing the distribution of ExoCounter values by sex of child. 

The horizontal bars represent the median. (F); scatter plot showing the distribution of 

ExoCounter values by HIV status. The horizontal bars represent the median. (G); 

scatter plot showing the distribution of ExoCounter values by parity. The horizontal 

bars represent the median. (H); scatter plot showing the distribution of ExoCounter 

values according to the month of 2021 in which the samples were taken. The horizontal 

bars represent the median. 

 

5. The Influence of Human and Pipetting Error on the ExoCounter Assay 

The ExoCounter assay involves multiple rounds of precise pipetting in small volumes. 

Due to its disc shape, a multichannel pipette cannot be used for this task. This repetitive 

pipetting of small volumes into wells can introduce human errors. However, there is no 

available published nor, to the best of my knowledge, unpublished data addressing the 

susceptibility of the ExoCounter assay to such errors. 
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Since a consistent pipetting pattern was used (in order: well 1, 2, 3), it is possible that 

human or pipetting errors could lead to a recognizable pattern in the results. For instance, 

inadequate mixing of samples or reagents might consistently result in a higher or lower 

concentration in the third well compared to the first and second wells. Similarly, pipetting 

errors could lead to consistent variations in reagent and sample addition among earlier or 

later wells, that again produces a recognisable pattern. 

To test for consistent patterns, the well values were analysed as a proportion of the 

average value over the triplicate. Data for this analysis was taken from both South African 

plasma sample analysis and plasma samples used in Chapter 3 – Assay Optimisation and 

Characterisation. This resulted in 41 available triplicates. However, those containing an 

outlier (please see the definition given in Chapter 2 – Methods, Section 1.VI ExoCounter) 

were removed to avoid the possibility that a more substantial issue than human error had 

affected the outlying well. This removed 18 triplicates, leaving a final set of 23 triplicates. 

The triplicates containing an outlier were tested for non-random distribution of outliers 

by Chi-squared test, but this was found to be insignificant, p=0.311.  

Each well value was calculated as a proportion of the triplicate average, and the mean 

proportion per well number is displayed in the figure below. The mean proportion was 

0.956, 1.053 and 0.991 to 3 d.p. for well 1, 2 and 3 respectively. This was tested for 

significance by Brown-Forsythe ANOVA test and was found insignificant (p=0.0742). 

The data was also analysed in a more qualitative manner, by looking at the patterns 

observed e.g. well numbers in order of smallest to largest. The frequency of each pattern 

was recorded and tested for non-random distribution by Chi-squared test, which was not 

significant (p=0.263). The data was also tested by Chi-squared to determine whether one 

well number was more likely to be the highest or lowest value than the other well 

numbers, but no significant association was found (p=0.260 and p=0.119 for the largest 
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well and smallest well respectively). These results therefore do not indicate that there is 

a large or consistent impact of human error on the ExoCounter assay. Of course, this may 

vary depending on the manual dexterity and experience of the researcher with the assay.   

 

 

Figure 25: Graph showing the mean proportion of the average ExoCounter count per 

well over a triplicate. Bars represent standard deviation. 

 

Order of values, smallest to largest Percentage occurrence (1 d.p.) 

1,2,3  20.8% 

1,3,2  25% 

2,1,3  0% 

2,3,1  12.5% 

3,1,2  16.7% 

3,2,1  25% 

Table 9: Quantifying the occurrence of patterns of values in triplicates. 
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Chapter 5 – Final Discussion 
 

The work in this project can roughly be divided into three main sections: characterisation 

of the ExoCounter assay’s performance, analysis of plasma samples and analysis of CSF 

samples. This section will discuss the data relevant to each section.  

 

Characterisation of the ExoCounter Assay’s Performance 

The data obtained mostly in Chapter 3 compliments previously published evidence 

supporting the reliability and accuracy of the ExoCounter assay337,338. Parameters such as 

linearity, repeatability and specificity were analysed with promising results. Chapter 3 

also supported published evidence that freeze-thaw cycles may affect exosome yield. This 

is an important consideration for further studies of biological fluids, where freezing is 

often necessary for storage after sample collection. Furthermore, Section 5 of Chapter 4 

found no evidence of human error affecting the assay, nor any consistent pattern of 

outliers on the disc. This of course may vary between researchers and samples/reagents, 

which may affect sensitivity of the assay. It may be advisable to follow a consistent 

pipetting pattern so that any pipetting errors may be more easily identifiable by comparing 

the counts to the positions on the disc. 

Spike-in experiments enabled comparisons of assay performance in different biofluids. 

This is a relevant issue to address if the ExoCounter is going to be used on a wide range 

of sample types. The initial comparison between CSF and plasma spike-in showed much 

higher values in the CSF samples, however there was the issue that a different aliquot of 

isolated exosomes was used to prevent additional freeze-thaw cycles and that this 

exosome aliquot was in the freezer for a longer period than the aliquot used in the CSF 

spike-in. When a spike-in was run on plasma and CSF using the same aliquot on the same 
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day to counteract these issues, the plasma spike-in had the higher counts, but the 

difference was much smaller. Overall, it is difficult to say how the biological fluid affects 

the count, and it would be advisable to investigate this further with more repetitions.  

Overall, the findings relating to characterisation of the assay’s performance were positive. 

It is recommended that researchers working with the ExoCounter continue to perform 

optimisation and checks of performance, particularly when working with new sample 

types or protocol adjustments, given the relatively new introduction of the ExoCounter 

assay.  

 

Analysis of Plasma Samples 

No significant difference was seen in the plasma ExoCounter values between clinical 

groupings. This is not necessarily surprising as large overlap is seen between clinical 

groupings in many other studies of placenta-derived extracellular vesicles/exosomes. The 

figures below show a selection of studies that also observe large overlap between normal 

and preeclamptic pregnancies. Although all studies used slightly different methods and 

sample types, the studies consistently show overlap between the preeclamptic and normal 

groups. Therefore, considering the small samples sizes and lack of matching for 

gestational age, seeing no significant difference in this project is still consistent with 

previous data. 
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Figure 26: Previously published papers showing overlap between preeclamptic and 

non-hypertensive pregnancy counts of placenta-derived vesicles. (A); Image from 

Salomon et al 2017262 evaluating exosomal PLAP by ELISA assay in normal and 

preeclamptic pregnancies. Horizontal lines show mean and standard deviation. 

PE=preeclampsia. Samples matched by gestational age. (B); Image from Germain et 

al 2007282 evaluating free circulating syncytiotrophoblast-derived microparticles in 

peripheral plasma by ELISA assay. ***, p<0.001. **, p<0.01. NC=non-pregnant 

control. NP=non-hypertensive pregnancy. PE=preeclampsia. Samples matched for 

age (+/- 4 years), parity (0, 1-3, ≥4), gestational age (+/- 13 days). (C); Image from 

Goswami et al 2006265 evaluating NDOG2 positive vesicles by ELISA. EOPET=early 

onset preeclampsia. LOPET=late onset preeclmapsia. Horizontal lines represent the 

median. Controls (nonhypertensive pregnancy) were matched for gestational age. This 

figure was cropped to remove clinical groups that are not relevant to this project, such 

as IUGR. (D); Image from Gill et al 2019264 evaluating PLAP-positive events in 

gestational age-matched platelet poor plasma (PPP) by flow cytometry. NP=normal 

pregnancy. PE = preeclampsia. (E); Image from Dragovic et al 2013370, showing total 

syncytiotrophoblast-derived extracellular vesicles (‘STBM’) in platelet-free plasma 
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from non-pregnant (‘Non P’), normal (‘Norm P’) and preeclamptic (‘PE’) women, as 

measured by flow cytometry with fluorescent markers (e.g. NDOG2). *, p<0.05. 

 

The persistent overlap seen between preeclamptic and non-hypertensive exosome/vesicle 

counts has implications on the use of this parameter clinically. In terms of diagnostics, it 

suggests that peripheral placenta-derived exosome levels may not be a good predictive 

measure in isolation. Certainly, the value of this measure in ruling out preeclampsia is 

likely to be limited, as there are clearly many cases of preeclampsia with counts in the 

normal range. This is not to suggest that there is no role for placenta-derived exosome 

levels in early prediction or diagnostic criteria, but rather that it would likely need to be 

combined with other markers and parameters to have a useful effect. For example, levels 

of circulating PLAP+ vesicles above a certain threshold may suggest increased risk of 

preeclampsia within an algorithm that also includes other elements such as pre-existing 

risk factors, evidence of inflammatory responses, and angiogenic markers. 

Other options for using preeclampsia-derived exosomes in a predictive or diagnostic 

capacity may focus on the established changes in cargo, as described in Chapter 1. This 

includes changes in nucleic acid content, lipid profile and proteins from various biological 

pathways143,371. However, when considering incorporation of exosomes into 

predictive/diagnostic criteria, it is important to weigh up the predictive value of exosomes 

against the cost, time, and capacity for large-scale measurements within a healthcare 

system, and this must also be compared to the predictive value and practicalities of other 

factors.  

Moving onto the aim of understanding pathology, changes in placenta-derived exosome 

levels may be relevant. Preeclampsia cases with altered levels of placenta-derived 

exosomes may reflect placental dysfunction and stress, and/or preeclamptic exosomes 
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may drive inflammation and endothelial dysfunction in the periphery. Given the evidence 

that preeclamptic exosomes can affect systems associated with preeclampsia pathology, 

it is possible that they contribute to complications and symptoms of preeclampsia, and 

this effect may be exacerbated in pregnancies with high levels of placenta-derived 

exosomes in maternal circulation. It is also important to remember that there are many 

differentially expressed factors in preeclampsia, not just exosomes, and the relative 

contributions of angiogenic, inflammatory and other compounds have not been well 

researched. 

Both in this study and the ones mentioned above, a large range is seen in preeclamptic 

placenta-derived exosome counts, with only some cases raised above the levels seen in 

normal pregnancy. Given the loose diagnostic criteria for preeclampsia, differences in 

clinical presentation of preeclampsia cases, and questions about whether all diagnosed 

preeclampsia cases are the same disease, this variation in exosome levels may reflect 

differences in underlying disease mechanisms. However, the range in this project was 

much higher than that seen in other studies, which raises the question of whether the 

highest values seen represent true signal. There was no evidence in this project of 

interference by HAMAs, however, more extensive experiments are suggested in the 

‘Future Work’ section to rule out this possibility more definitively. It would be useful to 

understand what the cause of these extremely high values is, whether it’s true signal or 

something affecting the ExoCounter assay’s performance. 

Unfortunately this project had limited information about the reasons for preeclampsia 

diagnosis, keeping in mind that preeclampsia is diagnosed as gestational hypertension 

and another complication, which can be renal, haematological, liver-related, neurological, 

pulmonary or uteroplacental in nature115. It would be interesting to compare levels of 

placenta-derived extracellular vesicles or other markers to different clusters of symptoms, 
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e.g. cases with primarily uteroplacental complications versus cases with primarily 

neurological complications, to see if markers differ.  

 

Analysis of CSF Samples 

This project did not provide evidence of placenta-derived exosomes within CSF, as no 

difference was found between counts in pregnant and non-pregnant CSF. While no 

evidence in favour of this was found, it is important to clarify that this project does not 

disprove the presence of placenta-derived exosomes in pregnant CSF. There are several 

scenarios in which placenta-derived exosomes may cross the BBB and not be detected by 

the ExoCounter assay: 

1. Placenta-derived exosomes are present in extremely low concentrations, that are 

below the limit of detection for the ExoCounter assay. One paper isolated total 

exosomes from CSF by ultracentrifugation. The maximum protein density of the 

exosome-enriched pellet was 5.5 μg/ml. Based on the starting volume of CSF 

(200-500ml), this suggests that protein concentration of exosomes within CSF is 

between 0.011 and 0.0275 μg/ml, not accounting for any exosome loss during 

isolation372. In the 200μl aliquots of CSF used in this project, it can be estimated 

that there would be 2.2 – 5.5ng of exosomal protein. At such small volumes of 

protein, and not knowing what proportion of CSF exosomes would be placenta-

derived, any placenta-derived exosomes may be below the limit of detection for 

the assay (listed as 1.16ng of exosomal protein in Kabe et al 2018), unless the 

influx of placenta-derived exosomes was such that they represented a large 

proportion of total CSF exosomes and/or increased the total exosomal protein in 

CSF. If the exosomes were present but at concentrations too low for the 
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ExoCounter’s sensitivity, it is questionable whether they would be biologically 

relevant in such low numbers.  

2. Placenta-derived exosomes are not stable when frozen in CSF, and therefore 

collapse before analysis by ExoCounter assay. However, this seems unlikely as 

other papers have successfully isolated extracellular vesicles from CSF following 

freeze-thaw cycles373,374. This could potentially be tested experimentally by spike-

in of placenta-derived exosomes into CSF followed by freezing, thawing, and 

measurement.  

3. Placenta-derived exosomes are very quickly taken up by neurological tissues, and 

therefore removed from the CSF.  

4. Placenta-derived exosomes release cargo into BBB cells. This cargo is then 

repackaged and released in BBB exosomes, which would not be detected by the 

CD63+ PLAP+ criteria. 

Despite these possibilities, the limited evidence available suggests that it is likely that 

placenta-derived exosomes do not reach the CNS, or only do so in negligible numbers. 

This conclusion is supported by murine studies and this project did not provide any 

evidence to the contrary. There are two main reasons that may prevent placenta-derived 

exosomes from reaching the CSF: placenta-derived exosomes are unable to cross the 

BBB, or placenta-derived exosomes do not reach the BBB in sufficient amounts as they 

are degraded or taken up by other tissues.  

The first possibility may be achieved by selectivity of the BBB in allowing vesicles to 

cross. Markers on placenta-derived exosomes or another property of these vesicles may 

prevent passage through the BBB. This could be tested experimentally using an in vitro 

model of the BBB, such as a transwell assay. Of course, in vitro models of the BBB have 

drawbacks and are imperfect representations of the in vivo scenario, however this would 
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still give an estimation about the permeability of the BBB to placenta-derived 

vesicles375,376.  

The other possibility is that placenta-derived vesicles do not reach the BBB. This is 

perhaps the more likely explanation given the proven ability of other exosome types to 

cross the BBB, and murine evidence of placenta-derived or pregnancy-specific vesicles 

being preferentially taken up by other organs. Studies looking at localisation of injected 

placenta-derived vesicles in mice repeatedly identify lungs, kidney, and liver as areas 

where injected placental vesicles are detected, while some also identify various 

compartments of the female reproductive system e.g. cervix and uterine 

epithelium313,314,377. Localisation of vesicles to these organs may be influenced by the 

level of blood flow and extensive capillary networks, expression of immune cells with 

phagocytic receptors, as well as interactions between cell types and vesicle membrane 

proteins283,313,377–379. Indeed, this pattern of localisation (with the inclusion of the spleen) 

is seen in other exosome populations, supporting the idea that there is something specific 

about these organs that promotes exosome retention283.  

Overall, it seems quite likely based on the evidence of this project and previously 

published evidence that placenta-derived exosomes are not present in the CSF in 

biologically relevant concentrations. However, it is too early to completely rule out this 

possibility.  

 

Limitations of the Project 

A serious issue with the project was that the samples in the different clinical groups were 

not matched. Significant differences were found in the parity and gestational age between 

different clinical groups. This is particularly important as gestational age has been 

previously suggested to affect placenta-derived extracellular vesicle counts367. These 
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confounding factors make it difficult to draw a robust comparison between clinical 

groups. A better sample-set would use matched samples so that key parameters were 

roughly similar between the groups or would have stricter selection criteria so that 

important factors all fall within a prespecified and smaller range. 

As with all human data, another issue is interindividual variation caused by uncontrolled 

factors. The spread of the data within clinical groupings was large, suggesting that more 

factors influence the counts than just clinical ones. While the patients were grouped into 

three clinical categories, and extensive demographic and clinical information was 

recorded, there are many uncontrollable factors at play that create additional noise in the 

data. This includes diet, daily exercise, fluid intake, activities, e.g. work, etc.  Unlike in 

vivo studies using mice or similar models, it is not feasible or ethical to control these 

factors in human participants, and it is not clear how these uncontrolled factors may affect 

data and obscure any clinically linked patterns.  

Another limitation of the project was relatively small sample numbers, which were further 

reduced due to HIV-related concerns and insufficient sample volumes for testing. Sample 

size is a consistent issue in research using human biological fluids, due to the cost, time 

and difficulty associated with extracting, storing, and analysing biofluids. This is 

particularly true for CSF, which is not as easily extracted as fluids such as urine, blood, 

or saliva. Small sample sizes can have the effect that interindividual variation masks 

larger patterns in the data. A particular point where low sample sizes was an issue was 

the comparison between pregnant and non-pregnant CSF. The non-pregnant CSF only 

had a sample size of four, due to the difficulty of obtaining this sort of sample. Therefore, 

it is difficult to say whether these four samples are representative of the normal spread of 

data in non-pregnant samples, and it would be useful to test further non-pregnant CSF 

samples to get a better idea of baseline values.  
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Future Work 

The results of this project did not suggest that the ExoCounter was sensitive enough to 

detect any placenta-derived extracellular vesicles in CSF, and it would not be 

recommended to analyse this further using the same methodology. If large enough 

volumes of CSF could be obtained from pregnant women, it may be possible to increase 

the concentration of exosomes in samples by isolating exosomes and then resuspending 

them in a smaller volume of fluid before measurement by ExoCounter assay. This would 

require that a significantly larger volume than 200μl is obtained from each woman, 

otherwise dilution of isolated exosomes to the volumes needed for the ExoCounter would 

not result in an increased concentration of exosomes, particularly when accounting for 

pipetting errors and loss of exosomes during isolation. This method was not used in this 

project because the sample volumes were too low for isolation and resuspension. Another 

possibility could be to combine the CSF from women of the same clinical grouping to 

produce large enough sample volumes for isolation and resuspension, but this method has 

its own drawbacks. Overall, it may be useful to test for placenta-derived exosomes in CSF 

with an altered methodology to rule out their presence in CSF more conclusively.  

The results from plasma samples were more promising and may suggest possible lines 

for future work. Firstly, it would be useful to repeat some aspects of this project with 

slightly different methodology. As explained in the Limitations section, samples were not 

matched for gestational age, maternal age, sex of the child etc., with the most important 

of these factors being gestational age, as there is previously published evidence 

suggesting increased placenta-derived extracellular vesicle counts with increasing 

gestational age265. For a better comparison between the three clinical groups, it would be 

better to take plasma samples at the same gestational age. Additionally, future work could 
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use plasma samples that are taken at regular intervals, providing information on how 

counts change with gestational age.  

To better investigate the use of ExoCounter values as a predictive measure in 

preeclampsia/eclampsia, it would be useful to look at plasma samples taken very early in 

gestation. For example, a study may look at plasma taken at regular intervals in the first 

and second trimesters and compare that with pregnancy outcomes. As only plasma would 

be used, it would be easier to increase the sample size because it is more feasible to extract 

plasma than CSF. This study could be combined with the gestational age investigation 

described above, as the same measurements could be used to track changes with 

gestational age and identify any correlations with clinical outcomes. 

Another aspect of the plasma data that could be investigated further is the effect of 

exosome ratios compared to absolute numbers. It has been previously published that the 

number of total exosomes increases significantly in the plasma in preeclampsia232,367,368, 

particularly in the third trimesters. While placenta-derived exosome numbers are also 

reported to increase in preeclampsia, there is evidence that the increase is lesser compared 

to the increase in total exosome load. As a result, the proportion of placenta-derived 

exosomes within the total exosome load may be decreased. It is important to understand 

how the ExoCounter responds to changes in exosome proportions, as well as absolute 

numbers, as this could potentially be an issue, particularly as the first antibody used in 

the ExoCounter assay is often exosome-specific but does not distinguish between 

populations of exosomes. 

A possible method of addressing this issue could be to dilute placenta-derived exosomes 

in non-placental exosomes in a known concentration. These diluted exosomes can then 

be run in different volumes, so that the absolute number of placenta-derived exosomes 
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changes but not the proportion within all exosomes. A second experiment could run the 

same absolute number of placenta-derived exosomes but diluted in different proportions 

of non-placental exosomes. Comparing the results from these two experiments would 

give an idea of the effects of proportion and absolute number on the final ExoCounter 

results.  

It may be valuable to investigate the effects of interfering antibodies further. As explained 

in Chapter 4 Section 3.i, there was a large overlap between the plasma ExoCounter values 

in HAMA-positive and HAMA-negative samples. However, the three largest values all 

fell in the HAMA-positive group. As previously mentioned, HAMAs are highly 

heterogeneous and can target different areas of mouse immunoglobulins and come in 

different immunoglobulin forms, such as IgG and IgM antibodies. As a result, it is 

possible that some HAMA types have an effect but not others, and it was not possible to 

rule out the idea that HAMAs may be contributing to the highest values seen in the plasma 

samples. There are various methods that could be used to investigate this possibility 

further. 

1. Addition of non-immune mouse antibodies can be used to reduce 

interference of HAMAs in immunoassays. Plasma samples with very high 

counts could be run with and without non-immune mouse antibodies. If 

the counts were significantly different, this may suggest that HAMAs are 

having an effect359. 

2. Assays, such as ELISA, which can specifically detect IgM- or IgG-type 

HAMAs, could be used to detect whether a specific immunoglobulin class 

has a different effect on ExoCounter counts359. 

3. Dilution testing on samples with suspected HAMA interference. In the 

absence of HAMA interference, high linearity should be observed when 
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increasing the dilution of plasma. However, interference by HAMAs 

results in reduced linearity upon dilution.  

Methods such as these could be employed to estimate the likelihood of HAMA 

interference on the ExoCounter assay. This is an important issue to investigate further if 

the ExoCounter assay is to be used further in research of biofluids which may contain 

antibodies. It would also be useful to show experimentally if the size-exclusion aspect of 

the ExoCounter assay succeeds in reducing interference by non-exosomal particles, such 

as microvesicles. Hypothetically, the combined use of antibody-based and size-based 

selection is supposed to reduce interference, but there is no published experimental 

evidence confirming this.  
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Conclusion 

This project was based on the following previously published evidence, which was 

discussed in detail in Chapter 1:  

• Extensive neurological changes are observed in healthy and pathological 

pregnancy. 

• Exosomes can cross the BBB and be taken up by the brain. Placenta-derived 

exosomes can increase the permeability and decrease the TEER of a BBB model, 

particularly when exosomes were isolated from preeclamptic pregnancies. 

• Placenta-derived exosomes are taken up by different maternal organs and can 

affect the behaviour of other cell types in vitro and in animal models. 

• The ExoCounter assay has demonstrably high sensitivity and low limits of 

detection, and is suitable for distinguishing different populations of exosomes, 

where there is an appropriate marker. 

Based on this, a set of hypotheses were drawn up (as set out in Chapter 1, ‘Rationale for 

the Project and Hypotheses’). These hypotheses were then addressed experimentally. The 

results of these experiments in relation to the hypotheses are summarised here: 

1. Syncytiotrophoblast-derived vesicles can cross the BBB and be detected in CSF. 

No evidence in favour of this. 

2. The ExoCounter assay has high sensitivity with small volumes of sample, and will 

be suitable for detecting syncytiotrophoblast-derived vesicles in CSF. Evidence 

in favour of this. 

3. Increased BBB permeability in (pre)eclamptic pregnancy, possibly combined 

with increased numbers of syncytiotrophoblast-derived vesicles, leads to 
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increased numbers of these vesicles in (pre)eclamptic CSF. No evidence in 

favour of this. 

4. Syncytiotrophoblast-derived vesicles may be biologically active in the 

neurological system and contribute to associated complications and changes. Not 

assessed in this project. 

Evidence on the ExoCounter assay’s performance included demonstrations of linearity 

and repeatability, evidence of minimal interference by human or pipetting error, and 

demonstrated dependence of the assay on intact exosome membranes. Important issues 

that were raised included the effects of freeze-thaw cycles on exosome counts and the 

comparative performance of the assay in different biological fluids, which warrants 

further investigation.  

Analysis of plasma samples revealed a significant range of values between samples. 

While no evidence of interference by anti-mouse antibodies was found in this project, 

more research into this area is important, as interfering antibodies could be a serious issue 

in some sample types. No difference was seen between clinical groups, but this was 

complicated by small sample sizes and a lack of gestational age matching in the samples.  

Further work is recommended to develop some of the ideas of this project further. This 

includes comparison of gestational age-matched samples to better identify differences 

between clinical groups, investigating the relative effects of absolute numbers of an 

exosome population versus their proportion in the total exosome population, and 

measuring plasma from early in pregnancy to assess predictive value.  

Overall: the project contributed additional evidence in favour of the ExoCounter assay’s 

high performance, while raising potential issues such as interfering antibodies (HAMAs), 

freeze-thaw cycles and varied performance in different biological fluids. No evidence was 
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found of placenta-derived exosomes in the CSF, which aligns with murine studies 

showing exosome localisation primarily to the liver, lungs, and kidneys. No difference 

was seen in plasma counts between clinical groupings, but it is difficult to account for the 

effects of gestational age in unmatched samples. An extremely wide range was seen in 

plasma sample counts, which warrants further investigation. Variation was particularly 

high in the preeclamptic group, and may relate to the heterogeneity of the disorder itself.  
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