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Abstract

The burden caused by malaria infections in endemic countries has been persistent as
morbidity and mortality case numbers remain high. Factors such as the COVID-19 pandemic
also impeded the efforts to control the infections. Despite successes with the malaria control
program, nearly half a million children under the age of 5 do not survive malaria
complications. Malaria is caused by an infection with a Plasmodium species parasite, the most
prevalent and deadly protozoan parasite being Plasmodium falciparum. In some patients,
malaria can rapidly develop into severe malaria, which can then rapidly advance into vital
organ dysfunction and failure. Major complications of severe malaria include cerebral malaria
and severe malaria anaemia, and both can lead to a fatal outcome. However, even after
successful treatment, patients can develop neurocognitive impairments (NCI) such as
attention, behavioural and memory problems that can last for many years after the malaria
episode. Upon admission to hospitals, many children have already progressed to severe
malaria; therefore, there is a great need for predictive biomarkers of disease severity and
progression, specifically for children who will develop NCI and children who will not survive
severe malaria. Fortunately, increased interest has been in investigating markers of severe
malaria outcomes in the last few years. Among elements that could be considered as new
biomarkers, extracellular vesicles (EVs) or their microRNA and protein content are showing
great promise. EVs are lipid-bound vesicles released into the extracellular space by all cell
types. They are involved in disease pathogenesis and mirror their cell of origin through their
content.

This PhD project focuses on identifying prognostic biomarkers of disease outcome in plasma
and cerebrospinal fluid (CSF) extracellular vesicles (EVs) from children with cerebral malaria
and severe malarial anaemia. Chapter 2 presents a detailed overview of EVs, the importance
of biomarkers, and the reasoning behind why EVs are relevant to malaria. Chapter 3
investigates the presence of a set panel of microRNA in the EVs extracted from the plasma of
adult Thai patients infected by two malaria parasite species, Plasmodium falciparum and
Plasmodium vivax, using RT-gqPCR. The results showed that the relative expression of hsa-let-
7a-5p was higher in plasma EVs from patients infected with either malaria parasite species,

and compared to healthy adults, plasma EVs from patients infected with Plasmodium vivax
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had higher relative expressions of hsa-miR-150-5p and hsa-miR-15b-5p. Chapter 3 elucidated
differences in EV microRNA cargo of patients with uncomplicated malaria, inspiring the
investigation of EV cargo in patients with severe malaria. In Chapters 4, 5 and 6, the molecular
signature, numbers, and cellular origins of EVs from a cohort of children from Uganda, healthy
or suffering from several clinical presentations of severe malaria, namely severe malarial
anaemia and cerebral malaria, were explored. Clinical outcomes, i.e., full recovery,
development of neurological impairment or death, were available for all patients, allowing us
to link these parameters to the disease severity. In Chapter 4, we expanded the study of
microRNA by performing next-generation sequencing on the plasma EVs of patients from
Uganda. By comparing the EV transcriptomes in the plasma of children with severe malaria,
five microRNA were selected with high prognostic value, especially when distinguishing the
outcomes of cerebral malaria (hsa-miR-1-3p, hsa-miR-19a, hsa-miR-30, hsa-miR-4516, and
hsa-miR-590-3p). Proteomic analysis was conducted on children from the same Ugandan
cohort in Chapter 5. Comparing the proteomic profiles allowed the identification of 94
differentially expressed proteins that could discriminate between children with cerebral
malaria and severe malarial anaemia, as well as children who would develop neurocognitive
impairment or succumb to complications. To understand the cellular origins of EV within CSF
and plasma from children with severe malaria (cerebral malaria and/or severe malarial
anaemia), the populations were phenotypically characterised and compared in Chapter 6.
Overall, there were significantly more EVs in the plasma than in the CSF, and children with
CM who developed NCI had a significantly strong negative correlation between CSF and
plasma EV amounts.

This PhD thesis highlights the significance of EVs and their cargo regarding malaria
pathogenesis and their role as prognostic biomarkers of severe malaria and its outcomes. For
future development, the potential biomarkers identified in this PhD could be combined into
a panel to identify children at risk of developing NCI or mortality, allowing earlier intervention.

This could minimise the impact of malaria on the child’s livelihood, education, and well-being.
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Chapter One:

Introduction and Aims



Chapter 1: Introduction and Background to the Area of Research

1.1 Aetiology

Malaria is a mosquito-borne haematologic disease caused by six protozoan Plasmodium
species, P. falciparum, P. vivax, P. knowlesi, P. malariae, P. ovale curtisi and P. ovale wallikeri.
P. falciparum is most prevalent, accounting for 99.7% of malaria cases, especially in the World
Health Organisation (WHO) defined African region (49 countries), and is commonly associated
with severe fatal forms of malaria, termed severe malaria, such as cerebral malaria and severe
malarial anaemia®2. P. vivax is less deadly compared to P. falciparum but has also been shown
to cause severe pathology. It was previously thought that P. vivax did not cause cerebral
malaria; however, in 2005, clinical data indicated both sequestration-related and non-

sequestration-related complications of severe malaria for this species3.

1.2 Epidemiology

Despite progress in malaria prevention and treatment, this now preventable, treatable and
curable disease remains a significant and persistent health burden worldwide, affecting
millions of people, particularly in tropical and subtropical climates*. According to the WHO,
in 2022 alone, there were approximately 249 million malaria cases, 18 million more than in
2015, with 94% occurring in the WHO-defined African Region®. A slight decrease in deaths
was estimated, dropping from 619,000 deaths in 2021 to 608,000 deaths in 2022, although
still affecting 77% of children under 5 years old>. Immunocompromised individuals, young
children under the age of 5, and pregnant women are most at risk of developing severe
complications?. This may result from an immature or suppressed immune response, lack of

clinical immunity developed over years of exposure, or hormonal changes®.
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1.3 Burden of Malaria

Malaria’s societal impact extends beyond the measures of morbidity and mortality as it also
hinders cognitive development and reduces scholastic and work attendance and
productivity'®13, The disruption caused by malaria in impoverished countries has lasting
effects, affecting population growth, saving and investment, education, and migration
decisions!. At the same time, low income and wealth, a lack of education, poor housing and
occupations in farming may increase the risk of malaria infection'>2%, Malaria infections then
trigger income loss, a reduction in economic growth and development, and add unnecessary
strain on fragile health systems, causing major socioeconomic disruption, consequently

perpetuating the cycle of poverty”1>21.22,

1.4 Plasmodium life cycle

1.4.1 Asexual liver stage - asymptomatic

The Plasmodium parasites have complex life cycles requiring human and mosquito hosts
(Figure 1.1)%. Malaria infection of the human host begins with the bite of a Plasmodium
parasite-infected female Anopheles mosquito, which injects a minute amount of sporozoites
from the salivary glands during a blood meal?*. Within 30 to 60 minutes, the bloodstream
carries the sporozoites to the liver for invasion and replication?>. The sporozoites infect
hepatocytes and undergo asexual liver-stage replication for 5-7 days (P. falciparum), 2-3
weeks (P. vivax, knowlesi, or ovale) and 18 days or longer (P. malariae), with an estimated
10,000 to 90,000 uninucleate exoerythrocytic merozoites forming in the mature parasite?®-
30, For some strains of P. vivax and P. ovale species, portions of the intrahepatic parasites
become dormant, forming hypnozoites and reactivating weeks to months later, causing
relapses31733, Once hepatocytes rupture, motile merozoites are released into the bloodstream
and invade erythrocytes, starting the asexual erythrocytic cycle of the Plasmodium parasite

life cycle3134,
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1.4.2 Asexual erythrocytic cycle - symptomatic

Characteristically the malaria parasites go through repeated cycles of red blood cell (RBC)
invasion, replication, egress, and reinvasion, resulting in periodic fever spikes?®. The febrile
waves correspond to the erythrocytic cycle length, 48 hours (P. falciparum, vivax, or ovale)
and 72 hours (P. malariae), where the parasite progresses through the ring, trophozoite and
schizont stages°. Within the RBCs, merozoites develop into thin biconcave discs called the
ring stage. As haemoglobin and nutrients are taken up from the RBC and plasma, respectively,
the ring becomes a rounder trophozoite stage. The Plasmodium parasite is most active during
the trophozoite stage as substantial growth in size and RBC modification of surface antigens
for cytoadhesion occurs. The parasite feeds on more haemoglobin becoming complex as
particles of dark haemozoin crystals appear. The parasite then develops into a schizont by
undergoing nuclear division to create ~16 to 64 nuclei, each becoming a merozoite as the RBC
ruptures, invading new RBCs?33°, The blood-stage development continues to multiply 6 to 20
fold every 48 to 72 hours and the symptomatic stage begins once the parasite densities reach
~50/uL of blood, which may vary depending on the patient’s immune status and clinical

history31:36,

1.4.3 Sexual stage

A small portion of the blood-stage parasites will become sexual stage parasites, female, or
male gametocytes, through a process called gametocytogenesis®’. Similar to the asexual
stage, gametocytes develop in RBCs, though they are not linked to disease pathology32. Once
mature gametocytes are ingested by a female Anopheles mosquito during a blood meal, the
parasites differentiate into gametes, after fertilisation they become zygotes and then oocysts
that rupture, releasing haploid sporozoites that migrate to the salivary gland for transmission

to humans2439,
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Figure 1.1 Plasmodium parasite life cycle. Adapted from Chahine and Le Roch 2022%, Mosquito life

cycle (left), human life cycle (right).

1.5 Clinical presentation and pathogenesis

Many factors play a role in disease severity, such as prior exposure to malaria (clinical
immunity), age, nutritional conditions, parasite and host genetics, geographical location, and
socioeconomic environment?®*l, Many people infected with malaria (asexual and
gametocyte) are asymptomatic. Because these individuals are afebrile, they do not pursue
treatment, but they can transmit malaria, impeding malaria elimination efforts38424,
Symptomatic malaria can be classified into two disease presentations, uncomplicated and
severe. Most malaria patients develop uncomplicated infections, typically presenting with
nonspecific signs and symptoms, including headaches, myalgia, diarrhoea, fever, and chills,
which occur during the parasite rupture and reinvasion lifecycle?®*’. Depending on the

plasmodium species, fever typically cycles every 2-3 days*’. Early detection and proper
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treatment of malaria infections are critical, as the initial infection can quickly progress to life-
threatening severe or complicated malaria that is single-organ, multi-organ, or systemically
involved®%4849 Approximately 4.5% of P. falciparum-infected patients with flu-like symptoms
advance into severe malaria, where the disease progresses to loss of consciousness, seizures
and severe anaemia, which could then worsen to neurological disturbances, coma, and

deathl,SO,Sl

Within hyperendemic regions, infants and children under 5 years of age are the individuals
most affected by severe malaria. Most adults have developed clinical immunity, which makes
the infection less symptomatic. However, within areas of low endemicity, severe malaria
affects all ages®2. Severe malaria mortality rates are well over 5%, representing a more than
50-fold increase in the risk of death®. Severe malaria is preventable with early administration
of anti-malarial drugs; however, access and affordability prevent the widespread use of these
in highly prevalent areas*>>3, Therefore, malaria relapse rates are high, where symptoms re-
occur for months after the initial infection®3. In addition, there are many ways for the
Plasmodium parasite to evade the immune system and drug treatments, such as surface
antigen switching, hypnozoite dormancy, and ring-stage dormancy, which also impact the
ability to control infection>*>>, Recently evidence of extravascular reservoirs of blood-stage
Plasmodium parasites in the bone marrow has been identified, showing a major reservoir for
asexual parasites and a primary site of gametocyte development®®=%. This shifts the
fundamental understanding of malaria parasite biology and gives rise to a new field of

research within malaria.

Fundamental features of P. falciparum that contribute to severe disease pathogenesis include
exponential parasite growth, induction of host inflammatory responses, mature infected red
blood cells (iRBCs) adhering to blood vessel walls obstructing the microvasculature and
activating the endothelium®®. Clinical symptoms of complicated malaria are mediated by
secreted malarial toxins, which are known to stimulate macrophage secretion of pro-

inflammatory cytokines such as tumour necrosis factor and interleukin-16061,

The initial malaria infection can quickly progress into severe malaria as parasites spread to
the entire body via the bloodstream, of which high parasitaemia is reached due to exponential
parasite growth, >10-fold every 48 hours*®®2, Subsequently, malaria may affect the whole
body causing complications such as cerebral malaria (CM), severe malarial anaemia (SMA),
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metabolic complications such as hypoglycaemia and acidosis, acute respiratory distress
syndrome, renal failure and pulmonary oedema®3. These severe malaria complications can
happen independently or in conjunction, rapidly progressing and becoming fatal within hours
or days®®. Subsequently, approximately 25% of patients successfully treated for malaria
develop neurocognitive impairment (NCI) causing deficits such as declined cognitive ability,

memory, behaviour, and fine motor skills®>%,

The effects of malaria can be long-term, as a child’s poor cognitive outcome can start before
birth, as during pregnancy malaria worsens maternal anaemia, which impedes nutrition to
the foetus, limiting cognitive development later in life®®. Early childhood severe malaria can
also contribute to long-lasting neurocognitive impairment for as long as 9 years after disease
onset!>70-74 Cognitive deficits are also observed up to 6 years after illness when prolonged

and repeated malaria attacks in the absence of severe complications are experienced’>"7.

This section is reviewed in more detail in Chapter 2, which focuses on pathogenesis, and the

introductions of Chapters 4 and 5, which focus on CM, SMA, and neurocognitive impairment.

1.6 Control, prevention, and diagnosis of malaria

Great success and progress have been made in controlling malaria over the last 20 years with
significant reductions in overall cases (41%) and deaths (62%) between 2000 and 20157%,
There was also a decline in the total percentage of malaria deaths among children under 5
years of age, from 87.3% to 76.8%; however, the rate of decline stalled in 2015 and malaria
cases and deaths are on the rise?°. As of today, a child under five dies of malaria nearly every
minute. Malaria cases will expectedly continue to rise due to a plateau in funding, an increase
in drug and insecticide resistance and climate change allowing malaria transmissions into new

areas.

Between 2010 and 2021, approximately USS$39 billion was spent on malaria control, funding
the distribution of 2.5 billion insecticide-treated bed nets, 3.5 billion rapid diagnostic tests,
and 3.8 billion artemisinin combination treatments?. The COVID-19 pandemic, starting early
2020 contributed to the stall in progress and increasing malaria prevalence by disrupting

essential malaria control and prevention services. The funding gap between investment
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amounts and resources required for malaria control is also continuing to widen, increasing to
UDS3.8 billion in 20212, There is a great need for investment in malaria for basic research and
product development as well as to combat emerging threats like urban malaria and drug and

insecticide resistance.

Malaria elimination progress is uneven as cases have become rare in Europe, Sri Lanka central
Asia, and several Latin countries. Still, malaria elimination in high-transmission countries in
Sub-Saharan Africa has proven to be more difficult®. In addition, most regions with civil
disruption show a significant increase in malaria. Proper use of anti-malarial and insecticides
can greatly protect against and decrease malaria cases, although resistance is an ongoing
battle due to uninformed and improper usage. Therefore, new advanced insecticidal and anti-
malarial treatments are being formulated, and research into transgenic mosquitoes is being

conducted to disrupt transmission’®.

Accurate diagnostic methods are necessary to differentiate malaria from other febrile
diseases, monitor asymptomatic infections to reduce transmission, discriminate between P.
falciparum and P. vivax to reduce G6PD-related haemolytic anaemia, and identification of
cases in low malaria transmission areas®. The gold standard for malaria diagnosis has been
microscopy, allowing for an inexpensive detailed examination of morphological differences
and species identification. Microscopy can also allow the detection of other infections that
may be mistaken for malaria. The downside is that this type of diagnosis is labour-intensive
and requires skilled microscopists and electricity. Rapid diagnostic tests (RDTs) to detect
parasite-specific blood antigens are a simpler way to detect malaria infection and can be
completed in 5-20 minutes. In addition, RDTs require minimal training and can be used in the
field. Polymerase Chain Reaction (PCR) approaches are also becoming more popular due to
the sensitivity of the tool. With more accurate and simple techniques being developed, such
as RT-PCR, there are growing choices for healthcare facilities with the correct equipment and

expertise, although it can be relatively expensive.

Due to the complexity of the malaria life cycle, vaccines and treatment can sometimes be too
stage-specific and allow the parasite to evade elimination. Malaria subunit vaccines establish
immunity against proteins expressed at certain stages of the lifecycle. The sporozoite stage is
targeted using a surface protein that helps navigate the parasite to the liver, reducing the
incidence of infection. The most studied vaccine is the RTS,S/AS01, based on P. falciparum
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circumsporozoite protein which has been shown to provide protection for 3-4 years in older
children and was the first vaccine recommended by the WHO in 2021280, As of 2023, the WHO
has recommended a second vaccine, R21/Matrix-M, to prevent malaria in children®. During
12 months after a 3-dose series, the R21/Matrix-M vaccine has shown to reduce symptomatic
malaria cases by 75%, this efficacy can be maintained with a fourth dose a year after the
third>8%, This new vaccine is promising as it has been safe in clinical trials, is expected to have

a high impact in low and high transmission regions, and is cost-effective, ~USS3 per dose>.

1.7 Biomarkers of Malaria

The scarcity of reliable markers identifying patients at risk of death or NCI means treatment
is delayed making it less effective. Identification of a prognostic biomarker that can predict
the progression, regression or outcome of disease could greatly improve patient quality of
life post-treatment. Most potential biomarkers identified for severe malaria are proteins,
such as erythropoietin, Plasmodium falciparum histidine-rich protein 2 (PfHRP2), angiopoietin
(ANG), inter-cellular adhesion molecule 1 (ICAM-1) and von Willebrand factor (VWF)82=%9,

Unfortunately, these proteins lacked specificity for malaria and results varied across studies.

Another source of biomarkers is microRNA (miRNA), a class of non-coding RNAs (17-25
nucleotides); with miRNAs gaining more interest over the years, more studies have focused
on identifying severe malaria biomarkers. Most of the studies so far have focused on
biomarkers for severe malaria, with only a couple investigating predictive biomarkers for
severe malaria outcomes, such as neurocognitive impairment and mortality. One such study
identified hsa-miR-3158-3p and hsa-miR-150-5p as potential plasma biomarker candidates
for severe malaria in Indian teenagers and adults, ranging from 13 to 41 years old®'. Both
miRNAs were able to differentiate those with fatal CM from other CM and non-CM outcomes,
as well as uncomplicated malaria and healthy controls®’. This study also described a decrease
of hsa-miR-3158-3p in plasma at day 30 compared to day 0 in CM patients®®. Although adults
can also develop severe malaria, the majority (77%) of deaths occur in children under 5 years
old, yet very few studies have focused on prognostic biomarkers for the different outcomes

of severe malaria.
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Chapter 2 and the introductions of Chapters 4 and 5 review this section in more detail,

focusing on potential protein and miRNA biomarkers of severe malaria.

1.8 Extracellular vesicles

Extracellular vesicles (EVs) are bilayer lipid membranes that contain cytosolic proteins, lipids
and nucleic acids, which contribute to intercellular communication and are involved in disease
pathogenesis®?. In the last three decades, EVs have been investigated in many different fields
and described to have many functions. EVs are key pathophysiological players and have a
variety of roles, such as drug/biomarker delivery vehicles, therapeutic resources, tools, and
targets, immune system regulators, diagnostic liquid biopsies, vaccine platforms, and
biomarkers °27192, There are three subtypes of EVs: exosomes, derived from multivesicular
bodies (50 nm — 100 nm); microvesicles, shed by plasma membrane (100 nm — 1000 nm); and
apoptotic bodies, during programmed cell death (apoptosis) (1000 nm — 5000 nm)1%31%4 This
PhD project will focus on the characterisation of both exosomes and microvesicles, which will

collectively be termed EVs.

A major discovery in the field of EV research was their function as mediators of cell-to-cell
communication, showing that EVs delivered functional molecules to cells that altered their
pathological and physiological functions'®. In recent years, EV proteins and genetic cargo
have been linked to roles in cellular signalling and intercellular communication®2. EVs have
also been described in terms of disease processes, pathogenic mechanisms, angiogenesis,
programmed cell death, and inflammation!%. EVs have also shown a strong relation with
disease severity and progression, leading to EVs becoming drug targets. However, in
neurodegenerative disease, EVs have been shown to transfer material from damaged tissue
or transport neurotrophic/neuroprotective molecules to different regions of the body,
continuing their effect'®’. Therefore, inhibiting EV production may worsen disease
progression as it also plays a role in homeostasis'®’. EVs have become a new concept in the
field of biomarkers, as they transfer molecules between cells and represent a promising

source in many diseases, including malarial0108-110,
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Chapters 2, 4, and 5 review this section in more detail, discussing EVs' role in malaria

pathogenesis, EVs as biomarkers, and EV cargo as biomarkers of severe malaria.
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1.10 Thesis Aims

The study of EVs in malaria is still in its infancy, with gaps in knowledge regarding their
involvement in disease pathogenesis, prognosis, and outcome yet to be filled. Several studies,
including those from our group, have previously identified links between EV production and
malaria complications. However, this was only investigated in EVs originating from single cell
types such as endothelial cells, red blood cells, and platelets. Thus, it is now essential to
characterise the EV profiles from all vascular cells. This has proven challenging as we are
working with paediatric samples; the limited volume makes the purification of EVs
challenging; therefore, few studies characterise the population of circulating EVs. There is
also a lack of practical prognostic markers for severe malaria that can be used to allow earlier
treatment of patients with new adjunct therapies. This PhD project hypothesises that EVs
derived from plasma and CSF from children with severe malaria can act as and contain
biomarkers to predict disease outcomes. The overarching aims of the studies in this thesis are
to use the molecular signature of EVs to identify predictive biomarkers for severe malaria

outcomes and increase our understanding of malaria pathogenesis.

To achieve this, the following aims have been constructed:
e Aim 1. Characterise and compare the microRNA composition of plasma EVs from
children with different clinical presentations and outcomes of severe malaria
e Aim 2. Characterise and compare the protein composition of plasma EVs from
children with different clinical presentations and outcomes of severe malaria
e Aim 3. Characterise and compare the cellular origins of EVs in cerebrospinal fluid and
plasma from children with cerebral malaria or combined cerebral malaria and severe

malarial anaemia
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Chapter 2: Review of extracellular vesicles’ role in pathogenesis and

as biomarkers in cerebral malaria

Chapter overview

Extracellular vesicles (EVs) play key roles in malaria pathogenesis, especially in complicated

malaria such as cerebral malaria. Increased amounts of EVs release by vascular cells have

been described in patients with malaria. EVs have also been recognised as carriers of unique

molecular markers for different outcomes of the infection. This chapter also discusses EVs

capacity as biomarkers of disease severity and the current lack of effective biomarkers.
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Abstract

Malaria infections due to the Plasmodium parasite remains a major global health problem.
Plasmodium falciparum is responsible for majority of the severe cases, resulting in more than
400,000 deaths per annum. Extracellular vesicles (EVs) released by vascular cells, including
parasitised erythrocytes, have been detected with increased levels in patients with malaria.
EVs are thought to be involved in the pathogenesis of severe malaria, particularly cerebral
malaria, and represent a unique molecular signature for different forms of the infection. In
this review, we will cover the known effects of EVs on the vasculature and discuss their

potential use as a biomarker of disease severity.

Keywords: Cerebral malaria, extracellular vesicles, biomarker, pathogenesis, microvesicles,

exosomes

15


mailto:valery.combes@uts.edu.au

2.1 Introduction to Malaria

Malaria can be a life-threatening disease and remains a global health problem with an
estimated incidence of 228 million cases and 405,000 deaths in 2018, While its incidence
has decreased significantly in the last 15 years, progress has stalled and case numbers are
starting to increase again in some countries with drug resistance a major threat[l.
Plasmodium falciparum (P. falciparum) is one of six Plasmodium species, all of which can
cause disease in humans, and is associated with the development of severe disease. Clinically,
malaria can be either uncomplicated or severe. Uncomplicated malaria presents as a non-
specific, flu-like syndrome and diagnosis is based only on clinical features, which is often
unreliable. Approximately 1% of diagnosed cases will progress to severe malaria for reasons
that are not fully understood!?! and amongst these, up to 30% will be at risk of developing life-
threatening or debilitating complicationsl. Severe malaria is defined by precise diagnostic
criteria related to specific signs and symptoms, with cerebral malaria (CM) and severe malarial
anaemia (SMA) being two of the most serious life-threatening complications associated with
P. falciparum infection. Both target children under the age of five and although not yet fully
understood, the pathogenesis of CM and SMA is likely to be different. The clinical hallmark of
CM is a diffuse, symmetrical encephalopathy with coma and a general absence of focal
neurological signs. CM is characterised by the sequestration (binding) of infected red blood
cells (iRBCs) in the vasculature of most organs, including the brain, coupled with an
uncontrolled inflammatory responsel®. This sequestration of iRBCs during CM is associated
with endothelial dysfunction leading to coma, respiratory distress syndrome and placental
malaria when it occurs in the brain, lungs or during pregnancy, respectively. SMA is defined
by a haemoglobin (Hb) concentration < 5g/dL and a packed cell volume (PCV) < 15% in
children, and by Hb < 7g/dL and PCV < 20% in adults®®l. SMA is also associated with increased
clearance of both iRBCs and non-infected red blood cells (nRBCs), as well as altered
haematopoiesis(®2l. In both CM and SMA cases however, iRBCs remain within the vasculature,
adhere to and activate endothelial cells that are then likely to release pathogenic factors into
the surrounding tissues such as the brain parenchyma. This review will focus mainly on CM

and its association with extracellular vesicles.
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2.2 Pathogenesis of CM: from host cells to extracellular vesicles

As mentioned above, CM is characterised by sequestration of iRBCs within the cerebral
vasculature although the neurological lesion extends beyond blood vessel alteration to
damage to the brain parenchyma, with clear involvement of the blood-brain barrier (BBB).
There is a fine and complex interplay between the cells on each side of the BBB, with vascular
cells, (i.e., endothelial cells, platelets, T cell lymphocytes, macrophages and to lesser extent
neutrophils), microglial cells, neurones, and astrocytes, all having either target or effector
roles (and sometimes both) at some point in disease development®!. In addition, extracellular
vesicles (EVs) are potentially released by all these cells adding another level of complexity to
this intercellular crosstalk. A combination of ex vivo studies using patient samples (biological
fluids or post-mortem tissues), in vitro assays mimicking the intravascular lesion, and in vivo
experiments using mostly murine models allows for a better understanding of the cellular

interactions and pathogenesis of the disease.

How much of CM is attributable to the sequestration of iRBCs is still unknown. Post-mortem
studies have shown various levels of iRBC accumulation within the microvasculature of the
brain in patients with diagnosed CM, but this was similarly observed in patients who died of
non-CM causes!!®11], Of note, this observation is correlated with the severity of the disease in
both children and adults'®12l, post-mortem histopathology in Malawian children with
clinically defined CM (coma and P. falciparum parasitaemia) identified different disease
patterns: (1) iRBCs sequestration only; (2) iRBCs sequestration with associated peri-vascular
changes such as haemorrhages or micro-thrombi; and (3) little to no sequestration(*ll. In the
latter, the real cause of death was only identified after autopsy, adding to the complexity of
CM and the difficulty in establishing a precise diagnosis. In this study™, only fundus
examination allowed discrimination between malarial and non-malaria coma. In Vietnamese
adults, iRBC sequestration was more frequent in patients with CM than in those without, and
was correlated with coma and time of death[’?. Consequently, vascular congestion was
proposed as a cause for coma since sequestration leads to decreased cerebral blood flow,

impaired brain function and cerebral hypoxia.
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Sequestration occurs via the binding of parasite-related ligands, expressed on the surface of
iRBCs, to receptors on the surface of vascular endothelial cells. P. falciparum erythrocyte
membrane protein 1 (PfEMP1) is one such molecule expressed on the surface of iRBCs that
then binds to a series of endothelial receptors such as CD36, intercellular cell adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1, P-selectin, E-selectin, endothelial
protein C receptor or thrombospondin. The expression of these receptors is further
modulated by pro-inflammatory cytokines such as tumour necrosis factor (TNF) or interferon-
gamma (IFN-y), thereby supporting inflammation as a critical player in the regulation of

sequestration314],

Together with iRBCs and nRBCs, platelets also play an important role in CMI,
Thrombocytopenia is a hallmark of CM but whether platelet counts can be predictive of
lethality in CM is still controversial®17], Platelets were found in high numbers in vascular
lesions of the brain of Malawian children who succumbed to CM!8! and are thought to have
contributed to the severity of the disease through clumping®®, activation of endothelial
cells?% or increased sequestration via the transfer of CD36 to brain endothelial cells that are
otherwise devoid of it?Y. On the other hand, platelets also are thought to have a protective
role during CM by killing intra-erythrocytic parasites!?223l. Therefore, platelets could have
different roles at different stages of the disease, i.e., a protective role during the early phase

of disease and a pathogenic role when severel?4],

The BBB is at the centre of the neurovascular lesion occurring in CM although iRBCs do not
actively cross this barrier as seen in other pathogens with brain tropism!?>?. Post-mortem
histopathological brain studies have demonstrated impairment of the BBB which suggests
that the localised sequestration of iRBCs increases the pressure within microvessels to act on
cellular tight junctions, thereby altering the permeability of the BBB which results in micro-
haemorrhages when these junctions rupture. Neurological sequelae observed in children who
have recovered from CM are also suggestive of neuronal damage(?%. Neuronal dysfunction is
likely an indirect consequence of the sequestration of iRBCs, activation of the endothelium,
alteration of junctional permeability and passage of cytokines, chemokines and other
inflammatory mediators into the perivascular spacez7,28). However, in most cases, it is likely

that these alterations are localised, as symptoms are quickly reversed once parasites have
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been eliminated. More recently, Magnetic Resonance Imaging has been successfully used as

a non-invasive way to predict fatal outcomes in paediatric CM, notably in Malawil2%3%,

As mentioned earlier, crosstalk between vascular cells, including immune and brain
parenchyma cells, via direct contact, soluble mediators and molecules leaking through the
BBB, can all contribute to the neurological syndrome. In addition, subjecting all these cells to
various stimuli can lead to the release of EVs that in turn, target other cells distant from their
site of production. Long considered as inert cellular debris, EVs are now accepted as biological

effectors in many infectious and inflammatory diseases including malariajz1,32).

EVs represent an ensemble of membrane-bound structures grouped into three main
categories: exosomes, microvesicles, and apoptotic bodies. This nomenclature can vary and
the term EVs usually encompasses subpopulations of vesicles ranging in size from 30 nm to 4
um, i.e., exosomes produced by membrane invagination of multivesicular bodies,
microvesicles (MVs) released after budding of the plasma membrane, or apoptotic bodies
that result from blebbing of the plasma membrane of apoptotic cells3l. It is now clear that
the role of EVs goes far beyond simple structural function to active mediators of important
biological processes for parasitic infections such as immunomodulation, parasite virulence,

target cell invasion and parasite-parasite communication3433l,

In malaria infection, two categories of EVs (i.e., exosomes and microvesicles) have been
studied the most. While known in other illnesses for several decades, MVs in malaria patients
were first described by our group in 2004 in Malawian children with CM[3%], where an
elevation in the number of MVs of endothelial origin was described. MVs released by RBCs
were later found to be increased in both P. falciparum and P. vivax malarial3”38l, EVs have
been shown to be involved throughout the entire life-cycle of malaria infection and at
different stages, the parasite can affect various immune and vascular cell types in different

ways, ultimately altering the endothelium and BBB function32.

A pan-vascular, cell-derived MV release was also observed in children with CM in Cameroon.
Of these MVs, an increase in platelet MVs was most significantly correlated with disease

severity!®’l. Exosomes were first explored in 2011 in a murine model of malarial*® and will be
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discussed in a later section. While mostly descriptive, these clinical studies were essential for
suggesting a role for these EVs as either markers of CM severity, or as players in the
pathogenesis of CM infection, and paved the way for subsequent work on the composition

and functional potential of EVs during malaria infection.

2.3 In vitro models of malaria - interactions between host cells and

extracellular vesicles

Most in vitro models of CM simulate the interactions between microvascular endothelial cells
and circulating vascular cells (e.g., iRBCs, nRBCs, platelets, and leucocytes) in either static or
shear stress environments421l. The brain endothelial cells used can be of human, simian or
murine origin (primary or immortalised), and co-cultured with one or more other cell types in
two-dimensional systems!*>#°]. The recent introduction of more complex three-dimensional

models will help to examine and understand the pathogenesis of this disease better(46-48],

Very much like their cells of origin, EVs interact with their target cells and modulate their
responses. In vitro, platelet MVs behave in a similar fashion as platelets by increasing the
adherence of iRBCs to human brain endothelial cells (HBECs) by providing iRBCs with surface
receptors such as CD31 and CD36!*%! such that platelet MVs act as a bridge between HBECs
and iRBCs. The internalisation of platelet MVs by vascular endothelial cells is also associated
with an alteration of their phenotype such that ultimately, their inflammatory effects and

subsequent activation can be potentiated®.

RBCs release increased levels of EVs when infected with a Plasmodium parasite and late-stage
infections are associated with even greater release of EVs38l, This is mainly due to membrane
changes occurring within iRBCs during parasite maturation. The composition of EVs derived
from iRBCs is also dependent on the parasite’s stage of development. Indeed, specific parasite
proteins, considered as virulence factors, were present in EVs only at specific developmental

stages and PfEMP1 was only detected in EVs from iRBCs with parasites at early stages.
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Potentially, such developments would allow EVs to bind and prime endothelial cells for later

adherence and sequestration of late-stage iRBCs!>1.

EVs from iRBCs have also been shown to contain a functional microRNA-argonaute 2 complex
that can modulate gene expression and alter barrier function®>%3 when transferred to
endothelial cells after vesicle uptake. Such EVs do not only affect endothelial cells but are also
able to induce pro-inflammatory responses, particularly the activation of macrophages,
monocytes as well as other immune cells through the upregulation of cytokines®*%3,
Interestingly, when these EVs were compared to their mother cells, they were able to activate
inflammation and immune activation to a greater degree!®**31. EVs from iRBCs also contain
small RNAs and genomic DNA. After internalisation by monocytes, they can induce the innate
immune cytosolic adaptor-dependent DNA sensing pathway (STING), leading to downstream
alterations of DNA sensing pathways in target cellsl®l, Activation of these pathways has been
shown to correlate with parasite survival’®’l. Thus, this could possibly be used as a decoy
method for immune escape by the parasitesl®’l. Similarly, the release of PfEMP1-containing
EVs as previously mentioned, has also been suggested as a decoy strategy as it is capable of
inducing both the production of inflammatory cytokines (IL-12, CCL2, and CCL4) by monocytes
after internalisation and transcriptomic changes®. Furthermore, as the majority of the
body’s natural immune response to P. falciparum targets PfEMP1, the secretion of PfEMP1-
containing EVs could possibly work as a smokescreen by attracting neutralising antibodies
that protect the parasite from the immune system351 EVs can also mediate
immunosuppression in mice infected with malaria with EVs from P. berghei-iRBCs able to
inhibit CD4+ T cell proliferation in response to antigen presentation. This process seems to be
mediated by two potential virulence factors, histamine-releasing factor and elongation factor
la (EF-1a). Importantly, this work also showed that mice immunisation with EVs from P.
berghei-iRBCs or recombinant P. berghei-EF-1a resulted in resistance to infection, further

suggesting the role of EVs in immune-modulation and potential for vaccine development!>8.

Exosome-like vesicles derived from iRBCs have been reported to facilitate communication
between iRBCs and therefore, promoting gametocytogenesis between parasites in vitro via
the transfer of a P. falciparum protein®®. This communication is also used to improve parasite

survival within the host as well as transmission to mosquitoes.
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Although not specifically studied in an in vitro model of CM, endothelial MVs interacting with
T lymphocytes have been found to assist cell proliferation by inducing cell activation and
antigen presentation by immune cells!®. In addition, when MVs from lipopolysaccharide-
stimulated monocytes are internalised by HBECs, they release high levels of MVs (usually a
sign of cell activation) and at the same time, display an increase in trans-endothelial
resistance (i.e., tightening of endothelial junctions) which could have a protective effect on
the BBB if occurring in vivo. This suggests that MVs from monocytes, as was shown for MVs

from neutrophils, could trigger contrasting protective and pathogenic responses!®1-63],
In vitro models of malaria are limited in their ability to mirror the pathogenesis of CM and

more complex systems are needed to understand the fine interplay between host cells and

EVs during malaria infection.

2.4 In vivo models of malaria: what do extracellular vesicles bring to

pathogenesis?

Although there is still debate regarding the usefulness of murine models for studying the
pathogenesis of CM, human studies are limited and often, post-mortem analyses are the only
way to explore some parameters. However, the number of studies that find parallels between
human and experimental CM (ECM) continues to grow. Most recently a study!®¥ observed
that in post-mortem cases of paediatric CM, CD8+ T cells were found within both the vascular
lumen as well as the juxtavascular space as was previously shown in murine CM studies[6>¢],
Therefore, animal models can still provide relevant basic scientific knowledge and allow
testing of important hypotheses related to the pathogenesis of the disease!®”-71, For instance,
whole-animal imaging using transgenic fluorescent parasites has demonstrated that
sequestration, and not only accumulation, of iRBCs, does occur in all organs similar to
humans7274, In addition, recent quantitative mapping of mice brains during ECM showed
similar numbers compared to human CM despite the distinct aetiology!’>l. However, as for
any model, it is not perfect and should be used with caution and one should be aware of its

limitations before drawing direct conclusions with human disease.
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Two different Plasmodium species are commonly used in CM models, P. yoelii*® and P.
bergheil’®, notably P. berghei ANKA (PbA). During the acute phase of infection, mouse strains
that are susceptible to CM (e.g., CBA/J, C57BL/6, DBA1) display increased levels of plasma
MVs similar to that observed in humans!’®78l, We examined the ATP-binding cassette
transporter A1, which modulates the distribution of phosphatidylserine to the outer leaflet
of the cell plasma membrane at the time of MV production’®l. We found that mice lacking
this ATP-binding cassette had resistance to the malaria-associated neurological syndrome in
C57BL/6 micel”®l. These animals displayed basal levels of plasma MVs but numbers failed to
increase following infection (as observed in wild type counterparts), had lower levels of
plasma TNF, reduced expression of endothelial cell adhesion molecules and had increased
survival of leukocytes and platelets. Another study examining the blocking of
phosphatidylserine using low-molecular-weight thiol pantethine found a similar reduction in
MV production, which correlated with reduction in inflammation and resistance to the
diseasel’8l. When passively transferred into the circulation of mice, plasma MVs from infected
animals localised to the inflamed vessels of infected animals, notably in the brain, which
suggests that they could potentiate the neurovascular lesions by interacting with other
vascular cells. In addition, healthy mice injected with TNF-generated endothelial MVs
developed CM-like pathology with cerebral and pulmonary oedema and haemorrhage, the

two main histopathological features of human and murine CM[77.72,80],

Interaction with and internalisation of MVs derived from iRBCs by astrocytes and microglial
cells leads to increased production of IFN-y-inducible protein 10 (IP-10), which coincided with
increased levels of inflammatory cytokines within both plasma and brain tissue of PbA-
infected mice!®l. Plasma MVs from PbA-infected mice were also able to activate immune
cells, in particular macrophages, leading to the up-regulation of CD40 as well as TNF
production®¥. Knock-out mice that lack pro-inflammatory cytokines (TNF-/-, IFN-y-/-, IL-12-/-
and RAG-1-/-) displayed levels of plasma MVs similar to those of their wild-type
counterpartsl®, suggesting that their production is not solely dependent on the presence of

inflammation.
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When exosomes, purified from the blood of P. yoelii (nonlethal strain,17XNL)-infected mice,
were injected into mice infected with P. yoelii (lethal strain, 17XL), these mice were protected
against the lethal syndrome, showing that exosomes could also modulate the immune
responsel®249, We propose a model in Figure 2.1 that summaries the role EVs play in the

pathogenesis of CM.

Figure 2.1 was designed by modifying free images provided by Smart Servier Medical Art

(https://smart.servier.com/) and available under the creative commons license.
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Figure 2.1 Outline of the role that EVs play in the pathogenesis of cerebral malaria. (1) As iRBCs adhere to vascular ECs,

they are also releasing EVs into the blood. These EVs from iRBCs stimulate all vascular cells including immune cells, ECs and
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platelets to release EVs of their own!®3! as reviewed by Babatunde et al.[84, Both ECs and platelet EVs have been shown to
assist with the formation of neurovascular lesions by providing mechanisms of binding for iRBCs and other vascular cells as
reviewed by El-Assaad et al.l”’], 2014 and Faille et al.l*9]. (2) EVs from iRBCs have been suggested to act not only as a decoy,
by providing alternative targets expressing PFEMP-1 for immune cells to attack[>!, but also promote secretion of increased
levels of pro-inflammatory cytokines, notably IFN-y, LT-a and IL-12 once internalised by immune cellsl54.55], These cytokines
have also been shown to stimulate astrocytes, which then respond by secreting additional cytokines and chemokines of
their own[13], The effect of astrocyte EVs have not been studied in humans but these EVs could have effects on both
endothelial cells and cells of the brain parenchyma. (3) The release of these pro-inflammatory cytokines and chemokines
further activates the already stimulated ECs, leading to greater adherence of vascular cells and ultimately, formation of the
neurovascular lesion. (4) Once the neurovascular lesion has formed, increased intravascular pressure on the endothelium
leads to vascular leakage and ultimately results in haemorrhage. (5) The infiltration of vascular cells and cytokines or
chemokines causes neuronal damage and subsequently, a localised breakdown of the blood brain barrier(32, EVs:
extracellular vesicles; ECs: endothelial cells; iRBCs: infected red blood cells; nRBC: non-infected red blood cell; BBB: blood-
brain barrier; TNF: tumour necrosis factor; IFN-y: interferon-gamma; NK: natural killer; LT-a: lymphotoxin alpha; IL:

Interleukin; IP-10: IFN-y-inducible protein 10

2.5 Extracellular vesicle cargo: effector, biomarker or both?

Biomarkers have long been used as diagnostic and prognostic tools to determine the presence
of disease as well as the regression, progression or outcome after treatment!®l. The field of
malaria, especially severe malaria, currently lacks reliable markers for the prediction of
morbidities such as neurocognitive impairment and/or mortality that can be widely applicable
regardless of country or endemicity. Such biomarkers would allow for the prediction of severe
complications and allow early implementation of adjunctive therapies. Current adjunctive
therapies used to aid anti-malarial drugs have so far been ineffective®!, possibly due to late
implementation due to the lack of predictive biomarkers. Therefore, early identification of
patients at risk of severe malaria complications (lethal or not) would allow for prompt
treatment and potentially decrease the risk of long-term disabilities. Currently, only a handful
of candidate markers have been identified for severe malaria, though they are not fully
reliable. The proposed molecular markers include erythropoietin, angiopoietin 2, von
Willebrand factor, P. falciparum histidine-rich protein 2 and ICAM-1 which, although
indicative of severe disease when elevated, still has limited clinical utility. This is mainly due
to the highly variable sensitivity and specificity for the detection of severe CM[#1.87-901 |t js
now clear that EVs and their cargo have potential as biomarkers. Their elevated numbers,

notably endothelial-, platelet- and RBC-derived MVs, in the circulation of human patients with
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CM has already been proven in multiple studies3®8421, The role of EVs as a biomarker in
severe malaria is still in its infancy and in-depth multi-centre studies are still needed to
ascertain their predictive value to improve rapid detection in bodily fluids. In addition,
although blood, urine, and saliva have all been used for diagnostics®>?3!, urine and saliva have
not been investigated in malaria but we cannot exclude the possibility of them becoming a
source of biomarkers to assess disease severity in the future. As mentioned above, all current
markers have their limitations and one could hypothesise that the combination of these
existing biomarkers with newly discovered EV-associated markers could significantly improve

both the specificity and sensitivity of testing.

As a consequence of their biogenesis, EVs harbour a peculiar set of proteins, nucleic acids,
and lipids that can be transferred from a parent to recipient cells, rendering these sub-micron
structures unique sources and vehicles of biomarkers. Various analytical approaches including
proteomics, transcriptomics, and metabolomics, although mostly focused on cancer-related
conditions, are currently employed to study the content of EVs derived from different cell
types and bodily fluids®*. Nonetheless, the cargo of EVs is now becoming an important
research topic in severe malaria allowing us to both understand disease pathogenesis and
identify novel biomarkers, with proteins and microRNA (miRNA) being the most studied

components of this cargo.

EV-associated proteins can typically be studied using either untargeted proteomics, to
characterise the whole protein content, or through a hypothesis-driven targeted approach,
to investigate individual proteins or a selected set of proteins based on previous evidence.
Compared to other parasitic diseases, high-throughput untargeted proteomics - the leading
technique for the discovery of new protein markers - has not been widely applied to
investigate malaria-associated EVs yet, but has been explored in the last couple of years. The
first report dates back to 2011 when exosomes from P. yoelii-infected BALB/c mice were
analysed and revealed to contain both classical exosomal markers as well as parasite
proteins!®. Interestingly, 30 parasite proteins belonging to two major classes, proteins
associated with RBCs membrane and proteins involved in parasite invasion into RBCs, were

identified within iRBCs exosomes. Then, the presence of Plasmodium proteins within EVs

26



from human and mice malaria infection was confirmed by a number of proteomics-based
studies#0-51.58.82.951 Although the majority of these studies did not have as their main objective
the identification of biomarkers, they all contributed to prove the presence of parasite-
derived proteins with antigenic and immunomodulatory properties, or as potential virulence
factors within EVs that, in the future, might be found useful for the development of novel

diagnostic and prognostic tests.

Only a few studies have focused on EVs as a novel source of markers for severe malaria. In
our group, we used high-throughput proteomics to characterise the protein cargo of MVs
released during ECM in P. berghei infected micel®®!. The vast majority of identified proteins
were host-derived and only a couple were from P. berghei. The protein content of MVs
released during severe disease was significantly altered compared to that released upon early
infection or in uninfected mice. Network analysis showed that proteins with altered
abundance during ECM were associated with CM pathogenesis. Two of these proteins,
carbonic anhydrase | and S100A8 were verified to be associated with CM MV in both murine
and clinical samples, highlighting the importance of MV protein content to understand the
role of EVs both in severe malaria and as a source of protein markers®®. The protein cargo of
MVs obtained from P. falciparum-infected individuals was later investigated by Antwi-Baffour
and colleagues®, although cases with severe malaria were not investigated. The study
identified several different host-derived proteins in infected and non-infected human
subjects, as well as parasite-derived proteins in infected samples. Nonetheless, the results
remained primarily descriptive and no diagnostic marker was actually proposed. More
recently, proteomics was applied to identify novel potential biomarkers of P. vivax liver stage
infection®®, By taking advantage of a human liver-chimeric mouse model, plasma EVs
obtained after P. vivax infection were studied to identify potential liver-stage expressed
parasite proteins that could be indicative of infection. Among mouse and human proteins,
they also identified parasite proteins showing variable distribution in abundance over
different time points post-infection, indicating that parasite proteins contained within EVs
vary with parasite developmental stages, supporting their potential role as a source of
biomarkers!®8. In mice and human studies, there has been a consistent indication of EVs’

importance in the role of malaria pathogenesis and their potential as markers for disease
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severity; however, more research is required to confirm the potential of these EVs derived

protein as biomarkers for severe malaria.

Within the groups of non-coding RNAs, miRNA are now considered promising biomarkers in
many pathological conditions®>1%! due to their stability in various bodily fluids such as saliva,
serum, plasma and CSF, and their role in gene expression regulation[1°1-1%] QOne of the
advantages of studying EV-associated miRNAs is their particular stability as they are protected
within a plasma membranel’®], These short, non-coding RNA molecules display critical
regulatory functions as they are involved in nearly all physiological processes such as cellular
differentiation, proliferation, metabolism, development, and homeostasis[1%8109],

As previously mentioned, a large portion of EV miRNA studies are focused on cancers, which
have shown the significance of identifying cargo miRNA. In a 2019 clinical cancer study, miRNA
from whole plasma, EVs and EV-free plasma from lung adenocarcinoma and granuloma
patients were evaluated. The study determined that whole plasma, EVs and EV-free plasma
had differing miRNA expression profiles and the prediction performance of EVs was better
than EV-free plasma. Plasma was the best predictor however, due to the lack of knowledge
in storage and processing techniques of EVs[*1%, Elevated levels of plasma EVs have since been
observed in patients affected by various forms of cancer compared to healthy subjects and,
interestingly, these levels decreased upon removal of the tumour, simultaneously decreasing
tumour specific miRNA profiles within the plasma EVs'1112 which provides a further link
between cancer and increased EV production. Similar results were demonstrated in patients

with autoimmune, infectious and cardiovascular diseases, and neurological disorders[113-116l,

Next-generation sequencing technology is the recommended, standard approach when
investigating the miRNA content of EVs for novel biomarker identification(*'”]. Accumulated
sequencing data suggest the potential for miRNAs as diagnostic and prognostic markers, as
well as for parasitic diseases caused by platyhelminths, arthropods, and protozoa, including
Plasmodium spp.1'*8l. When analysing EVs derived from helminth parasites (Trichuris muris),
the content was sequenced using the HiSeq 500 system, identifying 56 miRNA, 22 of which

were novel!9l, A similar study looking at hookworms using the NextSeq 500 system identified
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52 miRNA, many of which were found to be involved in inflammation regulation when

mapped to mouse genes!12%],

One of the first studies on miRNA in Plasmodium infection suggested that this parasite did
not have specific miRNAs but rather, takes advantage of the transcriptional machinery within
RBCs for the activation and suppression of gene expression!1?], This study also identified miR-
451 as highly expressed in iRBCs, although its accumulation was not associated with malaria

infection(21],

A study from Thailand observed, for the first time, lower expression of miR-451 and miR-16
in the plasma of adults infected with malaria, suggesting their role as biomarkers for malaria
infection, especially in Plasmodium vivax infected individuals!*??, However, a large portion of
transcriptomic studies have been performed using murine models focusing on the host’s
response to infection!'?312% or using in vitro systems to target a specific cell-type. For
instance, let-7i, miR-27a, and miR-150 were found to be over-expressed in the brain of CM-
mice but not in non-CM animals!?*l, Overexpression of these miRNA during infection may be
essential for the instigation of neurological syndromes by regulating their downstream
targets, thus having a potential regulatory role in the pathogenesis of severe malaria, as well

as being targets for therapeutic intervention*24,

Similar to iRBCs, EVs from iRBCs display higher levels of miR-451a and let-7b when compared
to nRBCs, and once miR-451a within EVs is engulfed by endothelial cells, their gene expression
and barrier properties are affected, which may then lead to vascular dysfunction, making the
miRNA a possible target for therapeutic intervention®?l. Using a more complex model, our
group analysed plasma EVs from mice with CM and found that the miRNAs from malaria EVs
played a regulatory role in severe malaria pathogenesis. miR-146a levels were higher and miR-
193b levels lower in plasma-derived EVs while miR-205, miR-215, and miR-467a were all
elevated in brain tissue from CM mice when compared to non-infected or non-CM infected
micel126l. This difference in miRNA profiles suggests that miRNA present in circulation could
have different functions from those present in tissues. Further investigation to verify the
potential of these EVs derived miRNA as biomarkers for the cerebral syndrome using both

experimental models and clinical samples will be necessary.
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2.6 Conclusion

In vivo and ex vivo studies point towards a role for EVs in the modulation of disease and the
host response. No study has looked at the behaviour of EVs in situ however. Rather than
passively transferred EVs, animal models utilising both transgenic parasites and transgenic
host cells expressing tags that can be traced, combined with high-resolution imaging in the
animal, will allow us to truly understand the complex involvement of EVs with their target
cells. For instance, recent work used high-resolution microscopy to visualise circulating EVs in
zebrafish embryos using a tissue-specific expression of genetically encoded markers of EVs.
This approach will allow us to not only decipher the role of EVs in physiology including cargo

delivery but also, to assess the effects of disease or treatment on EVs release and function?7],

In addition, although evidence confirming the importance of EVs as a source of biomarkers
are scattered, they also highlight a number of questions and unsolved problems. Indeed, most
of the work performed so far still lack validation steps and clinical studies remain scarce.
These limitations are such that most studies remain mainly descriptive and hamper the
process of biomarker validation and implementation into clinical practice. In-depth
investigations should also be carried out to understand the mechanisms of protein and miRNA
packaging into EVs, as well as the signals involved in cell targeting. Deciphering these
processes will contribute to the selection of highly specific biomarkers for larger validation
studies. While biomarker studies applied to severe malaria and EVs are still in their infancy,

there is hope for this field to provide novel strategies to fight severe malaria in the future.
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Chapter 3: Characterising extracellular vesicle microRNAs from Thai

malaria patients

Chapter overview

Extracellular vesicles are widely known to carry biomolecules such as RNA, which have the
potential to act as markers for disease. The field of extracellular vesicles as biomarkers for
malaria infections is still in its infancy. This chapter sought to develop methodology for RNA
isolation from EVs isolated from the plasma of Thailand adult patients infected with malaria.
Then using real time quantitative polymerase chain reaction (RT-gPCR) a select number of
microRNAs significant to malaria, as stated in previous studies, were measured to determine

if microRNA abundance varied depending on Plasmodium species.
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Abstract

Background: Extracellular vesicles (EVs) have been broadly studied in malaria for nearly a decade. These vesicles
carry various functional biomolecules including RNA families such as microRNAs (miRNA). These EVs-derived microR-
NAs have numerous roles in host-parasite interactions and are considered promising biomarkers for disease severity.
However, this field lacks clinical studies of malaria-infected samples. In this study, EV specific miRNAs were isolated
from the plasma of patients from Thailand infected with Plasmodium vivax and Plasmodium falciparum. In addition, it is
postulated that these miRNAs were differentially expressed in these groups of patients and had a role in disease onset
through the regulation of specific target genes.

Methods: EVs were purified from the plasma of Thai P. vivax-infected patients (n =19), P. falciparum-infected patients
(n=18) and uninfected individuals (n = 20). EV-derived miRNAs were then prepared and abundance of hsa-miR-
15b-5p, hsa-miR-16-5p, hsa-let-7a-5p and hsa-miR-150-5p was assessed in these samples. Quantitative polymerase
chain reaction was performed, and relative expression of each miRNA was calculated using hsa-miR-451a as endog-
enous control. Then, the targets of up-regulated miRNAs and relevant pathways were predicted by using bioinformat-
ics. Receiver Operating Characteristic with Area under the Curve (AUC) was then calculated to assess their diagnostic
potential.

Results: The relative expression of hsa-miR-150-5p and hsa-miR-15b-5p was higher in P. vivax-infected patients com-
pared to uninfected individuals, but hsa-let-7a-5p was up-regulated in both P. vivax-infected patients and P. falcipa-
rum-infected patients. Bioinformatic analysis revealed that these miRNAs might regulate genes involved in the malaria
pathway including the adherens junction and the transforming growth factor-8 pathways. All up-regulated miRNAs
could potentially be used as disease biomarkers as determined by AUC; however, the sensitivity and specificity require
further investigation.
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Conclusion: An upregulation of hsa-miR-150-5p and hsa-miR-15b-5p was observed in P. vivax-infected patients while hsa-
let-7a-5p was up-regulated in both P. vivax-infected and P. falciparum-infected patients. These findings will require further
validation in larger cohort groups of malaria patients to fully understand the contribution of these EVs miRNAs to malaria

detection and biology.

Keywords: Malaria, Patients, Plasmodium falciparum, Plasmodium vivax, Extracellular vesicles, microRNAs

3.1 Background

According to the World Health Organization (WHO)
World Malaria Report 2019, there were an estimated
405,000 deaths, and 228 million cases were reported
globally [1]. Plasmodium vivax has the highest preva-
lence and is known to cause relapse infection [2], whereas
P. falciparum is the most virulent species causing severe
syndromes. Malaria appears to be more devastating
worldwide as the emergence of artemisinin-resistant
malaria parasites [3, 4]. To overcome the disease, novel
drug development is essential. On the other hand, in-
depth understanding of the parasite biology and mecha-
nisms underlying the disease is also urgently needed.

Extracellular vesicles (EVs), which are small mem-
brane-bound vesicles, have been explored in malaria for
the last decade. Classification of EVs is based on their
cellular origin, size, and biological functions [5]. Two
major types of EVs have been studied broadly including
microvesicles (previously named microparticles) and
exosomes. Another type of EVs are the apoptotic bod-
ies which are released during the apoptotic process [6].
Microvesicles are vesicles that bleb from the cell mem-
brane whereas exosomes are released from multivesicu-
lar bodies (MVBs) through an exocytotic process in the
endolysosomal pathway [7].

Typically, EVs can be detected in very low numbers
in healthy individuals. However, upon activation which
is triggered by various pathological conditions [8—11],the
number of EVs present in biological fluids increases.
Various biomolecules were identified in EVs such as pro-
teins, lipids, and nucleic acids [12]. Such biomolecules
entrapped in EVs play many important roles in intercel-
lular communication in numerous diseases, including
malaria [13, 14].

EVs numbers have been shown to increase during
malaria infection both in patients and in experimen-
tal malaria models [10, 11, 15—18]. They are associated
with either protective [19] or enhanced pathogenicity
of malaria infection [11, 16—18, 20, 21]. The most com-
mon feature demonstrated in malaria is that EVs can
act as immunomodulators. EVs from infected-erythro-
cytes can stimulate innate immune cells including mac-
rophages [22], natural killer cells [23], monocytes and
neutrophils [24]. Interestingly, EVs participate in cell—cell
communication between parasites and parasites or host

cells. Exosome-like vesicles have played a role in game-
tocytogenesis, which is crucial for malaria transmission,
and these small membrane-bound vesicles could trans-
fer drug-resistance markers to drug-sensitive parasites
[25]. Additionally, EVs which cargo P. falciparum lactate
dehydrogenase (PfLDH) could control parasite density
in vitro [26]. One study also showed that EVs enriched
with the parasite’s genomic DNA, released from infected
red blood cells could be internalized by monocytes and
elicited an innate immune response [27].

As mentioned above, EVs carry many kinds of biomol-
ecules including microRNAs (miRNAs). EVs were shown
to protect the miRNAs from RNases-mediated degra-
dation and EVs-entrapped miRNAs were also demon-
strated to have regulatory functions [28—30]. MiRNAsare
members of the non-coding RNAs family which were first
discovered in Caenorhabditis elegans [31]. Malaria
parasites do not express specific miRNAs [32, 33], asDicer
or Argonaut encoding genes are not found in these parasites
[34-36]. However, several studies showed that miRNAs
could translocate to P. falciparum [37, 38]. A pioneer
investigation by Lamonte et al. showed interac- tion
between human miRNAs and P. falciparum, wherethe
expression of hsa-miR-451a and hsa-let-7i were increased
in sickle cells. These miRNAs could inhibit par- asitic
protein translation resulting in low proliferation of parasites
[38]. In other studies, expression of miRNAs in heart and
brain tissues from mice with cerebral malaria were shown
to be dysregulated when compared to non- cerebral malaria
[39, 40].

MiRNAs, human Argonaute protein and RISC com- plex
could be detected in the parasites [37] as well asin EVs
released by infected erythrocytes [41, 42]. EVs carried
Argonaut-miRNAs complex affecting recipi- ent cells
that have been demonstrated to alter vascu- lar function
[41] or the parasite’s var gene expression[43]. These
studies strengthen the roles of EVs-derived miRNAs in
malaria pathogenesis. There are only three studies that have
analysed miRNAs in malaria-infected patients. In human
plasma samples, the expression of
hsa-miR-451a and hsa-miR-16 in P. vivax-infected
patients were lower than those in P. falciparum-
infected patients. Moreover, hsa-miR-451a and hsa-
miR-16 had a negative relationship with parasitaemia
[44]. In a post-mortem study, the expression of various
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miRNAs were found to be differentially expressed between
malaria and non-malaria deaths [45]. Further- more, hsa-
miR-146a was newly predicted to play a rolein innate
immunity in pregnancy malaria [46]. Taken together, these
studies highlight the potential roles of miRNAs in malaria
infection.

Despite the fact that the presence of EVs-derived miR-
NAs has been demonstrated both in vitro and in experi-
mental cerebral malaria [47], according to the literatures
available, no study has analysed EVs-derived miRNAs in
human plasma. Thus, this present study examined the
relative expression of selected miRNAs isolated from
human plasma EVs. In the present study, the relative
expression among three biological groups was compared,
i.e., P. vivax-infected or P. falciparum-infected patients
and uninfected individuals. The whole population of
circulating EVs, namely microvesicles together with
exosomes were analysed to gain a better understanding
of the whole EV-bound miRNA population and to not
restrict this analysis to one sub-population. By studying
the EV compartment as a whole the chances of finding
differences in miRNA expression between the groups
would be increased. Five miRNA were selected based on
previous in vitro, animal model, or clinical studies that
suggested these miRNAs had a potential involve- ment
in malaria, namely: hsa-miR-451a, hsa-miR-150-5p, hsa-
miR-15b-5p, hsa-let-7a, and hsa-miR-16-5p [37-39,41—
44, 48]. This study provides novel insight about circu-
lating EVs-derived miRNAs in human malaria.

3.2 Methods

3.2.1 Human samples collection and preparation
Malaria patients with P. falciparum or P. vivax were con-
firmed by microscopic examination by medical labora-
tory scientists at Buntharik district hospital in Ubon
Rachathani. (Ethics approval by Ethics committee of
the Faculty of Tropical Medicine, Mahidol University,
MUTM 2012-046-05). Parasite species were identi- fied
and parasitaemia of each sample was calculated by
counting the number of malaria-infected erythrocytes
over the number of normal erythrocytes per thousand
cells. Uninfected donors were recruited, and venipunc-
ture was performed for all donors using tri-potassium
ethylenediaminetetraacetic acid (K3EDTA) as an antico-
agulant. K3EDTA blood samples were then centrifuged at
1500 g for 15 min.

Then, platelet-free plasma samples were prepared by
centrifugation at 13,000X g for 2 min at room tempera-
ture (RT) [17]. Supernatants were collected and stored at
— 80 °C for further isolation of EVs. Samples were then

shipped to the University of Technology Sydney where all
experiments were performed.
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3.2.2 Extracellular vesicles isolation from human
plasma

500 pL of supernatants were mixed with 200 pL of
sodium citrate and 300 pL of phosphate buffered saline
(PBS) and then centrifuged at 150,000X g for 3 h at
15 °C. Supernatants were discarded and pellets were
resuspended in 100 pL sodium citrate and 900 uL PBS
and subjected to centrifugation at 150,000Xg for 3 h at
15 °C.

3.2.3 Total RNA extraction

Pellets obtained after centrifugation were homogenized
with 1 mL of RNAzol (Molecular Research Center, Inc)
and 400 pL of UltraPure” DNase/RNase-Free distilled
water (Invitrogen ). After a five-minute incubation
at RT, they were centrifuged for 15 min at 12,000Xg at
4 °C. Supernatants were transferred to new tubes with
800 uL isopropanol and 5 pL glycogen (5 mg/mL) then
gently mixed. They were then placed at —30 °C over-
night and spun for 10 min at 12,000Xg at 4 °C the next
day. Pellets were kept and washed with cold 75% etha-
nol to remove excess isopropanol, spun at 9000xg for
3 min at 4 °C, the supernatant was discarded, and these
steps were repeated twice. Later, excess ethanol was
removed by spinning at 12,000Xg for 30 s. RNA pellets
were resolubilized with 10 pL of UltraPure™ DNase/
RNase-Free distilled water and heated for 5 min at55
°C. Lastly, they were vortexed and briefly spun down.

3.2.4 Total RNA concentration measurement and
cleaning

RNA concentration was measured using the NanoDrop
One Microvolume UV-Vis Spectrophotometer (Thermo
Scientific™). If the quality of total RNA in the samples was
not optimal, i.e., the Nanodrop flagged the result as phenol
contamination or Absorbance 260/230 < 1.7, a sodium
acetate (NaOAc), a cleaning step was performed. Briefly, 5
pL of glycogen (5 mg/mL) and 2.5 pL of sodiumacetate (3
M pHS5.5) were added to samples and mixed
comprehensively. The mixture was supplemented with 110
pL of absolute ethanol and incubated overnight in

—30 °C. Later, washing steps were performed as men-
tioned in the RNA extraction with RNAzol above.

3.2.5 Primers for miRNAs detection
All primers in this study was purchased from Thermo
Fisher Scientific.

Five human miRNAs were used to perform quantita-
tive polymerase chain reaction as described in Table 3.1.

3.2.6 Reverse transcriptase quantitative polymerase
chain reaction (RT-qPCR)

As the NanoDrop was not sensitive enough to meas-
ure the RNA concentration, fixed volumes of RNA for
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Table 3.1 Primers used for quantitative PCR

miRNAs NCBIl accession Mature miRNAs sequences
number

hsa-miR-451a MI0001729 AAACCGUUACCAUUACUGAGUU

hsa-miR-15b-5p MI0000438 UAGCAGCACAUCAUGGUUUACA

hsa-miR-16-5p MI0000070 UAGCAGCACGUAAAUAUUGGCG

hsa-let-7a-5p MI0000060 UGAGGUAGUAGGUUGUAUAGUU

hsa-miR-150-5p MI0000479 UCUCCCAACCCUUGUACCAGUG

cDNA synthesis were used. To analyse miRNAs expres-
sion, 0.5 pL of total RNA was used for cDNA synthe-
sis. RT-qPCR was performed as per manufacturer
protocol using TagMan® fast advanced master mix and
TagMan® advanced miRNA assay. Quantitative PCR
(gPCR) was run on the QuantStudio 6 flex system
(Applied Biosystem) in triplicate together with distilled
water as negative control.

3.2.7 Relative expression analysis

Only samples that had not been already freeze-thawed
were included in the study to avoid RNA degradation.
Comparative threshold cycle or quantification cycle Cq
(as described in [49]) method was used to analyse the
qPCR data. Each sample was run in triplicates. Then, the
average Cq from the three Cq values of those sam- ples
was calculated. To select one miRNA as an endog-enous
control, mean, standard deviation and variance for each
miRNA analysed were calculated. AC4 was then
calculated using the following equation ACq, = C4 of
miRNA — C, of endogenous control and relative expres-
sion was calculated by 2(724C9 [50].

3.2.8 Target prediction and pathway involvement of
dysregulated miRNAs

To predict possible targets of up-regulated miRNAs,
the miRNAs of interest was submitted to Targetscan
Release 7.2 and the predicted target genes were retrieved
[51]. Then, the targets that overlapped genes involved in

Table 3.2 Sample characteristic
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malaria pathway were obtained from the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) [52]. In order to
identify the pathways for individual and combined analy-
sis of miRNAs, DIANA-mirPath v3.0 was used, with a 5%
false discovery rate (FDR) [53]. Fisher’s exact test (Hyper-
geometric distribution) was applied for enrichment anal-
ysis. The potential pathways were considered based on
their p value (p<0.05).

3.2.9 Evaluation of potential EVs-derived miRNA as
biomarker

Mean of Delta Cq for each miRNA was used in this anal-
ysis following the previous study [54]. The receiver oper-
ating characteristic (ROC) was calculated to propose the
potential use of miRNAs as diagnostic tools. Area under
the curve (AUC) was analysed to show the accuracy of
the test with p-value of each analysis.

3.2.10 Statistical analysis

For the samples, demographic, mean age of each group was
presented by average and standard deviation. All data was
tested for their normality by using Kolmogo- rov—Smirnov
or Shapiro—Wilk tests and a non-paramet-ric statistical
analysis method was chosen. Comparisonof parasitaemia
percentage was achieved by the Mann— Whitney U Test.
Kruskal-Wallis test was used for comparison of relative
expression of miRNAs in each bio-logical group followed
by post hoc analysis using Dunn’s

test. Statistical significance for all tests was considered
significant for a = 0.05. All statistical tests were analysed
by Prism 8. All figures shown in this article were created
by Prism 8 software for Mac, GraphPad Software, La Jolla
California USA, https://www.graphpad.com.

3.3 Results

3.3.1 Patient’s characteristics

57 plasma samples were included in this study divided
into three groups; P. vivax-infected patients (n=19),
P. falciparum-infected patients (n= 18), and unin-
fected community individuals (n=20) as per Table 3.2.
The average age of malaria patients (Mean = SD) was

Characteristics PV-infected patients PF-infected patients Uninfected
Total number of patients 19 18 20
Gender

Male 16 17 11

Female 3 1 9
Age (Mean + SD)* 31.6+9.59 33.4+11.91 21.8+0.89
% Parasitaemia (Mean + SD)** 0.35+0.28 1.29+1.48

* Mean and SD of age P. vivax-infected patients was calculated from 10 patients, Mean and SD of age of PF-infected patients was calculated from 15 patients

** %parasitaemia of P. vivax-infected patients calculated from 16 patients. %parasitaemia of PF-infected patients calculated from 14 patients

48


https://www.graphpad.com/

Ketprasit et al. Malar J (2020) 19:285

32.68+11.08 years, P. vivax-infected patients was
31.6+£9.59, and P. falciparum-infected patients was
33.4 = 11.91. The average age of uninfected individuals
(21.8 £ 0.89 years) was significantly lower than both P.
vivax-infected patients or P. falciparum-infected patients
(p = 0.018, p = 0.001, respectively). Percentage of para-
sitaemia (% Parasitaemia) of P. vivax-infected patients was
0.35+0.28 while P. falciparum-infected patients was
1.29 +1.48. Overall parasitaemia was higher in P. falci-
parum-infected patients than P. vivax-infected patients
(p=0.0115) as shown in Fig. 3.1a.

3.3.2 Relative expression of miRNAs in three
biological groups

Total RNA was extracted from EVs pellets and analysed
hsa-miR-451a, hsa-miR-15b-5p, hsa-miR-16-5p, hsa-let-
7a-5p and hsa-miR-150-5p among P. vivax-infected
patients, P. falciparum-infected patients and uninfected
individuals. The average C, was calculated from tripli-
cate run (Fig. 3.1b). Hsa-miR-451a had the lowest C4 with
the minimum standard deviation compared to the other
miRNAs, at 26.36+2.33 (Mean+SD). A Kruskal-Wallis
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test was undertaken to compare the Cq values in each
biological group and showed that the values were not
statistically different. These results indicated that this
miRNA was the most stable among three biological
groups and could be used as internal control. Moreover,
previous studies demonstrated that hsa-miR-451a was
highly expressed in both uninfected and parasitized red
blood cells [32] and its expression was independent on
the intra-erythrocytic development of the malaria para-
site [33].

In the present study, EVs were isolated from Thai
patients presenting with uncomplicated malaria and
demonstrated that miRNAs can be detected in these EVs.
Descriptive statistics of Cq values are presentedin
Table 3.3. The relative expression of each miRNA was
calculated using hsa-miR-451a as endogenous control
using the 20722°9D method [50]. The relative expres-
sions of hsa-miR-15b-5p, hsa-miR-16-5p, hsa-let-7a-5p
and hsa-let-7a-5p were compared between malaria-
infected (regardless of the parasite species) and unin-
fected (Fig. 3.2). Hsa-miR-150-5p (p =
0.0054),

individuals
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Figure 3.1 a Malaria infected patients with P. vivax or P. falciparum calculated as a percentage of parasitaemia. The average of parasitaemia was
tested by Mann-Whitney U Test, which showed that the percentage of parasitaemia of those infected with P. falciparum is significantly higher than
with P. vivax (p=0.0115). b miRNAs isolated from plasma-derived EVs were analysed by RT-qPCR (TagMan™ Advanced miRNA Assays) with specific
primers for hsa-miR-451a, hsa-miR-15b-5p, hsa-miR-16-5p, hsa-let-7a-5p and hsa-miR-150-5p. The plots show the average Cq values for each miRNA,
and these values are compared between malaria infected patients and uninfected individuals. (Presented as standard error of mean, SEM)
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Table 3.3 Descriptive statistics of quantification cycle (Cq)

values
miRNAs MinCq MaxCq Mean+SD  Coefficient

of variation(%)
hsa-miR-451a  20.43 30.63 26.36+2.33 8.84
hsa-miR-15b-5p  24.57 34.77 30.06+2.34 7.77
hsa-miR-16-5p  22.96 33.57 29.20+2.65 9.09
hsa-let-7a-5p  24.57 34.19 31.17+2.15 6.91
hsa-miR-150-5p 24.07 33.54 28.78 +2.37 8.24
hsa-miR-15b-5p  (p = 0.0053) and  hsa-let-7a-5p

(p = 0.0002) were significantly up-regulated in EVs from
malaria-infected patients comparing to the uninfected
group. However, the relative expression of hsa-miR-16-5p
between infected and non-infected individuals was not
different.

Next, the changes in the abundance of these miR- NAs
were examined among the three biological groups (Fig.
3.3). An up-regulation of hsa-miR-150-5p (p =0.0119)and
hsa-miR-15b-5p (p=0.0052) was observed in EVs
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from P. vivax-infected patients. Remarkably, hsa-let-
7a-5p expression was higher in both P. vivax-infected
patients and P. falciparum-infected patients (p = 0.0025,
p = 0.0145, respectively). When those parameters were
compared between P. vivax-infected patients and P. fal-
ciparum-infected patients, there was no difference. The
descriptive analysis of each miRNA in each group is pre-
sented in Table 3.4.

3.3.3 Target prediction and KEGG Pathway analysis of
hsa-miR150-5p and hsa-miR-15b-5p

In order to study the possible roles of up-regulated
miRNAs in malaria patients, the prediction was made using
Targetscan. These targets were later overlapped with genes
involved in the biological pathways that are relevant to
malaria. There were 15, 5, and 6 targets of hsa-miR-150-
5p, hsa-miR-15b-5p, and hsa-let-7a-5p, respectively as
shown in Additional file 1: Table S3.1. Sometargets were
regulated by more than one miRNA of inter- est.
Hepatocyte growth factor (HGF) encoding gene was
regulated by all up-regulated miRNAs. Toll-like receptor
4 (TLR4), interleukin 10, and thrombospondin-1 were
found regulated by hsa-miR-150-5p and hsa-let-7a-5p.
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Figure 3.2 Relative expression of hsa-miR-15b-5p, hsa-miR-16-5p, hsa-let-7a-5p and hsa-miR-150-5p were calculated using 2(-2‘¥ method. The dot
plots represent 2(-22¢9 values of each miRNA (Mean and SEM). Mann-Whitney U Test was performed to demonstrate the different abundance of
hsa-miR-150-5p, hsa-miR-15b-5p, and hsa-let-7a-5p in malaria compared to uninfected individuals (p = 0.0054, p = 0.0053, p = 0.0002, respectively).
The horizontal line denotes the average value and SEM bar
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Figure 3.3 This dot plot demonstrates the miRNAs expression values in 3 biological groups (Uninfected, P. vivax-infected patients or P. vivax, and
P.falciparum-infected patients or P. falciparum). The Kruskal-Wallis was tested and followed by post hoc analysis using Dunn'’s test. hsa-miR-150-5p,
hsa-miR-15b-5p were significantly up-regulated in P. vivax (p=0.0119, p=0.0052, respectively). Relative expression of hsa-let-7a-5p was higher in both
P. vivax and P. falciparum (p=0.0025, p=0.0145, respectively). The horizontal line denotes the average value and SEM bar
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Table 3.4 Relative expression analysis of miRNAs

ACq (MeanSD) 2229 Mean
(Mean#SD)

hsa-let-7a-5p

Uninfected 6.23+1.91 1.28 £1.10

PV 4.09+1.17 5.68 +3.85

PF 4.26+1.32 5.76 +5.52
hsa-miR-15b-5p

Uninfected 5.34+1.49 1.43+1.07

PV 3.29+1.17 5.45 +3.96

PF 4.33+1.68 3.51+4.04
hsa-miR-16-5p

Uninfected 2.79+1.22 1.44+1.47

PV 2.56 +0.72 1.31+0.64

PF 3.21+£1.32 1.00+0.60
hsa-miR-150-5p

Uninfected 3.39+1.44 1.37+0.86

PV 1.54+1.64 6.32+7.23

PF 2.33+1.49 3.20+3.07

Next, to get insight into these up-regulated miRNAs, a
KEGG pathway analysis was performed using DIANA-
mirPath v3.0 that searches against experimentally vali-
dated miRNAs targets on Tarbase v7.0. The pathway
analysis revealed 10, 22, and 32 pathways that were sta-
tistically overrepresented by targeted genes of hsa-miR-
150-5p, hsa-miR-15b-5p, and hsa-let-7a-5p, respectively.
When the combined analysis of up-regulated miRNAs was
determined, there were 44 enriched pathways. Ofthose
enrichment pathways, the overlapped pathways
included adherens junction (5th in the list, p =2.52E" ')
as well as TGF-beta signaling pathway (11th in the list,
p = 1.64E77). Other important pathways that might engage
in malaria were extracellular matrix (ECM)- receptor
interaction (14th in the list, p = 0.0005), FoxO signaling
pathway (29th in the list, p = 0.0332) and HIF-1signaling
pathway (30th in the list, p = 0.0353). In Fig. 3.4, the top
10 enriched pathways analysis were presented
according to their ranks based on p-value.

3.3.4 Evaluation of the diagnostic potential of
extracellularvesicles-derived miRNAs

In addition, this study aimed to investigate whether the
EVs-bound miRNAs could be used as putative diagnostic
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(See figure on next page.)

The horizontal lines present -log10 p-values

Figure 3.4 Pathway enrichment analysis of up-regulated miRNAs were carried out by DIANA-mirPath v3.0 which searching against experimentally
validated miRNAs targets on Tarbase v7.0. The combinatorial effect of up-regulated miRNAs was determined. Of those enriched pathways, the malaria-
relevant pathways was found including adherens junction and TGF-beta signaling pathway. The bar chart presents with top 10 enriched pathway.

markers. The ROC was used, and the AUC was calculated
for each miRNA in both P. falciparum-infected patients
and P. vivax-infected patients. Three miRNAs showed a
statistical significance in the P. vivax-infected patients.
hsa-miR-150-5p AUC was 0.7794 (p = 0.0062), hsa-miR-
15b-5p AUC was 0.8766 (p = 0.0015) and hsa-let-7a was
0.8375 (p=10.0014). In the P. falciparum-infectedpatients,
only hsa-let-7a-5p was statistically significant with AUC
0.8221 (p = 0.0033). Area under the ROC wasshown with
95% confidence interval value (Fig. 3.5).

3.4 Discussion

The present study, demonstrated that miRNAs can be
detected in EVs were isolated from the blood of bothThai
patients presenting with uncomplicated malaria and healthy
donors. The miRNAs selected included hsa-miR- 451a,
hsa-miR-15b-5p, hsa-miR-16-5p, hsa-let-7a-5p and hsa-
miR-150-5p that were previously analysed in the context
of malaria [37-39, 41-44, 48]. As mentioned earlier, hsa-
miR-451a was selected as endogenous con- trol as its Cq
values were the most stable among three groups. In
contrast, Chamnanchanunt et al. found thathsa-miR-451a
was down-regulated in P. vivax-infected patient plasma
[44]. Other studies demonstrated that EVs cargo hsa-miR-
451a could be internalized to target the parasites and
diminish the parasite burden [38, 43]. Fur- thermore, in an
in vitro study, red blood cell derived EVs containing hsa-
miR-451a and human argonaute 2 (Ago2) were shown to
be internalized by endothelial cells. This miR-Ago2 could
down-regulate the expression of CAV-1 and ATF2
resulting in endothelial cells alteration which is a
plausible factor contributing vascular dysfunction in
cerebral malaria [42]. As various studies showed that EVs
that cargo hsa-miR-451a could be taken up by vari- ous
cells in the context of malaria, it would, therefore, be
interesting to enumerate the number of EVs and compare
it with the change in abundance of hsa-miR-451a.

The hsa-miR-15b-5p and hsa-miR-150-5p were up-
regulated in the plasma-derived EVs from P. vivax-
infected patients but not in the P. falciparum-infected
patients. An analysis of miRNAs from whole blood of
adult imported falciparum malaria showed a down regu-
lation of hsa-miR-150-5p [48]. Kaur et al. have identified
a potential biomarker for differential diagnosis between
uncomplicated and complicated P. vivax malaria infec-
tion, hsa-miR-7977. In addition, an increase in this

miRNA was predicted to be involved in malaria patho-
genesis through the transforming growth factor beta
(TGF-p) signaling pathway [48]. Recently, a study in non-
human primate (Aotus lemurinus lemurinus) confirmed
that bone marrow is an important reservoir for gameto-
cytogenesis and proliferation of P. vivax [55]. A study in
bone marrow aspirate of human diagnosed with P. vivax
showed an aberrant expression of miRNAs in CD71 posi-
tive erythroid cells during infection, hsa-miR-150 and hsa-
miR-16 were down-regulated while hsa-miR-144 was
increased. However, hsa-miR-451a, the most abundant
erythroid miRNA, remained stable [56]. In experimental
cerebral malaria (ECM), an investigation in brain tissue
found a higher expression of miR-150 while microvesicles
from ECM mice showed non statistically different change
of miR-150 expression [39, 47]. Nonetheless, this pre-
sent study only investigated the plasma from the patients
before drug administration and the clinical manifestation
after treatment were not followed. Taken together, these
data suggest that hsa-miR-150-5p might be an essential
miRNA involved in malaria infection.

The relative expression of hsa-miR-15b-5p was higher
in EVs from P. vivax-infected patients. To date, there is
no evidence about the altered expression of this miRNA
which might link to P. vivax malaria. However, this
miRNA is present in P. falciparum in vitro and its abun-
dance was decreased following infection. Also, it was
potentially predicted to form a chimeric fusion with ring-
infected erythrocyte surface antigen (RESA) [38]. Even
though the relative expression of this miRNA was not sta-
tistically significant in P. falciparum-infected patients, it
was noticed in this study that it was slightly higher when
this miRNA was compared with the uninfected group.

Next, the relative expression of hsa-let-7a, whichwas
found in infected erythrocytes [33], was deter- mined. The
relative abundance of hsa-let-7a was signifi- cantly
increased in both P. vivax-infected patients and
P. falciparum-infected patients compared to uninfected
controls. these results are in accordance with previ-ous
studies showing that this miRNA could be detected in
EVs and might be derived from parasitized red blood
cells [41, 42]. It is noteworthy that the overall expression
of this miRNA is higher in the malaria patients (regard-
less of the parasite) than in uninfected donors. Several
studies demonstrated that hsa-let-7a plays a role in host-
parasite interaction [37, 41]. This miRNA in complex
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Figure 3.5 Area Under the Receiver Operating Characteristic (ROC) curve (AUC) analysis. The AUC of each tests presents with the maximum AUC. In P. vivax-
infected patients, hsa-miR-150-5p AUC was 0.7794 (p =0.0062), hsa-miR-15b-5p AUC was 0.8766 (p=0.0015), and hsa-let-7a was 0.8375 (p=0.0014). For the P.
falciparum-infected patients, there was the hsa-let-7a-5p that was statistically significant with AUC 0.8221 (p=0.0033)
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with Ago2 [41] could be detected in P. falciparum and
potentially targets the Plasmodium gene: Rad54 [37].
In addition, hsa-let-7a expression was low in erythro-
cyte-derived EVs in a P. falciparum in vitro experiment
but another member in the let7 family: hsa-let-7b was
higher in the EVs fraction compared to infected or unin-
fected erythrocytes. Interestingly, miRNAs profiling from
in vitro P. falciparum infected erythrocyte-derived EVs
also showed that hsa-let-7a, hsa-let-7i, hsa-let-7 g and
hsa-let-7f were highly expressed [42]. Some of these miR-
NAs might derive from parasitized red blood cells as they
were found highly enriched in previous analyses [33]. In
addition, a study in experimental cerebral malaria dem-
onstrated an increased expression of let-7i in brain tis-
sues which might link to cerebral malaria pathogenesis
[39]. This implies that miRNAs within the let-7 family
might play a role in the parasite biology, malaria patho-
genesis and further studies should be performed to eluci-
date their functions.

Furthermore, the relative expression of hsa-miR-16-5p
was analysed. There was no change in the abundance
both in P. vivax-infected patients and P. falciparum-
infected patients when compared to uninfected individu-
als. This is consistent with two previous studies showing
that hsa-miR-16-5p is highly expressed in both P. falci-
parum-infected erythrocytes and normal erythrocytes.
Thus, the relative expression of this miRNA might not be
modulated during infection. However, these results dif-
fer from a study that found down-regulation of hsa-miR -
16-5p in P. vivax-infected patients [44]. Interestingly,
a previous study using an ECM model (P. berghei strain
ANKA) found an up-regulation of miR-16 in plasma-
derived microvesicles [47] suggesting that further stud-
ies are needed to elucidate the expression of this miRNA
during complicated and uncomplicated malaria infection.

Several pathways might be important in the context

of malaria. Importantly, the adherens junction and the
transforming growth factor (TGF)-B were found enriched
by the targeted genes of 3 dysregulated miRNAs. Adher-
ens junctions are possibly regulated by hsa-miR-150-5p,
hsa-miR-15b-5p and hsa-let-7a-5p. The blood—brain
barrier (BBB) is a vital compartment of central nervous
system as it separates the CNS from surrounding envi-
ronment. Adherens junctions in endothelial cells par-
ticipate to the forming and maintaining of the integrity
of the BBB. A number of studies also showed that some
miRNAs might regulate this type of junction. For exam-
ple, the down regulation of vascular endothelium cad-
herin (VE-Cadherin) was affected by overexpression of
miR-101 and this lead to HIV-associated neurological
disorder [57]. Also, the overexpression of miR-142-3p
repressed the expression of VE-Cadherin and impaired
vascular integrity in zebrafish [58]. Similarly, in ECM, the
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authors postulated the roles of overexpressed miR-19a-3p
and miR-19b-5p in this pathway as well [40]. Knowing
the roles of miRNAs in the context of malaria particu- larly
cerebral malaria pathogenesis is paramount as it might lead
to the development of an adjunctive therapy. For instance,
inhibition of miR-27 could prevent vascu-lar leakage
associated with ischaemia [59]. However, no study of the
dysregulated miRNAs analysed in this work, which are in
association with this pathway, has been per- formed in
human malaria. More studies are therefore needed to fill
this gap.

Circulating miRNAs have been studied and proposed
as diagnostic biomarkers in many infectious diseases
including malaria. Most studies on infectious diseases have
detected human miRNAs such as those in tuber-culosis
[60], hepatitis B [61], schistosomiasis [62] while some
studies investigated microbial miRNAs as biomark- ers as
well [54, 63-65]. Despite the fact that Plasmo-
dium spp. lack RNA interference machinery and its own
miRNAs [32, 36], human derived miRNAs were demon-
strated as promising biomarkers [44, 48]. For example,
in human malaria, hsa-miR-16 and hsa-miR-451a were
proposed to be biomarkers for P. vivax infection diag- nosis
[44]. In the present study, the potential of miRNAs isolated
from EVs in malaria patients was evaluated forthe first
time. The calculated p-values from AUC analysis indicated
that hsa-miR-150-5p, hsa-miR-15b-5p might
be used as biomarkers for P. vivax malaria whereas hsa-
let-7a-5p might be used to test for both P. vivax and P.
falciparum malaria. However, the sensitivity and speci-
ficity were not much higher. Therefore, further analysis
of these miRNAs is recommended because the number
of patient samples were relatively low in this study. Fur-
thermore, as mentioned earlier, this study selected the
miRNAs based on previous studies that investigated
these miRNAs in the context of malaria. A more in-depth
study is needed to develop new biomarkers. For instance,
profiling miRNA using microarrays or next-generation
sequencing will allow an evaluation of all miRNAs pre-
sent in the EVs. Also, these miRNAs should be analysed
in the patients after they recover from the disease. It
might be useful in the context of P. vivax malaria as this
species can cause relapse infection. In addition, these
markers should be further analysed and compared in the
different groups of P. falciparum malaria patients such as
uncomplicated and severe malaria. These will be useful if
patients can be early predicted the chance of developing
severe malaria beforehand.

3.5 Conclusion

This novel study explored hsa-miR-150-5p, hsa-miR- 15b-
5p, hsa-let-7a-5p, and hsa-miR-16-5p which were isolated
from EVs from Thai malaria patient’s plasma.
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The relative expression of hsa-miR-150-5p and hsa-miR-
15b-5p were significantly higher in P. vivax-infected
patients where hsa-let-7a-5p was significantly up-reg-
ulated in both P. vivax-infected patients and P. falcipa-
rum-infected patients. Targets prediction and pathways
enrichment analysis also provided the possible roles of
these up-regulated miRNAs in the context of malaria,
especially the TGF-  pathway, which need further inves-
tigation to elucidate their exact roles in the malaria biol-
ogy and the disease pathogenesis.

As this current study only evaluated those miRNAs from
EVs of uncomplicated malaria patients, it is therefore
encouraging to analyse in the future the EVs-derived
miRNAs in those patients with severe complications.
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Additional file

Supplementary Table 3.1 Individual target prediction of up-regulated miRNAs and genes
involved in malaria pathway

Up-regulated miRNAs Predicted target genes

hsa-miR-150-5p SDC2, LRPI1, HGF, GYPC, MYD&S8, TLR4, IL10, TGFBI

INF, IL18, CSF3, KLRC4, CD36, THBSI, ITGAL

hsa-miR-15b-5p HGF, TLR4, TGFB2, THBS2, CD40

hsa-let-7a-5p HGF, TLR4, IL10, IL6, VCAM1, THBS1

Abbreviation SDC2: Syndecan-2, LRP1: Low density lipoprotein receptor-related protein 1,
HGF': Hepatocyte growth factor, GYPC: Glycophorin C, MYD88: Myeloid differentiation
primary response 88, TLR4: Toll Like Receptor 4, IL10. Interleukin 10,

TGFBI: Transforming Growth Factor Beta 1, TNF: Tumor necrosis factor

, IL18: Interleukin 18, CSF3: Colony Stimulating Factor 3, KLRC4: Killer Cell Lectin Like
Receptor C4, CD36: cluster of differentiation 36 or platelet glycoprotein 4, THBS1:
Thrombospondin 1, ITGAL: Integrin alpha L chain, TGFB2: Transforming growth factor-beta
2, THBS2: Thrombospondin-2, CD40. Cluster of differentiation 40, /L6: Interleukin 6,

VCAM: vascular cell adhesion molecule 1
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Chapter 4: Extracellular vesicle miRNAs in plasma as biomarkers for
disease severity and neurocognitive impairment in children with

severe malaria

Chapter overview

Accurate and reliable prognostic biomarkers of severe malaria and its outcomes are necessary
to help treat patients with poor outcomes earlier to decrease the duration of neurological
dysfunction or prevent mortality. This chapter focuses on high-throughput transcriptomic
analysis of plasma extracellular vesicle cargo from children with severe malaria via next-
generation sequencing. The transcriptomic profiles were compared among severe malaria
outcomes to discover potential microRNAs with predictive potential. After identifying
differentially expressed microRNAs of interest and performing gene ontology analysis, the
microRNAs were validated using a new cohort of children with severe malaria via RT-gqPCR.
This allowed the identification of 5 microRNAs with high prognostic potential, particularly

when observing cerebral malaria outcomes.
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Abstract

Cerebral malaria (CM) and severe malarial anaemia (SMA) are two major complications of
Plasmodium falciparum severe malaria. Severe malaria results in hundreds of thousands of
deaths in children under age five, with survivors at risk of developing significant motor and
neurocognitive impairment (NCI). Pathogenesis of severe malaria is not entirely understood,
though, among other cellular and soluble factors, increased extracellular vesicle (EV) levels
are associated with disease severity in individuals with CM. Currently, there are no reliable
markers for early assessment of disease severity; however, recent interest in EV cargo, such
as proteins and microRNA, has identified potential biomarkers. This study investigates, for
the first time, the complete microRNA profile of plasma EVs by next-generation sequencing
(NGS), in children with severe malaria (nttai=20, n=4/group: CM with full recovery (FR), CM
with fatal outcome (FO), CM with NCI, SMA with FR, and SMA with NCI) and asymptomatic
community control children (CC) (n=3). This unbiased approach identified 92 differentially
expressed microRNAs and 13 microRNAs of interest. Five miRNAs of interest, hsa-miR-1-3p,
hsa-miR-19a, hsa-miR-30, hsa-miR-4516, and hsa-miR-590-3p were verified via real-time
quantitative polymerase chain reaction (RT-qPCR) on an additional 25 (n=5/group) children
with severe malaria and 5 community children, as differentiating one or more of the 5 disease
groups from another and/or from CC. Four out of the five microRNAs have high prognostic
potential especially when differentiating the outcomes of CM, specifically children that
developed neurocognitive impairment and survived from those with fatal outcomes. All five
miRNAs have high sensitivity and specificity for the groups they can differentiate and, when

combined into a panel, have greater potential as prognostic biomarkers.
Keywords: Extracellular vesicles (EVs), microRNA (miRNA), plasma, malaria, biomarker, next-

generation sequencing (NGS), paediatric, cerebral malaria, severe malarial anaemia,

neurocognitive impairment
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4.1 Introduction

Severe malaria is one of the leading causes of neurological disability and child mortality?. In
2021 World Health Organisation (WHO) estimated 247 million malaria cases occurred
globally, 95% of which were in the WHO African Region, leading to 619,000 deaths worldwide,
of which 77% were in children under five??3. Plasmodium falciparum is the most prevalent and
deadly malaria parasite, accounting for 99.7% of malaria cases in the WHO African Region3*4.
P. falciparum infection can quickly progress to severe illness within 24 hours, causing the most
severe and fatal forms of malaria3. Approximately 1% of P. falciparum-infected patients who
experience uncomplicated malaria advance into severe malaria (SM), and can potentially
progress to lethal complications®.

Features of P. falciparum that contribute to severe disease pathogenesis include induction of
host inflammatory response, exponential parasite growth, mature infected red blood cells
(iRBCs) adhering to blood vessel walls blocking the microvasculature and activating the
endothelium®. Complications such as cerebral malaria (CM), severe malarial anaemia (SMA),
metabolic complications such as hypoglycaemia and acidosis, acute respiratory distress
syndrome, renal failure, and pulmonary oedema can occur in combination or independently
and rapidly progress, becoming fatal within hours or days’2. CM, caused by an uncontrolled
systemic inflammatory response that induces the production of pro-inflammatory cytokines
and iRBCs sequestration in brain microvasculature and organ walls>®, is among the deadliest
complications of malaria, while SMA, caused by a decrease of RBCs in circulation and altered
haematopoiesis’ is the most common complication. Children who survive CM and SMA can
develop motor and cognitive impairment, termed neurological sequelae or neurocognitive
impairment (NCI). Mortality rates are exceptionally high in African children with SM, and if
patients are treated successfully and survive, there is a 10-30% risk of suffering long-term
NCI', There is currently a dearth of alternative functional or neuropsychological markers for
NCI prognosis'¥2, Recently, a handful of potential biomarkers for neurocognitive impairment
in paediatric severe malaria have been investigated. Concentrations of CSF tau during a CM
have been shown to potentially identify children at risk of developing long-term
neurocognitive impairment and elevated plasma tau was associated with lasting NCI and

mortality in CM and SMA children®2, Plasma levels of angiopoietin-2 have also
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demonstrated associations with disease severity and worse neurocognitive outcomes during
severe malarial¥1>,

Increased levels of extracellular vesicles (EVs) circulating in patients are a significant feature
of malariat®~*2. Submicron EVs are potentially released by all host cell types and comprise
three main groups if defined according to size: exosomes (50 nm — 100 nm), microvesicles
(100 nm — 1000 nm) and apoptotic bodies (1000 nm — 5000 nm), although other parameters
can also differentiate various EV subpopulations!®. EVs contain nucleic acids, lipids, and
cytosolic proteins from the parent cell and are recognised as a source of potential
biomarkers?®?!, The transfer of EVs cargo to a target cell contributes to intercellular
communication, exchange of biological information and disease pathogenesis, for many
diseases including malaria?-22,

Early detection and adequate treatment of malaria are essential, as initial infection can
quickly progress into life-threatening SM?°. Biomarkers have long functioned as prognostic
and diagnostic mappers of the progression and outcome of chronic disease3°. Although the
search for biomarkers to distinguish severe forms of malaria has only recently begun, the
absence of reliable biomarkers that identify malaria patients at risk of death or NCI drives
research progression.

Most of the identified potential biomarkers for SM are proteins, such as erythropoietin, von
Willebrand factor, angiopoietin-2, Plasmodium falciparum histidine-rich protein 2 (PfHRP2),
and intercellular adhesion molecule 1 (ICAM-1), elevated levels of which indicate severe
disease3™3, In addition to EVs’ importance in disease pathogenesis and their cargo’s
biomarker potential, the EVs themselves can act as biomarkers for disease severity. An
increase in EV production is strongly related to disease severity, demonstrated in cancers,
cardiovascular disease, autoimmune diseases, parasitic (including malaria), bacterial or viral
infections and neurological disorders'®'7.36=3% Concurrently there is still a lack of reliable
biomarkers that can predict morbidity and mortality, and the adjunctive therapies designed
to aid anti-malarial drugs have been so far ineffective?°.

MicroRNAs (miRNA) are a class of small non-coding RNAs (RiboNucleic Acids, 17-25
nucleotides) that regulate a third of the genes within the genome and are known to control
cellular differentiation, development, metabolism and homeostasis*'™3. Extracellular miRNAs
have been identified in various biological fluids such as serum, plasma, cerebrospinal fluid,

saliva, urine, breast milk, peritoneal fluid, pleural fluid, amniotic fluid, and tears***>. RNA
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molecules are highly unstable; however, miRNAs have been shown to be resistant to RNase,
extreme pH, long durations at room temperature, and multiple freeze-thaw cycles*®—,
Though, for reproducible and consistent results, the stability of miRNA is highly dependent
on the collection, preparation, handling and storage of biological fluids, significantly
impacting their potential to be used as non-invasive biomarkers 4°°°, In addition to delivering
miRNA to target cells with high efficiency, EVs act as an additional protection layer rendering
more stable miRNAs than freely circulating miRNAs>1~>4. Due to the lipid bilayer, EVs are more
stable and thus have the potential of having a long-lasting effect on the immune response?>>.
In parasites, miRNAs are catalogued with argonaute and dicers (critical players in miRNA
biogenesis); however, not for unicellular parasites such as Plasmodium spp., Trypanosoma
cruzi, Cryptosporidium spp., and some Leishmania species that are, to the best of our
knowledge, devoid of RNA interference machinery>®. The interest in miRNA in the malaria
field is in its infancy, and there is only a handful of studies on human samples. One of the first
studies was conducted on adults and found significantly lower hsa-miR-451 and hsa-miR-16
expression levels in Plasmodium vivax-infected patient plasma compared to healthy
controls®’. Another study showed that hsa-miR-7977, hsa-miR-28-3p, hsa-miR-378-5p, hsa-
miR-194-5p, and hsa-miR-3667-5p were significantly upregulated in complicated P. vivax
infected patients®®. Our group recently investigated miRNA expression in Thai malaria
patients and found hsa-miR-150-5p, hsa-miR-15b-5p, hsa-let-7a-5p upregulated in the whole
blood of P. vivax infected patients, and hsa-let-7a-5p also upregulated in P. falciparum-
infected patients compared to healthy individuals>®. More recent research showed that hsa-
miR-4497 expression levels were higher in the plasma of children with SM than those with
uncomplicated malaria®. In a CM mouse model, increased expressions of miR-27a, miR-150
and let-7i were observed in brain tissue, reflecting disease severity®'. In another study, miR-
146a expression was higher, and miR-193b expression was lower in EVs from CM mice than
in non-infected and non-cerebral malaria (non-CM) mice??. The study also observed elevated
levels of miR-205, miR-215 and miR-467a in the brain tissue of CM mice compared to non-
infected and non-CM mice??. These findings suggest that EV-associated miRNA and tissue
miRNA have different miRNA profiles and potentially different functions.

Various studies have investigated the role of EVs derived from single-cell types such as RBCs,
platelets, or endothelial cells; however, the study of all circulating EVs from various vascular

cells is still in its infancy. We hypothesise that the analysis of miRNAs derived from malaria-
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infected patient plasma EVs could permit the identification of new biomarkers of disease

outcome to aid in early medical intervention. An RNA next-generation sequencing (NGS) study

was conducted on Ugandan paediatric plasma EV samples of CC, CM and SMA (Figure 4.1).

Patients who fully recovered from CM or SMA without complications were compared to those

who survived CM or SMA but developed NCI and those who succumbed to complications.

Differentially expressed miRNAs were confirmed in another set of plasma from the same

cohort of children using TagMan® real-time quantitative polymerase chain reaction (RT-

gPCR). This study is the first to assess the entire miRNA profile of malaria patient EVs with a

detailed clinical and biological profile in addition to their neurological status (with or without

NCI).
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4.2 Materials and methods

4.2.1 Study Participants

Children between 18 months and 12 years of age were recruited between 2008 and 2012 to
assess long-term neurocognitive outcomes following severe malaria. Samples were collected
prospectively from community children or patients with CM and SMA enrolled in the Acute
Care Unit of Mulago National Referral and Teaching Hospital, Kampala, Uganda. Community
control children (CC) were children without symptomatic malaria or a history of SM in the
nuclear family, extended family, or neighbouring families of children with SM, and enrolled
to be in the same age range as the children with SM.

CM was defined as Plasmodium falciparum (Pf) present on a blood smear, coma, and no other
known cause of coma on testing. Lumbar punctures to rule out meningitis were performed as
part of routine clinical care on children with suspected CM in whom the procedure was not
contraindicated and whose caregivers consented to the procedure, and children with an
elevated CSF WBC count (=5 WBC/uL) or positive CSF culture for a meningitis pathogen were
excluded from the study. SMA was defined as Pf present on blood smear and a haemoglobin
level of <5 g/dL in children. Clinical testing included routine clinical tests (complete blood
counts and blood levels of glucose and lactate) and serum/plasma levels of creatine, glucose,
sodium, and bilirubin. Neurological tests performed included seizure frequency, coma
duration, and coma scores (coma defined by Blantyre coma score < 3 or Glasgow coma score
< 8) to assess impaired consciousness levels in children < 5 years old and > 5 years old,
respectively. All study participants (children with CM, SMA or CC) received neurocognitive
testing at baseline, 6 and 12 months later. Accordingly, clinical, biological, and neurological
data, as well as the clinical outcome (i.e., survival, death, and NCl at 0, 6, and 12 months), are
available for all patient groups. Inclusion and exclusion criteria and neurological, biological

and clinical data have been previously reported!*62,

4.2.2 Informed consent and ethical approval

Parents or guardians provided written informed consent for study participants. All procedures
in the present study have received human ethics (UTS HREC 2015000382) and biosafety

(2015-08-R-GPCA) approvals from the University of Technology Sydney. Ethical approval was
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also granted by the Institutional Review Boards for human studies at Makerere University
School of Medicine (Study # 2008-033), the University of Minnesota (Study # 0802M27022)
and the Uganda National Council for Science and Technology (Study # HS 432). Experiments

were all performed in agreement with applicable guidelines and regulations.

4.2.3 Experimental design

From the recruited paediatric Ugandan cohort, following specific demographics selection
guidelines (Table 4.1), six groups were selected for NGS (nttai=23): community control (n=3),
fully recovered CM (CM FR, n=4) and SMA (SMA FR, n=4) patients, CM (CM NCI, n=4) and SMA
(SMA NCI, n=4) patients who developed NCI, and CM patients who succumbed to
complications (CM FO, n=4). An additional 30 patients (n=5 per group) were selected for RT-

gPCR verification, utilising the same demographic selection guidelines (Table 4.1).

4.2.4 Neuropsychological/Cognitive tests

Trained neuropsychology testers performed age-appropriate neurocognitive testing on all
study children. The tests used have been validated for Ugandan children and used in multiple
studies'®!162-64 Tests were standardized by creating of an age-adjusted z-score for the test
from the scores of the community children, as previously published!!. For the present study,
the primary focus was on overall cognition, and cognitive impairment was defined by an age-
adjusted z-score of <-1.5 at 1 or more time points (0, 6 or 12 month follow-up) in the overall
cognition score. Because of the wide age range of children studied, cognitive testing that
covered the full age range was required. Overall cognition was therefore assessed by the early
learning composite score of the Mullen Scales of Early Learning for children 18 months to 4
years of age, and the mental processing index of the Kaufman Assessment Battery for Children
(Second Edition) for children 5-12 years of age. The neurocognitive examination results have

been previously published?!.
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Table 4.1 Characteristics of paediatric patient group baseline demographics and clinical findings

Demographic and clinical findings

Next-Generation Sequencing paediatric patient group

CC(n=3)

CMFR (n=4) CM NCI (n = 4) CM FO (n=4) SMA FR (n = 4) SMA NCI (n = 4) P Value®
Age, y, mean (SD) 3.17 (0.87) 3.18 (0.72) 3.50 (0.34) 3.15(0.77) 3.26 (0.57) 2.16 (0.36) 22
Sex, male:female, No. 3:0 4:0 1:3 4:0 4:0 4:0
Plasma volume, pL, mean (SD) 182 (4.73) 185 (2.65) 178 (6.98) 179 (12.50) 179 (6.25) 176 (10.72) .54
Blantyre coma scale’, mean 2 1 1 5 5
Coma duration, hours, median (IQR) 0 72.50 (40.62-97.50) 82.00 (14-151.4) 0 0 0 0.0006
Haemoglobin, g/dL, mean (SD) 12.27 (1.25) 7.25(1.24) 5.98 (1.56) 8.80(2.01) 3.68(0.33) 3.78 (0.38) .0015°
Platelet count, X109/|-, median (IQR) 503 (493-522) 114 (50-140) 108 (24-273) 61 (12_314)" 98 (56-130) 170 (163-176) .05
Hypoxia Y:N/# (O, saturation <95%) 0:3 0:4 1:3 1:3 2:2 0:4
Lactic acidosis Y:N/# (lactate >5 mmol/L) 0:3 1:3 2:2 2:2 2:2 1:3
Plasmo.dium falcipa.rum peripheral blood density, 0 202 840 (149 160- 32590 (7225-614 404940 (340 7”70- 37 740 (6555-166 29900 (11 375-69 065"

parasites/puL, median (IQR) 260 975)* 680)* 443 000)** 485) 110) '
PfHRP-2 level, ng/mL, median (IQR) 4.8 (4.8-12) 2008 (479-4859) 584 (115- 624) 5992 (1236-7505) 3186 (1666-3757) 499 (326-1079) .05
RT-qPCR paediatric patient group CC(n=05) CMFR (n=05) CM NCI (n=5) CMFO (n=5) SMAFR (n=5) SMA NCI (n=5) P Value®
Age, y, mean (SD) 6.85 (1.40) 6.42 (1.21) 7.38 (0.94) 6.17 (1.63) 5.95 (0.66) 5.86 (3.15) .35
Sex, male:female, No. 5:0 5:0 3:2 3:2 3:2 4:1
Plasma volume, pL, mean (SD) 176 (3.38) 186 (2.79) 178 (3.60) 176 (3.49) 184 (5.95) 175 (4.22) 02°
Coma duration, hours, median (IQR) 0 19.00 (15.25-60) 75.00 (34.17-108.5) 0 0 0 <0.0001
Haemoglobin, g/dL, mean (SD) 11.42 (1.94) 7.48 (1.72) 8.38 (2.31) 8.70 (2.96) 4.12 (0.40) 3.58 (0.64) .0005°
Platelet count, x10°/L , median (IQR) 261 (196-356) 35 (28-63) 79 (26-436) 16 (8-36)" 90 (32-156) 153 (130-180) 0049
Hypoxia Y:N/# (O, saturation <95%) 0:5 0:5 2:3 0:5 0:5 2:3
Lactic acidosis Y:N/# (lactate >5 mmol/L) 0:5 0:5 3:2 0:5 0:5 1:4
Plasmo.dium falcipa'rum peripheral blood density, 0 786 160 (375 380-1 21 360 (4280-30 74 840 (13 860-651 23 860 (10 390-63 47 020 (6390-151 0305°
parasites/uL, median (IQR) 144 430)*** 380) 110)* 980) 030)
PfHRP-2 level, ng/mL, median (IQR) 4.8 (4.8-4.8) 5311 (539-19 759) 5767 (3404-17 983) 5800 (3839-28 475) 2790 (933-6646) 140 (85-877) 0012"

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; IQR, Interquartile Range; NCl, neurocognitive impairment; SD, standard deviation; SMA, severe malarial anaemia

2 PValue based on one-way ANOVA Kruskal-Wallis = CM FR group slightly differs from SMA NCI

& CM NCI group differs from SMA FR and SMA NCI groups f CC group differs from CM FO

©CC group differs from SMA FR and SMA NCl groups £ CM FR group differs from CM NCI

4 No significant difference between the malaria patient groups " CC group differs from CM NCl and CM FO

5 Blantyre coma scale for preverbal children <5 years of age; minimum score: 0 (poor), maximum score: 5 (good), abnormal score < 4; # Missing information for 1 patient; * One patient with hyperparasitaemia
(parasite > 250000/uL, n); ** Three patients with hyperparasitaemia (missing information for one patient); *** Four patients with hyperparasitaemia

’
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4.2.5 Blood collection and platelet-free plasma preparation and storage

Whole blood (< 5.5 mL) was collected from each child via sodium citrate venipuncture at
admission. The whole blood samples were centrifuged at 1,500 g for 15 min at room
temperature for this EV study. The supernatant (platelet-poor plasma) was centrifuged at
13,000 g for 3 min at room temperature to remove cell debris and any remaining platelets.
Supernatants (platelet-free plasma (PFP) containing EVs) were collected and stored at -80 °C
until EV isolation. Samples were then shipped to the University of Technology Sydney, where

all the experiments were performed.

4.2.6 Isolation of extracellular vesicles

This study will focus on Extracellular vesicles that fall into the exosome and microvesicle size
categories and will be collectively termed EVs, as we aim to identify circulating biomarkers of
disease severity rather than studying subpopulations of EVs. The PFP samples (~180 pL) were
thawed at room temperature and centrifuged at 13,000 g for 2 min to remove potential
aggregates formed through the freezing process. Following the manufacturer’s protocol,
~180 uL of PFP was passed through a QlAgen® exoEasy membrane affinity spin column to
isolate EVs 80 nm to 400 nm in size®. EVs were eluted from the column using XE buffer

(Qiagen®) and stored at -80 °C for size and concentration verification.

4.2.7 Extracellular vesicle concentration and size

The EVs were stored at -80 °C and thawed just before analysis on the NanoSight NS300
(Malvern). Once thawed the EVs were vortexed for 15 seconds and then diluted with sterile
PBS to the detectable range of the NanoSight, approximately 108 to 10° particles per mL or
20 to 100 particles per field of view to allow accurate particle tracking. After dilution, the EVs
were vortexed for 15 seconds once more and then immediately analysed on the NanoSight
NTA v3.2, 10 recordings for 60 seconds at 25 °C with camera level set to 11 and detection

threshold set to 10, PBS washes were run in between samples.
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4.2.8 Total RNA extraction

For high-quality RNA, isolation was performed with the RNeasy portion of the exoRNeasy kit
(Qiagen®), and all procedures were time monitored to avoid RNA degradation during the
isolation process. Once the EVs were isolated, QlAzol was added directly to the exoEasy
column and chloroform was added for phase separation. The aqueous phase was recovered
and transferred to a mini elute spin column where total RNA binds to the column. The spin
column was washed 3 times, and the total RNA was eluted with 14 pL of ultra-pure water,
then stored as 2 x 7 uL aliquots flash-frozen with liquid nitrogen and stored at -80 °C. The RNA
samples were never thawed more than once to avoid RNA degradation. NanoDrop One
spectrophotometer (Thermo Scientific) was used to monitor solvent contamination such as
phenol, protein, ethylenediaminetetraacetic acid (EDTA) and guanidinium isothiocyanate

(GITC).

4.2.9 miRNA library preparation

The miRNA library was prepared with a QlAseq™ miRNA Library Kit (Cat No.: 331502, Qiagen)
and QlAseq™ miRNA 12 Index IL (Cat No.: 331592, Qiagen). Following the manufacturer’s
protocol, 5 puL of RNA was used for complementary DNA (cDNA) synthesis (miRNA library
preparation). Using a thermal cycler, the 3’ and 5’ adapters were ligated to mature miRNAs.
Reverse transcription primers and Unique molecular indices (UMIs) were then used to reverse
transcribe the ligated miRNAs to cDNA and UMI assignment. The cDNA was cleaned with
magnetic beads, and then library amplification (22 cycles) was performed with universal
forward primers and indexing reverse primers. A final library clean-up was completed with
magnetic beads to remove any possible primer dimerisation. The library was eluted with 20
uL of nuclease-free water, flash-frozen with liquid nitrogen as 4 x 5 uL aliquots, stored at -

80 °C, and never thawed more than twice.

4.2.10 Quality Control before NGS

All library concentrations were determined using the Qubit™ 1 X dsDNA high-sensitivity assay
kit (Cat No.: Q33230, Invitrogen™). The length of the cDNA in the library was measured with
a high-sensitivity DNA Bioanalyzer kit (P/No.: 5067-4626, Agilent High Sensitivity Kit). From
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the library, 2 pL was used for Qubit™ measurements, 1 uL for bioanalyser analysis, and 1 pL

for library dilution. Using both measures, the molarity of each library was determined using

X ng/uL * 10°

the equation, bp = MW

=Y nM,

and then diluted to 4 nM and equally pooled into one tube. The concentration and size of the
pooled library were measured, and the molarity was calculated and adjusted to 4 nM based

on the acquired values by diluting with nuclease-free water when necessary.

4.2.11 Denaturing, diluting, and sequencing the library

The 4nM library was denatured by mixing 5 pL of 4 nM library with 5 pL of 0.2 N NaOH and
incubating it at 30 °C for 5 min. Then 900 uL of cold hybridisation buffer was added to the
tube, resulting in 1 mL of a 20 pM denatured library. The denatured library was further diluted
to 10 pM, and the PhiX denatured library control was then added to the denatured library for
a final concentration of 5% for maximum read output. The MiSeq® v3 reagent tray (Ref No.:
15043894, lllumina®) was defrosted in water, and the MiSeq® flow cell was rinsed with Milli-
Q® water. The denatured library was loaded onto the MiSeq® v3 reagent tray (150 cycles, 2 x
75 base pairs), and deep sequencing was performed using the MiSeq® system from Illumina®.
BaseSpace Sequence Hub lllumina® was used to monitor the runs quality control, flow cell, %
pass filter and % Q30 (Phred quality score of 30 to a base). Experiments including EV and RNA
isolation, library preparation, and sequencing were performed at the University of

Technology Sydney and the UTS Core Sequencing Facility.

4.2.12 Mapping and expression analysis

Initial quality control was done with the FASTQC system to ensure the run went smoothly.
The sequences were then run through Qiagen® Geneglobe to align and map against the
human genome. Quality filtering and adapter trimming were applied when necessary, and a
nucleotide (nt) cut-off was at 16 nt. The raw sequences were also processed using CLC
Genomics Workbench (CLC-GWB) 21 (Qiagen®, RRID: SCR_011853) using the workflows in
Supplementary Figure 4.1. The FASTQ files exported after sequencing were run through a QC

and trim workflow (Supplementary Figure 4.1A). The QC workflow reports typical library
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characteristics such as distributions of sequence lengths, base qualities, and nucleotide
compositions. The trim workflow removed sequences based on sequence quality, adapter
contamination and sequences shorter than 15 nt. The QC and trimmed sequences were then
run through the miRNA quantification workflow (Supplementary Figure 4.1B) with miRNA
length set at 15-55 nt and minimum supporting count (read threshold) set to 10 reads
(minimum reads for a miRNA to be considered expressed). The occurrence of UMI tags
extracted from reads was counted and mapped against 2654 mature miRNA listed in the
miRBase v22 database®®. The mapped mature miRNAs were run through the miRNA
differential expression workflow, which used the Trimmed Mean of M-values normalisation
method (Supplementary Figure 4.1C), producing a list of differentially expressed miRNA and
their common functional role. Following a defined selection criterion, miRNAs of interest
were selected according to their ability to differentiate the patient groups. Heatmaps of the
differentially expressed miRNA were created using the program Clustergrammer to cluster

the samples and visualise miRNA of interest.

4.2.13 Verification via RT-gPCR

After selecting miRNA of biological interest, new patients (ntwta=30, Nn=5 per group) from the
same cohort were chosen using the same criteria for NGS (Table 4.1). The EV and RNA
isolation process is as stated above. As per manufacturer protocol, the cDNA templates were
prepared using 2 uL of total RNA and the TagMan® Advanced miRNA cDNA Synthesis Kit (Cat
No.: A28007, Applied Biosystems™). The epMotion® 5073 was used to distribute TagMan®
Advanced miRNA Assay (Cat No.: A25576, Applied Biosystems™) and cDNA templates into
384-well PCR plates, the plates were then run on the QuantStudio™ 12K Flex Real-Time PCR

System (Cat No.: 4471087, Applied Biosystems™) in quadruplicates.

The NGS read counts were used to select an endogenous control (EC) for RT-gPCR analysis,
and the following criterion was used, co-efficient variation (< 5%), base mean (= 3000),
standard deviation (< 1), and fold change (< 1).%° After selecting the EC, miRNA relative
expression levels were determined by using the cycle threshold (Ct) to calculate the 2-24%,

Where ACt = CtmiRNA - Ctendogenous control and AACt = ACt - average Actcontrol group-
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4.2.14 RT-gPCR statistical analysis

All statistical analyses for RT-qPCR were performed using statistical software R version 4.1.2
and GraphPad Prism version 8. The 2"22¢t of biologically significant comparisons were analysed
via Kruskal-Wallis and Planned Dunn’s test with Bonferroni adjustment and a Mann-Whitney
test to compare CC vs SM. Receiver operating characteristic (ROC) curves were generated to
assess the predictive performance of the miRNAs of interest by analysing the clinical
sensitivity and specificity for every possible cut-off. Sensitivity refers to the rate of true
positive patients correctly identified, and specificity refers to the rate of true negative
patients correctly identified. An area under the curve (AUC) of 1 means the test 100%

accurately and correctly identifies the positive and negative patients.

Methods sections 4.2.1, 4.2.2, 4.2.4, and 4.2.5 are also used in Chapter 5, as the samples are
from the same cohort. Methods section 4.2.2 is also used in Chapter 6, where the same

consent and ethical approvals were used.

To decrease repetitiveness, these sections will not be repeated in the following chapters,

please refer to this chapter (4) for the details.

4.3 Results

Discovery Phase

4.3.1 Nanoparticle tracking analysis profile of platelet-free plasma extracellular vesicle

The nanoparticle tracking analysis detected that EVs between 15-715nm were isolated from
the paediatric PFP using exoEasy membrane affinity spin columns, with the majority of the
EVs being 220nm. All three patient groups, CC, CM FR and SMA FR had similar EV profiles,
with averages of 3.2 x 108, 2.7 x 108, and 2.0 x 108 EVs in 180 pL of PFP (Figure 4.2A and 4.2B).
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4.3.2 Extracellular vesicle RNA population profile

The libraries were confirmed to be devoid of primer dimer contamination (150 bp)
individually and when pooled (Figure 4.2C). The concentration of cDNA ranged from 2.76
ng/uL to 23.70 ng/uL, with the CC patients having the lowest amount of cDNA and CM NCI
patients having the highest amount of cDNA (Figure 4.2D). The bioanalyser readout cDNA
sizes ranged from 162 bp to 172 bp and the pooled cDNA library was 170 bp, as expected for
the cDNA (Figure 4.2C and 4.2D).
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Figure 4.2 Quality control for library size and length, and extracellular vesicle size and concentration.
(A) particle concentration and size measured using NanoSight 300, extracellular vesicle
population distribution is similar for the three main patient groups (B) NanoSight 300 image of
extracellular vesicles (C) Pooled cDNA library run on a high sensitivity cDNA bioanalyzer, shows the
absence of primer dimers (150 bp) and major microRNA looping prior to sequencing (D) Qubit
concentrations and bioanalyzer cDNA sizes measured for each individual sample before dilutions for
sequencing, group averages presented in the table. CC had the lowest cDNA concentration at 4.24
ng/uL and CM NCI had the highest concentration at 20.90 ng/pL. The cDNA sizes were not significantly

different, ranging between 162 — 172 bp. Abbreviations: CC, community children; CM, cerebral

76



malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial

anaemia

The sequenced patient plasma EV-RNA gave a total of > 116 million (SD 1.10) reads that
passed through the filter, with an average of 5 million reads per sample successfully identified
without over-clustering the flow cell. The reads were then mapped against the human
genome using Geneglobe to identify small biotypes of RNA (miRNA, rRNA, tRNA, mRNA,
piRNA, hairpin RNA and other small RNA). For the six experimental groups, Geneglobe
identified an average of 2.12 £ 0.04, 1.88 £ 0.20, 2.33 £ 0.10, 3.15 £ 0.20, 2.65 £ 0.09, and 2.59
+ 0.03 million reads (108) for CC, CM FR, CM NCI, CM FO, SMA FR and SMA NClI respectively
(Table 4.2). Total good quality mapped reads for CC, CM FR, CM NCI, CM FO, SMA FR and SMA
NCl were 0.45 £ 0.04, 0.36 £ 0.20, 0.51 £ 0.10, 0.64 £ 0.10, 0.58 £ 0.09, and 0.46 £ 0.04 million
reads (10°), respectively (Table 4.2). Across all samples, miRNA took up a larger percentage
of the RNA profile; 22-65% of the RNA population comprised mature miRNAs, at an average
of 43%, followed by 18% rRNA, 5.5% tRNA, 2.7% mRNA, 1.3% piRNA, 0.08% hairpin, 1.97%
other RNA, and 28% not characterised but mappable RNA (Figure 4.3A).

4.3.3 Differential expression analysis between the clinical groups

Using CLC-GWB, the threshold stringency was increased during the analysis of the six
experimental groups giving an average of 0.34 £ 0.03, 0.49 + 0.29, 0.27 £ 0.15, 0.35 + 0.13,
0.42 +0.14, and 0.33 + 0.12 million reads mapped (108) for CC, CM FR, CM NCI, CM FO, SMA
FR and SMA NCl respectively (Table 4.2). After trimming and filtering, the sequences were run
through the miRNA quantification workflow in CLC-GWB. An average of 39% of the patient
groups’ mature miRNA sequences matched the miRBase database, and 61% did not match
any sequence in miRBase (Table 4.2). The clinical groups all had a lower average percentage
of miRNA matched to the miRBase sequences, ranging from 27% to 44%. In contrast, the CC

group was the only group with more matched miRNA than not matched (Table 4.2).

Differential expression analysis was then performed with CLC-GWB, and multiple read cut-
offs were tested. A read cut-off of 1 resulted in 1126 mature miRNAs, and a read cut-off of 5

resulted in 314 mature miRNAs. A read cut-off of 10 was used to avoid false identifications,
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and 234 mature miRNAs were identified from all groups. Individually, 154, 189, 199, 176, 174
and 180 mature miRNAs were mapped in CC, CM GO, CM NCI, CM FO, SMA GO and SMA NCI
groups, respectively (Figure 4.3B). The mature miRNAs identified via NGS were compared
using a six-way Venn diagram to identify the similarities between the groups®’. The 6 sub-
groups had 125 miRNAs in common, all malaria patients had 17 miRNAs in common, the CM
groups had 3 miRNAs in common, and the SMA groups had 2 miRNAs in common (Figure
4.3B). The mapped mature miRNAs were plotted on a principal component analysis scatter
plot to identify any extreme outliers within the groups. There was strong grouping among the
patients in the CC (Figure 4.3C, red) and SMA FR (Figure 4.3C, blue) groups, moderate
clustering in the CM FO (Figure 4.3C, dark yellow) and SMA NCI (Figure 4.3C, orange) groups
and a broader spread in the CM FR (Figure 4.3C, green) and CM NCI (Figure 4.3C, purple)

groups, CM FR having the most significant distance between patients.

By analysing this unique group of miRNAs, the expression levels of the top 20 most abundant
miRNAs in the plasma EVs were compared across all 6 patient subgroups (Table 4.3, Figure
4.3D). The top 5 most expressed miRNAs were hsa-miR-16-5p, hsa-miR-126-3p, hsa-miR-223-
3p, hsa-let-7a-5p, and hsa-let-7b-5p, making up 19% of all mature miRNAs present in the
samples (Table 4.3, Figure 4.3D). Hsa-miR-16-5p is the most abundant miRNA in all the
samples and the most consistently present across all patients (Supplementary Table 4.1). The
top 5 most expressed miRNA seed sequences made up 22% of all seed sequences mapped
(Supplementary Table 4.2). A large portion of the mature miRNA did not match to sequences
listed in miRBase; the top 5 most abundant novel seed sequences include ‘GTTAAGT,

‘AGAGAGA’, “TTAAGTG’, ‘GTTGGTC', and ‘TAGGTCA’ (Supplementary Table 4.3).

Five clinically relevant comparisons were examined, CM FO vs CM FR, CM NCI vs CM FR, CM
FO vs CM NCI, CM NCI vs SMA NCI, and SMA FR vs SMA NCI, identifying 14, 47, 42, 19, and 11
differentially expressed mature miRNA respectively (Figures 4.4 and 4.5, Supplementary
Table 4.4). Using a log, fold change of < -1 and > 1 and a p-value of < 0.05, volcano plots were
generated, and 92 differentially expressed miRNAs were identified amongst the six patient
subgroups (Figure 4.4). Heatmaps were generated using Clustergrammer®, and clustering
was based on Cosine distance and average linkage. There was a clear distinction between CM
FR and CM NCI, CM FO and CM NCI, CM NCI and SMA NCI, and SMA FR and SMA NCI, and to

a lesser degree, CM FO and CM FR (Figure 4.5). Pairwise comparisons were used for cluster
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analysis, and miRNA candidates were selected by their presence in > 50% of patients, Log2

fold change < -3 and > 3, and p-value < 0.05.
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Table 4.2 Genomic mapping of different small RNA species from Ugandan paediatric patient plasma EVs

Genomic mapping via Geneglobe

RNA profile CC(n=3) CMFR (n=12) CM NCI (n =4) CMFO (n=4) SMA FR (n = 4) SMA NCI (n = 4)
Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
Total reads, x10° 2.12 0.04 1.88 0.20 2.33 0.10 3.15 0.20 2.65 0.09 2.59 0.03
Total good quality mapped reads, x10° 0.45 0.04 0.36 0.20 0.51 0.10 0.64 0.10 0.58 0.09 0.46 0.04
Reads percentage (%)
miRNA 39.59 4.06 36.12 11.66 51.65 7.74 33.50 9.47 48.01 7.34 46.78 2.33
rRNA 16.19 391 20.92 4.53 17.29 5.58 19.98 4.04 15.86 4.73 16.15 1.82
tRNA 9.50 5.88 4.47 2.45 3.79 0.66 4.48 2.53 5.00 1.19 5.79 2.01
mRNA 1.20 0.08 2.23 0.64 2.67 0.77 3.64 1.51 2.72 0.52 3.63 0.83
piRNA 1.20 0.25 1.09 0.25 1.60 0.25 1.27 0.70 1.12 0.05 1.31 0.09
Hairpin 0.04 0.02 0.07 0.04 0.08 0.03 0.09 0.06 0.07 0.05 0.14 0.09
Other small RNA 2.75 0.59 1.76 1.19 1.66 0.42 2.57 1.55 1.30 0.22 1.75 0.33
Not characterised but mappable RNA 29.53 4.35 33.34 13.45 21.27 4.54 34.46 16.37 25.91 5.05 24.44 1.48

Genomic mapping via CLC genomic workbench

Mature miRNA profile

Total good quality reads, x10° 0.34 0.03 0.49 0.29 0.27 0.15 0.35 0.13 0.42 0.14 0.33 0.12
miRNA matched in miRBase

Reads, x10° (sD) 0.18 0.03 0.09 0.05 0.09 0.04 0.15 0.12 0.18 0.06 0.14 0.05

Percentage (%) (SD) 54 4 27 17 32 6 36 28 43 8 a4 5
miRNA not matched in miRBase

Reads, x10° (SD) 0.15 0.002 0.40 0.32 0.18 0.11 0.20 0.10 0.24 0.09 0.19 0.07

Percentage (%) (SD) 46 4 73 17 68 6 64 28 57 8 56 5

The sequences were processed through Qiagen® Geneglobe where low-quality reads were filtered, and all short < 16 nucleotide sequences were removed. The total reads between groups
are consistent, with the total RNA consisting largely of miRNA, ranging between 22-65% per individual patient with CM FO (33.50%, SD 9.47) being the lowest and CM NCI (51.65%, SD 7.74)
being the highest. Many not-characterised but mappable RNA were also identified, opening the door for novel miRNA discovery. Mapping was also done using CLC genomic workbench,
sequences were trimmed and sequences shorter than 15 nucleotides were filtered out, miRNA length was set to 15-55 nucleotides, and a threshold of 10 reads. An average of 39% of the
miRNA matched the miRBase database and 61% of the miRNA did not match sequences in miRBase.

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SD, standard deviation; SMA, severe malarial anaemia;
miRNA, microRNA; rRNA, ribosomal RNA; tRNA, transfer RNA; mRNA, messenger RNA; piRNA, P-Element induced wimpy testis (Piwi)-interacting RNAs
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Figure 4.3 MircoRNA characterisation in malaria-infected Ugandan paediatric patient plasma EVs
using next-generation sequencing. (A) Distribution of RNA biotypes identified in individual patient
plasma EV transcriptome during NGS analysis using Geneglobe. (B) Venn diagram of patient group-
specific mature mapped miRNA created using InteractiVenn. (C) Principal component analysis plot of
the miRNA population identified in each patient. (D) The average percentage for the top 10 most
expressed mature miRNAs. Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal
outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia; miRNA,
microRNA; rRNA, ribosomal RNA; tRNA, transfer RNA; mRNA, messenger RNA; piRNA, P-Element

induced wimpy testis (Piwi)-interacting RNAs
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Table 4.3 Top 20 most abundant mature miRNA sequences identified in Ugandan paediatric plasma-derived EVs

CC(n=3) CMFR (n=12) CM NCI (n = 4) CM FO (n = 4) SMA FR (n = 4) SMA NCI (n = 4)
Mature miRNA counts x10° Avg % Avg SD Avg SD Avg SD Avg Sb Avg Sb Avg Sb

hsa-miR-16-5p 7.64 4.07 1.42 1.49 0.43 2.00 0.97 2.59 1.99 3.16 0.98 3.22 1.53
hsa-miR-126-3p 4.77 2.20 0.14 1.21 0.91 1.06 0.65 1.87 1.36 2.08 1.02 1.95 1.21
hsa-miR-223-3p 2.45 1.27 0.10 0.62 0.41 0.62 0.43 0.54 0.38 1.60 0.89 0.89 0.75
hsa-let-7a-5p 2.3 1.15 0.35 0.51 0.25 0.48 0.14 0.73 0.64 1.09 0.36 0.85 0.23
hsa-let-7b-5p 2.02 0.81 0.30 0.38 0.12 0.71 0.27 0.56 0.43 0.93 0.26 0.79 0.47
hsa-miR-21-5p 1.95 0.79 0.12 0.46 0.43 0.16 0.14 1.52 2.29 0.79 0.40 0.51 0.08
hsa-miR-142-3p 1.65 0.82 0.20 0.53 0.35 0.24 0.07 0.40 0.32 0.85 0.28 0.56 0.07
hsa-miR-486-5p 1.35 0.57 0.23 0.20 0.08 0.40 0.18 0.65 0.45 0.46 0.20 0.61 0.33
hsa-let-7f-5p 1.29 0.67 0.12 0.32 0.19 0.17 0.04 0.45 0.37 0.60 0.18 0.45 0.09
hsa-miR-26a-5p 1 0.48 0.05 0.30 0.22 0.21 0.14 0.32 0.22 0.51 0.20 0.33 0.09
hsa-let-7i-5p 0.89 0.37 0.08 0.20 0.08 0.21 0.07 0.32 0.27 0.46 0.11 0.29 0.07
hsa-miR-146a-5p 0.74 0.18 0.007 0.15 0.05 0.13 0.05 1.19 1.52 0.27 0.11 0.17 0.05
hsa-miR-26b-5p 0.57 0.29 0.03 0.17 0.12 0.07 0.03 0.24 0.20 0.28 0.10 0.18 0.04
hsa-miR-126-5p 0.49 0.28 0.07 0.21 0.07 0.12 0.06 0.22 0.20 0.30 0.12 0.19 0.10
hsa-miR-150-5p 0.41 0.23 - 0.17 0.08 0.14 0.08 0.10 0.07 0.35 0.16 0.15 0.01
hsa-miR-342-3p 0.33 0.20 - 0.13 0.07 0.11 0.07 0.11 - 0.25 0.12 0.14 0.03
hsa-miR-191-5p 0.33 0.17 0.0004 0.11 0.08 0.14 0.05 0.12 0.02 0.24 0.15 0.16 0.03
hsa-miR-92a-3p 0.26 0.18 0.002 0.08 0.04 0.11 0.03 0.10 0.07 0.14 - 0.15 0.06
hsa-miR-451a 0.26 0.22 0.07 0.06 0.03 0.11 0.08 0.42 - 0.16 0.03 0.20 0.09
hsa-miR-30d-5p 0.25 0.12 - 0.07 0.03 0.15 0.03 0.13 0.05 0.18 0.05 0.09 0.01

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SD, standard deviation; SMA, severe malarial anaemia
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Figure 4.5 Heatmap representation of differentially expressed miRNAs in the 5 comparisons of biological interest, |Log,Fold Change| > 1, P-value < 0.05. Data
analysed using CLC Genomic Workbench and Z-scores were used for generating the heatmaps using Clustergrammer. MiRNA in red boxes were selected for
RT-gPCR validation. Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA,

severe malarial anaemia
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4.3.4 Pathway analysis on miRNAs of interest

Within the clinical groups, 22 differentially expressed miRNA were identified with the
stringent selection criteria, and pathway analysis was performed with Metascape to generate
the GO terms (Figure 4.6A). The miRNA-predicted target genes were generated using the
miRDB database, capping the target score at > 60. The top 20 GO terms involve the head,
neuron, and motor development (Figure 4.6A). When the analysis was expanded to the top
50 GO terms, there was further support for the central nervous system, muscle, and sensory
organ development, as well as regulation of the cell junction, cell adhesion and vesicle-
mediated transport (Supplementary Figure 4.2A). The 22 miRNAs were then compared to the
miRNAs known to regulate genes in the Homo sapiens malaria KEGG pathway and 13
matched, i.e., hsa-miR-1260a, hsa-miR-1290, hsa-miR-1-3p, hsa-miR-152-3p, hsa-miR-19a-3p,
hsa-miR-206, hsa-miR-30a-3p, hsa-miR-335-5p, hsa-miR-339-5p, hsa-miR-424-5p, hsa-miR-
4488, hsa-miR-4516, and hsa-miR-590-3p (Table 4.4). By cross-referencing with the Homo
sapiens malaria KEGG pathway, the 13 miRNAs were found to regulate 13 genes that encode
for these 13 proteins, LFA1, HGF, MCP1, MET, HSPG, IL1, GCSF, CD40, NKC, VCAM1, CR1, LRP,
and INFy (Figure 4.7, Table 4.4). Of the 13 miRNAs, has-miR-590-3p regulates the most genes:
five of the thirteen malaria-related genes, affecting proteins CD40, VCAM1, CR1, LRP, and
INFy. Then followed by hsa-miR-1-3p, which regulates three of the thirteen malaria-related
genes, affecting proteins HGF, MCP1, and MET; hsa-miR-30a-3p, which regulates HGF and IL1,
and hsa-miR-4516 that regulates NKC and LRP.

Five miRNAs of interest were selected by choosing miRNAs that can differentiate more than
one comparison, regulate the most genes within the human malaria KEGG pathway, and
miRNAs with the most significant GO pathways. These criteria allowed the selection of hsa-
miR-1-3p, hsa-miR-19a-3p, hsa-miR-30a-3p, hsa-miR-4516, and hsa-miR-590-3p (Figures 4.4-
4.6), which regulate 11 out of the 13 proteins, HGF, MCP1, MET, HSPG, IL1, CD40, NKC,
VCAM1, CR1, LRP, and IFNy. Pathway analysis was implemented in the same manner as
described above, and the top 20 GO terms showed that these 5 miRNAs significantly regulated
mMRNA metabolic processes, cell-cell adhesion, cellular localisation, endosome membrane,
and head and neuron development (Figure 4.6B). Compared to the 22 miRNAs GO heatmap,
the 5 miRNAs GO heatmap has many more pathways involved in the head, neuron, and motor

development (Figure 4.6). Likewise, the top 50 GO terms for the 5 miRNAs of interest have
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approximately double the amount of pathways involved in neuronal and motor development,
cell junction, cell adhesion, protein transport, behaviour, and regulation of vesicle-mediated
transport (Supplementary Figure 4.2B). In addition, there were also pathways involving the
morphogenesis of epithelium and regulation of epithelial cell proliferation. The top 20 GO
terms for the 5 miRNAs of interest primarily consist of biological processes and cellular
component pathways (Supplementary Figure 4.2B). All five miRNAs are involved in regulating

80% of the pathways identified (Supplementary Table 4.5).

Table 4.4 MicroRNAs that regulate proteins from the malaria KEGG pathway

CM FR vs CM FO CM NCI vs CM FR CM NCI vs CM FO SMA FR vs SMA NCI
hsa-miR-4488 {, 5 hsa-miR-1-3p 1 2,3, 4 hsa-miR-1-3p 1 2, 3, 4 hsa-miR-1-3p J 2,3, 4
hsa-miR-4516 4, 9, 12 hsa-miR-19a-3p 1 5 hsa-miR-19a-3p P 5 hsa-miR-30a-3p P 2, 6
hsa-miR-206 4 3, 4 hsa-miR-152-3p P 4 hsa-miR-1290 4, 2
hsa-miR-339-5p { 7 hsa-miR-335-5p P 4
hsa-miR-424-5p 1 8 hsa-miR-4516 4, 9, 12
CM NCI vs SMA NCI hsa-miR-SQSSFi;I‘ 8,10, 11, hsa-miR-SQS;?[i;‘ 8,10, 11,
hsa-miR-30a-3p P 2, 6 hsa-miR-1260a 4, 1, 11

13 genes controlled by 13 microRNA listed above (KEGG pathway malaria)
1:LFA1; 2: HGF; 3:MCP1; 4:MET; 5:HSPG; 6:1L1; 7:GCSF; 8:CD40; 9:NKC; 10:VCAM1; 11:CR1; 12:LRP; 13:IFNy
Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive

impairment; SMA, severe malarial anaemia
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Verification Phase

4.3.5 Selecting endogenous control for real-time quantitative PCR normalisation

Using RT-gPCR, the miRNAs identified via NGS were verified with a new series of patients (5
per group). Based on the miRNA’s representation in the different groups and their significance
in malaria pathogenesis, the 5 miRNAs of interest are hsa-miR-1-3p, hsa-miR-19a-3p, hsa-
miR-30a-3p, hsa-miR-4516, and hsa-miR-590-3p. Using the NGS data, an endogenous control
was selected; the selection criteria based on a previous publication® includes a coefficient of
variation of < 5 % on normalised UMI counts across all samples, UMI count mean > 3000,
standard deviation < 1, and log; fold change < 1. Using these criteria, hsa-miR-16-5p was
identified as the best endogenous control for normalisation during RT-qPCR analysis. The
relative expression was calculated using the 222t method, AC: = C; (miRNA) — C; (endogenous

control), AAC: = AC: (patient group) — average AC: (control patient group, CC).

4.3.6 MicroRNA verification via real-time quantitative PCR

A non-parametric Kruskal-Wallis test was applied to the normalised C: values to compare the
different groups of patients. If significant, a planned Dunn’s contrast with Bonferroni
adjustment analysis was performed on the 5 biologically significant comparisons (Figure 4.8A,
Table 4.5). First the main disease groups, CC, CM and SMA were compared showing
significantly lower expressions of hsa-miR-1-3p and hsa-miR-4516 in CC children than CM
children (Figure 4.8A, top row). Similar expressions were found for CC children when
compared to SMA children with the addition of hsa-miR-19a-3p levels also being significantly
lower in CC children. The two main disease groups were then compared and showed hsa-miR-
19a-3p and hsa-miR-590-3p expressions to be significantly lower in CM children compared to
SMA children (Figure 4.8A, top row). All of the severe malaria patients were then combined
and compared to the healthy children using a non-parametric Kruskal-Wallis test followed by
a Mann-Whitney test. The analysis found significantly lower levels of hsa-miR-1-3p and hsa-

miR-4516 in CC children compared to those with severe malaria (Figure 4.8A, top row).

Moving onto comparing the subgroups of severe malaria, there were no significant miRNA
expression differences between CM children who made full recoveries and CM children who

developed NCI. Then when compared to CM children that died, the CM children that fully
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recovered had significantly lower expressions of hsa-miR-1-3p, hsa-miR-19a-3p, hsa-miR-30a-
3p, and hsa-miR-4516 (Figure 4.8A, bottom row). Whereas only hsa-miR-1-3p, hsa-miR-19a-
3p, and hsa-miR-4516 were under expressed in CM children who developed NCI compared to
CM children that died (Figure 4.8A, bottom row). In contrast to the CM group comparisons,
the SMA children that fully recovered had significantly higher levels of hsa-miR-30a-3p than
the SMA children who developed NCI and none of the other miRNAs were differentially
expressed. Lastly it was found that hsa-miR-19a-3p was the only miRNA that was significantly
under expressed in CM children that developed NCI compared to SMA children that
developed NCI (Figure 4.8A, bottom row).

4.3.7 Differing miRNA expression profiles between sequencing and PCR analysis

The miRNA expression profiles between the RT-qPCR and NGS were different for many of the
patient group comparisons (Table 4.5). When compared to CM children that died, NGS
identified hsa-miR-4516 to be significantly less expressed in CM children that fully recovered
without complications, whereas RT-gPCR identified all miRNA except hsa-miR-590-3p to be
less expressed in CM FR children (Table 4.5). For the comparison between CM children that
developed NCI verses CM children that fully recovered, NGS identified 3 out of the 5 miRNAs
were significantly overexpressed in CM NCI; however, for RT-gPCR, none were differentially
expressed (Table 4.5). Analysis via NGS found significantly higher levels of hsa-miR-1-3p and
hsa-miR-19a-3p in CM children that developed NCI compared to CM children that died,
however both miRNA levels were lower via RT-qPCR. For the same comparison, hsa-miR-4516
was significantly under expressed in CM NCI children for both RT-qPCR and NGS results, and
hsa-miR-590-3p was significantly over expressed in CM NCI children in the NGS analysis, but
no differences were identified via RT-gPCR. Both NGS and RT-gPCR analysis showed
significantly higher levels of hsa-miR-30a-3p in SMA children that fully recovered compared
to SMA children that developed NCI, and hsa-miR-1-3p levels were lower in SMA FR, only in
the NGS analysis. Lastly, the NGS results showed hsa-miR-30a-3p to be over expressed in CM
children that developed NCI compared to SMA children that developed NCI and hsa-miR-19a-

3p to be less expressed in the CM NCI children via RT-gPCR analysis.
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Table 4.5 Comparison of next generation sequencing and RT-qPCR expression levels between severe malaria patient groups

Expression levels via Next Generation Sequencing

MicroRNA CM FR vs CM FO

CM NClvs CM FR

CLC Genomic Work Bench, Trimmed Mean of M (TMM)”

CM NCl vs CM FO CM NCI vs SMA NCI

SMA FR vs SMA NCI

hsa-miR-1-3p -
hsa-miR-19a-3p -
hsa-miR-30a-3p -
hsa-miR-4516 J CM FR (0.043)
hsa-miR-590-3p -

Relative Expression via RT-qPCR (5 biologically significant comparisons)

/N CM NCI (0.025)
N CM NCI (0.014)

1 CM NCI (0.028)

1 CM NCI (0.012) -
1 CM NCI (0.006) -
- 1 CM NCI (0.003)
J CM NCI (0.001) -
1 CM NCI (0.014) -

Planned Dunn's contrasts with Bonferroni adjustment”

J SMAFR (0.013)

1 SMA FR (0.004)

MicroRNA CM FRvs CM FO CM NCI vs CM FR CMNCIVsCMFO ~ CMNCIvs SMANCI  SMA FR vs SMA NCI
hsa-miR-1-3p 4 CMFR (10 x 10°) 0.688 J CM Ncl (0.007) 0.073 1.000
hsa-miR-19a-3p J CMFR (0.021) 1.000 4 CMNCI(1x10%) L CMNCI (0.008) 0.285
hsa-miR-30a-3p J CMFR (0.039) 1.000 0.187 0.133 N SMA FR (0.020)
hsa-miR-4516 & CMFR (4 x10°) 0.683 J CM NCI (0.002) 0.218 0.979
hsa-miR-590-3p 1.000 0.701 0.778 0.117 0.754

Relative Expression via RT-qPCR (3 main patient groups)

Mann—Whitney“

MicroRNA CCvs SM
hsa-miR-1-3p d CcC(8x10°)
hsa-miR-19a-3p 0.232
hsa-miR-30a-3p 0.264
hsa-miR-4516 ¢ cc(1x10))
hsa-miR-590-3p 0.883

Kruskal-Wallis Test

2

X
77
603
651
126
564

P value

7x10%

0.232
0.264

1x10°

0.883

Planned Dunn's contrasts with Bonferroni adjustment#

CCvsCM CCvs SMA CM vs SMA
J €C(3x10) J cc(6x10") 0.146
1.000 J €C(0.017) 1 M (8x 10%)
0.165 1.000 0.143
¢ cc(6x10%) ¢ cc(8x10?) 0.235
0.366 0.291 4 CM (9 x 10)

Kruskal-Wallis Test

2

X
50.377
37.582
14.762
33.523
10.058

df

v »un B L1no»

P value

1x10°
7
5x10
0.011
3x10°
0.074

Kruskal-Wallis Test

2

X
40.683
13.437
4.036
21.371
7.517

df

2
2
2
2
2

P value

1x10°
0.001
0.133
2x10°
0.023

Abbreviations: CC, community children; CM, cerebral malaria; df, degrees of freedom; FO, fatal outcome; FR, full recovery; IQR, Interquartile Range; NCI, neurocognitive

impairment; SMA, severe malarial anaemia
# Pvalue
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Figure 4.8 Validation of microRNA expression via RT-gPCR. (A) Relative expression of the five microRNA of interest across all groups. (B) Receiver operator

curve for the prognostic value of each microRNA of interest within relative biological comparisons. Abbreviations: CC, community children; CM, cerebral

malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia
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4.3.8 Receiver operator curves identified numerous miRNAs with prognostic potential

To determine the prognostic performance of the miRNAs of interest, ROC curves were
generated for the miRNAs that could significantly differentiate two patient groups (Figure
4.8B). The healthy CC children can be accurately and correctly distinguished from severe
malaria children (SM, CM, and SMA) with the use of hsa-miR-1-3p (AUC > 0.92, p-value <
0.0001, for all three comparisons) and hsa-miR-4156 (AUC > 0.84, p-value < 0.0001, for all
three comparisons) (Figure 4.8B, top row). Interestingly, for the comparison between CC
children and SMA children, hsa-miR-1-3p had an AUC of 1.00 and p-value < 0.0001, meaning
the sensitivity and specificity are both 100%; therefore, hsa-miR-1-3p can accurately and
correctly identify the CC patients from the SMA patients 100% of the time with no false
negatives. Hsa-miR-19a-3p was also a significant miRNA for differentiating CC children from
SMA children but to a lesser degree as the AUC was 0.75 with a p-value of 0.0038 (Figure 4.8B,
top row). Two miRNA, hsa-miR-19a-3p (AUC=0.70, p-value=0.0015) and hsa-miR-590-3p
(AUC=0.71, p-value=0.0074) were candidates for distinguishing CM children from SMA
children, although they had a lower AUC value, they were still at an acceptable level for

discriminating the groups (Figure 4.8B, top row).

For the subgroup outcome comparisons, the CM FR vs CM FO children could be discerned
with hsa-miR-19a-3p (AUC > 0.90, p-value < 0.0001), hsa-miR-30a-3p (AUC > 0.71, p-
value=0.04), and hsa-miR-4516 (AUC > 0.79, p-value=0.0253) (Figure 4.8B, bottom row).
Similarly, the CM NCI vs CM FO children could be differentiated with hsa-miR-1-3p (AUC >
0.78, p-value=0.0044), hsa-miR-19a-3p (AUC=0.91, p-value < 0.0001) and hsa-miR-4516
(AUC > 0.87, p-value=0.0014) (Figure 4.8B, bottom row). Then when comparing SMA FR to
SMA NCI children hsa-miR-30a-3p was the only miRNA with a good ROC curve of AUC=0.08
and p-value=0.024 (Figure 4.8B, bottom row). Lastly, the CM NCI and SMA NCI children could
be distinguished with hsa-miR-19a-3p, with an AUC=0.70 and p-value=0.05, although the p-

value is on the boarder of significance (Figure 4.8B, bottom row).
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4.4 Discussion

Currently, there is an absence of reliable markers predicting malaria mortality and morbidity,
especially which patients with severe malaria are at risk of NCI. The discovery of prognostic
malaria biomarkers is crucial for patients with severe malaria. It would enable physicians to
implement appropriate adjunctive therapies and medical interventions to increase the
chances of survival and decrease the risk of long-term sequelae in children, minimising the
effect of learning and behaviour problems on the quality of life. In this study, we report the
first genome-wide miRNA gene expression profile of plasma EVs from children infected with
malaria. A group of Ugandan children was closely monitored, from hospital admission to
mortality or discharge, and with follow-up through 12 months for NCI. To the best of our
knowledge, no study has identified the unique expression profiles and signatures of plasma
EV miRNAs from severe malaria patients and compared the different disease states and
healthy controls. Although there were many challenges, this study identified the miRNAs
packaged into EVs during the early response to malaria infection and discovered potential
prognostic mMiRNA biomarkers for severe malaria. High-throughput and high-content data
analysis techniques have advanced to allow exponential growth in molecular data related to
EVs®970, In addition to highly specific and sensitive assays, biomarker discovery could become

relatively straightforward; however, a standardised methodology is crucial.

A main challenge faced when working with paediatric patients was the small sample volume
(~180 pL of plasma per patient) collected from paediatric patients. The sample processing
workflow was established to ensure high-quality RNA was isolated from the EVs without RNA
loss during processing. Numerous methodologies and isolation kits were tested, and the
Qiagen® serum plasma miRNA isolation kit collected the cleanest RNA. Consistency in RNA
isolation speed between batches was also crucial; the longer it took to complete the isolation,
the more nucleotide degradation was detected in both NGS and RT-gPCR. However, the
nucleotide degradation rate was miRNA specific, which was consistent with research that
linked miRNA sequence properties to miRNA stability>*. The study observed that miRNA half-
life correlated with GC content, where miRNAs with high GC content were more stable. In
addition to the standardised isolation methods, small RNA QC was performed to monitor
quality and size. Similarly, the cDNA library was monitored and checked to ensure all primer
dimers were removed before sequencing. The standardisation of sample processing, isolation
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methods, and QC contributes to consistency throughout the study, providing reliable results

intra-assay and between techniques.

An issue with sequencing several samples in one batch is over-clustering the flow cell;
therefore, we split our samples into two runs, 11 samples in the first run and 12 samples in
the second run. Splitting into two runs allowed the MiSeq® lllumina® system to identify an
average of 5 million reads per sample without over-clustering the flow cell. Sample variation
can also be a problem with human samples, which can be reduced with large sample sizes or,
in this case, the closely matched clinical and biological history between patients. Another
method of monitoring sample variation was the use of a PCA plot; our study identified two
CM FR patients with lower amounts of identified reads and miRNAs than other groups (Figure
4.3C). Neither CM FR child was excluded from the analysis as they did not skew the data
(analysis not shown). Overall, the CM patients (CM FR, CM NCI, and CM FO) had a wider
spread than the SMA and CC patients, and the CM NCIl and SMA NCI patient groups clustered

together, potentially indicating similar RNA profiles.

This study provides the first evidence of paediatric plasma EV miRNA prognostic biomarkers
for distinct disease outcomes of severe malaria. Across all the samples, miRNA was attributed
to the main percentage of RNA, followed by not characterised but mappable RNA. When
analysing the percentage of matched miRNA to the percentage of not matched miRNA,
community control children had the highest percentage of matched miRNA, and all the
disease groups had less. There is a vast potential for novel miRNA discovery within our clinical
groups as 56 to 73% of the miRNAs have not been matched to any mature miRNA in the
miRbase database (Table 4.2). Among the 6 patient groups, 234 mature miRNAs were
identified, of which 92 were differentially expressed, and 13 were of clinical interest. Five
miRNAs were selected based on their relevance to malaria and coverage of genes matched in
the malaria KEGG pathway. The eleven genes play essential roles in malaria infection, such as
regulating endothelial junctions at the blood-brain barrier, malaria parasite elimination,
monocyte and macrophage migration, memory CD8 T cells recruitment to the liver, and

regulation of pathophysiological syndromes”*7¢.

Comparisons between the different outcomes of CM had the most amount of differentiating
miRNA for both NGS and RT-gPCR analysis (Table 4.5). This could indicate that pathogenically
the children have different pathways that are being expressed or suppressed which led to a
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certain outcome of CM. The NGS and RT-qPCR analysis showed similarities between the two
cohorts of children, as CM survivors (with or without NCI) had lower levels of hsa-miR-4516
compared to CM fatal outcomes, and SMA survivors without NCI had higher amounts of hsa-
miR-30a-3p than those with NCI (Table 4.5). There were also differences between the results
obtained in the NGS and the RT-PCR. As all pre-analytic parameters (demographics and clinical
findings, EV and RNA isolation) were the same and tightly controlled, the only major
difference that could explain this discrepancy was the age differences between the cohorts
used for each analysis, i.e., NGS: mean 3.1 years old and RT-PCR: mean 6.4 years old. The
expression of miRNAs in children with CM suffering from neurocognitive impairment was
opposite between NGS and RT-gPCR, which could indicate that children two to four years old
(average 3.1 years old) with CM NCI package more disease specific miRNA into plasma EVs

than five to ten years old (average 6.4 years old).

The four miRNAs upregulated in CM NCI from the NGS results were hsa-miR-1-3p, hsa-miR-
19a-3p, hsa-miR-30a-3p, and hsa-miR-590-3p, these miRNAs are involved in neurological
pathways; however, no studies were found relating them to neurological syndromes in
malaria. GO analysis showed that these four miRNAs regulate developmental growth, head
development, epithelial cell proliferation, presynaptic, and postsynaptic pathways
(Supplementary Figure 4.2B). When paired together as a panel, these miRNAs could
potentially act as functional or neuropsychological prognostic markers for severe malaria
children who fully recovered without complications, fully recovered but developed

neurocognitive impairment and those who died due to complications.

The ROC analysis for the verification cohort confirmed the prognostic performance of the
miRNAs of interest amongst the disease groups. This study found that hsa-miR-1-3p and hsa-
miR-4516 could best distinguish children with severe malaria (CM and/or SMA) from CC
(Figure 4.8B). In contrast, hsa-miR-19a-3p and hsa-miR-590-3p could differentiate children
with CM from SMA. Fatal outcomes in CM compared to survivors (with or without NCI) were
predictively differentiated by hsa-miR-19a-3p and hsa-miR-4516. Hsa-miR-30a-3p was also
able to distinguish survivors from fatal outcomes in CM prognostically but with less accuracy.
Similarly, hsa-miR-1-3p could differentiate CM survivors with NCI from fatal outcomes with

less precision. Survivors of SMA with NCI compared to those without, were prognostically

96



discriminate with hsa-miR-30a-3p. Lastly, when comparing children with NCI in CM to those

with NCl in SMA, hsa-miR-19a-3p had good prognostic capacity.

As mentioned above, hsa-miR-1-3p can accurately distinguish healthy children from children
with severe malaria, as well as CM survivors with NCI from CM fatal outcomes. MiR-1-3p is
one of the more extensively studied miRNAs; it has been associated with muscle
development, epithelial cell differentiation, and ischemic neurological disorders, though it
has not been investigated in the context of malaria infection’””8. When infected with malaria,
normal and infected red blood cells sequester and interact with endothelial cells that line the
microvasculature’. This interaction could lead to increased abundance of hsa-miR-1-3p,

affecting cellular function.

Hsa-miR-19a-3p is a good candidate for differentiating CM from SMA, as well as the survivors
(with or without NCI) of CM from fatal outcomes in CM. Compared to the four other miRNAs
miR-19a-3p has been investigated in mice with CM and found to be up-regulated in the brains
of CM mice compared to non-infected or non-CM mice®’. The study also illustrated miR-19a-
3p’s significant role in CM pathways such as TGF- and endocytosis. In our study, children
between 2-4 years old who eventually develop CM NCI had an increase in miR-19a-3p
compared to children that died due to CM. This could indicate miR-19a-3p as an important
regulator during cerebral malaria especially in the brain, regulating endothelial cell
development, growth, adhesion, and organisation. MiR-19a-3p levels may increase during CM
NCI in children 2-4 years old due to local ischemia caused by red blood cell sequestration.
However, our study showed miR-19a-3p levels were higher in CM fatal outcomes for the older
cohort of children, this could be due to severe brain swelling which ultimately causes death.
MiR-19a has also been found to be upregulated in rats with traumatic brain injury (TBI) and
possibly negatively regulate TBI-altered genes®!. They also related increased expression of

miR-19a to dying neurons.

Comparing CM survivors without NClI to CM children that died, hsa-miR-30a-3p can
prognostically distinguish the outcomes, it can also differentiate SMA survivors with and
without NCI (Figure 4.8B bottom row). Although miR-30a has not been studied in malaria, it
has been investigated in other diseases and has been found to regulate epithelial cell
proliferation and differentiation, repress neural cell adhesion molecules, impede cortical
development and maturation in the prefrontal cortex, and neuroinflammation®-2, Similar to
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the other miRNA, miR-30a-3p levels are higher in CM fatal outcomes than CM survivors for
the older children (5-10 years old), which could be linked to severe brain swelling and break
down of the blood brain barrier, leading to increased production of EVs. MiR-30a-3p was also
higher in SMA survivors compared to SMA survivors with NCI for both age groups, which could
indicate normal brain development as the miRNA is not present to impede developmental

pathways.

Comparable to hsa-miR-1-3p, hsa-miR-4516 can distinguish healthy children from severe
malaria children, as well as survivors of CM (with or without NCI) from CM fatal outcomes.
Hsa-miR-4516 has not been studied in malaria, though it has been in cancers and viral
infections, where it has been described to damage airway epithelial adhesion8¢®’. Pathway
analysis showed that hsa-miR-4516 is more involved in cell response to hormones and cell-
cell adhesion, which is tightly related to haemorrhages88. This is similar to our findings where
hsa-miR-4516 is higher in CM children that died compared to CM survivors, which could

indicate a role in the disruption of cell-cell adhesion in the blood brain barrier.

Lastly, our findings showed that hsa-miR-590-3p could be used to differentiate children with
CM from SMA. MiR-590 has not been investigated in malaria EVs but has been studied in
various cancerous and non-cancerous cell lines and shown to regulate cell proliferation,
epithelial cell proliferation and differentiation, and mitigate neuron damage®-—2. Serum
levels of miR-590 have been shown to be lower in Alzheimer’s disease patients at mild,
moderate, and severe stages when compared to healthy patients®?. The same study also
found lower levels of miR-590 in mice cerebral cortex tissue, hippocampal tissue, and serum
from an Alzheimer’s disease model. Our study found miR-590 to be more abundant in children
ages 2-4 years who survived CM but developed NCI compared to CM survivors and fatal
outcomes in CM; however, no significant differences were detected in the older children,
mean age of 6.4 years old. This could indicate miR-590 being more active in younger children,

as well as having a more tissue-specific effect in older children to adults.

Investigating the role of miRNA in pathogenic infections such as malaria is essential for
understanding the mechanisms and pathways involved in pathogenesis®*°*. For instance,
several non-coding RNAs demonstrated functions in the regulation of virulence and antigenic
variation during malaria infection®>=’. The study of miRNAs in human malaria pathogenesis
and therapy is still in its infancy; therefore, there is a great need for more studies and
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improvements in high-throughput sequencing. In addition to prognostic biomarkers,
diagnostic biomarker research may increase in importance as the number of P. falciparum
parasites with deletions of PfHRP2 and 3 increases, rendering the parasites undetectable by

rapid diagnostic tests®.

4.5 Conclusion

Severe malaria can lead to severe complications that can have lasting effects on children’s
well-being and education. The treatments for these complications are readily available, but
due to late implementation, they are inefficient. By utilising deep sequencing techniques,
biomarkers of disease severity can be identified, and physicians can plan and carry out early
treatment with adjunctive therapies. This study shows that miR-1-3p, miR-19a-3p, miR-30a-
3p, and miR-4516 can distinguish CM patients that will fully recover or develop NCI from CM
patients that will die due to the complications. These 4 miRNAs can be combined into a miRNA
panel to further increase sensitivity and specificity for future investigations. There is also the
potential to distinguish which patient will develop a certain type of NCI, as miR-19a-3p can
differentiate CM NCI from SMA NCI; however, it has lower sensitivity and specificity, which
may go up once in a panel. It is also shown that miR-1-3p, miR-19a-3p, miR-4516, and miR-
590-3p levels are differentially expressed in healthy children compared to children with
severe malaria and between CM and SMA children. These differences in expression could
provide further information regarding the mechanisms of pathogenesis, as currently there is
still much to uncover for CM and SMA disease development and progression. These
prognostic biomarkers would allow patients who have already been diagnosed with malaria
to employ earlier treatment decreasing the chance of complications and long-term
neurological complications in CM thus preventing hospital readmissions in SMA patients.
Predictive tests of the miRNA panel on a different larger cohort would be the next step to
ensure reliable, accurate, and reproducible diagnostic predictions; however, this is the peak

of the iceberg and a lot more research is required.
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Supplementary Figure 4.1 CLC genomics workbench workflow. (A) QC and trimming of low-quality

or adapter contaminated sequences. (B) MiRNA quantification, mapping trimmed sequences to

mature miRNA listed in the miRBase database. (C) MiRNA differential expression analysis.
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Supplementary Figure 4.2 Top 50 gene ontology terms for differentially expressed miRNA present in
> 50% of patients. (A) 22 differentially expressed miRNA. (B) Five miRNAs of interest.
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Supplementary Table 4.1 Top 20 most abundant mature microRNA sequences identified in plasma-derived extracellular vesicles for each child

Sample

Mature miRNA
counts

hsa-miR-16-5p
hsa-miR-126-3p
hsa-miR-223-3p
hsa-let-7a-5p
hsa-let-7b-5p
hsa-miR-21-5p
hsa-miR-142-3p
hsa-miR-486-5p
hsa-let-7f-5p
hsa-miR-26a-5p
hsa-let-7i-5p
hsa-miR-146a-
5p
hsa-miR-26b-5p

hsa-miR-126-5p
hsa-miR-150-5p
hsa-miR-342-3p
hsa-miR-191-5p
hsa-miR-92a-3p
hsa-miR-451a

hsa-miR-30d-5p

Avg %

7.64
4.77
2.45
23
2.02
1.95
1.65
135
1.29
1
0.89

0.74

0.57
0.49
0.41
0.33
0.33
0.26
0.26

0.25

cc

400

60,091
23,751
13,166
15,313
11,881
6,581
7,269
8,631
7,530
4,208

4,588
1,780
2,499

3,813

1,771

2,953

484

26,395
20,321
11,268
6,909
4,502
7,499
6,321
2,904
4,949
5,472

2,726
1,808
3,247

2,175

1,650

1,536

1,159

429

35,612
22,067
13,615
12,181
7,887
9,493
10,970
5,410
7,533
4,568

3,729
1,936

2,861
2,451
2,338
2,027
1,657
1,727

196

14,459
11,712
5,845
6,135
3,870
4,891
6,746
1,184
4,238
2,738

1,874
1,267

1,834
1,346
1,663
1,184
832
826

733

CMFR
577 675
7,986 17,810
1,760 26,514
2,034 12,842
1,433 8,335
1,878 5,262
533 11,568
968 10,189
2,135 1,398
753 5,782
521 6,416
859 2,944
- 2,253
309 3,676
- 2,753
441 1,993
299 2,132
270 2,458
394 .
248 -
268 -

469

19,160
8,503
4,222
4,478
4,358
1,520
3,451
3,331
2,107
2,210

2,319
1,081

1,156
2,620
1,736
812
1,260
914

1,114

CM NCI

312 372 538 801
28,684 24,549 23,191 3,469
21,248 8,798 8,306 3,861
12,430 4,830 6,765 591
6,690 5,160 4,446 2,903
10,752 8,377 5,926 3,405
3,970 770 998 837
3,167 2,749 2,465 1,254
5788 4,547 4,831 947
1,928 2,201 1,799 1,039
4,258 1,69 1,961 365
2,553 2,571 2,409 866
1,781 867 - -
- 931 867 209
1,813 - s 536
1,512 2,690 884 465
2,101 1,351 834 176
2,060 868 1,383 -
- 1222 1,239 679
2,438 808 847 178
1,876 1,422 1,258 -

99

56,229
28,228
8,275
6,259
4,022
54,855
6,797
12,724
6,866
5,243

7,326
33,337

4,855
4,650

4,194

CMFO

357

27,571
34,885
9,651
17,778
12,375
4,070
7,420
5,041
9,245
5,358

3,803
2,372
3,724

3,381

1,631

1,463
1,620

1,751

678

19,008
11,110
3,398
4,728
5,431
1,688
1,467
7,905
1,762
1,994

1,589

908
845
1,183
1,075
1,004
1,376

787

756

979
520
89
434

130
177
221
151
60
122

23

46
79
62

SMAFR

236

33,143
31,135
17,391
15,521
10,925
8,865
11,141
2,441
7,271
5,078

3,980
2,381

3,087
4,628
1,042
1,137
1,285

1,307

238

32,236
14,432
9,551
9,714
5,920
12,909
10,130
4,115
7,759
4,786

4,492
4,327

2,955
1,828
1,635
2,143
2,273
1,886

1,543

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia

409

16,683
7,401
7,149
5,838
7,907
1,650
3,945
4,168
3,069
2,416

3,589
1,241

1,167
3,270
2,351
1,400
1,413

1,750

438

44,236
30,364
30,057
12,413
12,470
8,275
8,693
7,835
5,918
8,026
6,354
2,921
3,874
2,585
5,583
4,303

4,941

2,737

56

58,197
40,085
21,163
11,461
15,678
3,738
6,421
8,000
3,680
4,235

4,002

2,069
3,689
1,678
1,704
1,821
2,076

2,938

SMA NCI

173

27,676
11,666
2,782
8,412
6,028
5,529
5,130
10,513
5,482
2,448
3,022
2,466
1,410
1,329
1,380

1,433

1,778

252

19,703
16,017
9,074
5,062
3,380
5,614
4,686
2,150
3,497
4,187

1,932
1,283

2,337
1,698

1,278

1,112
953

523

23,330
10,249
2,610
9,077
6,348
5,366
6,154
3,649
5,198
2,502

2,814
1,465

1,538
1,053
1,375
1,006

732

753
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Supplementary Table 4.2 Top 20 most abundant seed sequences identified in plasma-derived extracellular vesicles for each individual patient sample

Sample
Seeds

AGCAGCA
GAGGTAG
CGTACCG
GTCAGTT
AGCTTAT
TCAAGTA
GTAGTGT
CCTGTAC
GAGAACT
GTAAACA
ATTGCAC
ATTATTA
CTCCCAA
GCAGCAT
AACGGAA
CTCACAC
AACCGTT
AGCACCA
AAAGTGC
GAGGGGC

e.g. mature
miRNA

hsa-miR-16-5p
hsa-let-7a-5p
hsa-miR-126-3p
hsa-miR-223-3p
hsa-miR-21-5p
hsa-miR-1297
hsa-miR-142-3p
hsa-miR-486-5p
hsa-miR-146a-5p
hsa-miR-30a-5p
hsa-miR-25-3p
hsa-miR-126-5p
hsa-miR-150-5p
hsa-miR-103a-3p
hsa-miR-191-5p
hsa-miR-342-3p
hsa-miR-451a
hsa-miR-29a-3p
hsa-miR-106a-5p

hsa-miR-3184-5p

Avg %

7.6
6.85
3.71

23
1.95
1.59
1.52
1.34
0.87

0.7
0.62
0.51
0.41
0.37
0.37
0.34
0.31
0.27
0.21
0.19

cc

400

59,231
41,380
18,344
12,285
6,546
6,666
6,811
8,519
2,139
3,139
3,674
3,741
1,917
1,391

3,039

1,970
1,793

484

26,410
20,160
15,635
10,726
7,467
8,798
5,854
2,868
2,396
2,677
1,812
2,151
1,122
1,904
1,829

1,580

1,110

429

35,314
32,933
17,196
12,671
9,384
7,382
10,098
5,322
2,347
3,203
2,880
2,411
2,294
1,907
1,671
1,995
1,057
1,067

1,734

196

14,363
16,983
9,211
5,663
4,368
4,575
6,291
1,184
1,573
1,486
1,179
1,321
1,639
855
866
1,194
706

524

CMFR
577 675
7,983 17,942
5,143 23,815
1,404 20,415
1,913 12,262

- 11,451
830 10,153
902 9,591
2,135 1,398

- 3,733

- 2,763

- 1,544

- 2,703

- 1,963

- 101

- 2,626

- 2,118

- 1,205

469

19,069
14,141
6,596
3,955
1,520
3,354
3,138
3,312
1,164
1,869
1,807
768

2,594

817
1,740
941
758
834

CM NCI
312 372 538 801
28,600 24,242 23,017 3,448
23,374 18,939 15,176 8,561
16,771 6,662 6,521 3,139
11,458 4,585 6,422 562
4,011 770 1,010 837
5501 2,640 2,845 574
2,892 2,495 2,271 1,127
5726 4,522 4,809 947
2,411 922 733 -
3,728 2,126 1,947 180
2,385 1,829 1,880 759
1,792 695 646 536
- 2,666 884 465
- 822 996 -
2,157 896 1,406 -
2,139 1,349 850 176
2,520 850 895 178
1,806 - - -
- 809 - -
- 1,164 1,082 171

99

56,891

26,159 45,327

21,315
8,086
55,441
10,311
5,939
12,612
34,433
6,569
4,816
4,578

5,377

4,255
15,496

2,065

CMFO

357

27,338

27,280

9,295
4,067

9,030

6,912
4,983

2,650
3,624

2,399
3,310
1,601
1,920
1,483

1,156

1,405

678

18,941
14,335
8,804
3,204
1,688
2,897
1,349
7,850
824
1,327
1,940
845
1,183
886
1,065

1,081

756

969
1,263
423
130
106
165
221

851

SMA FR

236

32,815
39,184
24,454
16,087
8,841
8,155
10,298
2,422
2,734
2,948
1,923
4,555
1,068
1,153
1,076
1,325

238

32,157
29,514
10,697
8,855
12,780
7,766
9,430
4,076
5,625
3,040
2,364
1,799
1,615
2,168
2,402
2,170
1,981
1,656

1,567

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia

409

438

16,583 44,268

21,193 40,012

5,682
6,684
1,661
3,580
3,490
4,144
1,377
2,501
2,076
3,234
1,004
1,378

2,322

884
1,164

23,642
28,299
8,226
11,958
7,875
7,796
3,984
5,135
4,389
2,555
5,530
2,871
5,128
4,294
3,757

2,083

56

57,580
36,921
31,966
19,927
3,707
6,316
5,919
7,919
3,388
3,752
3,631
1,666
1,837
1,685
3,087

1,082

SMA NCI

173

27,360
24,076
8,935
2,593
5,489
3,872
4,789
10,354
2,614
1,901
2,860
1,312
1,361
1,276
836
1,444
852
1,271
1,515

252

19,806
14,686
12,351
8,561
5,587
6,577
4,393
2,135
1,782
2,097
1,296
1,667
1,499
1,402
1,140
814
829

523

23,025
24,681
8,150
2,437
5,324
4,011
5,690
3,600
1,583
1,593
1,331
1,042
1,357
758
1,031
808
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Supplementary Table 4.3 Top 20 most abundant novel seed sequences identified in plasma-derived extracellular vesicles for each patient sample

Sample
Seeds
GTTAAGT
AGAGAGA
TTAAGTG
GTTGGTC
TAGGTCA
TTGACCT
TCAGTTT
GAAAGTA
GAGAGAG
CCGAATT
GTACCGT
AAAGTAG
AACTGAA
TGAAAGT
GCGACCT
CCCTGTA
CCATAAA
CCACAGG
AAGTAGG
GTAGGTC

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia

cc
400 484 429
23 - 17
7 6 9
14 - 14
8 8 8
10 5 10
9 7 7
10 8 9
7 - 7
- 12 8
9 8 8
7 6 7
7 - 11
7 - -
- 7 -
6 8 -
- 7 -
- 8 -
- - 7
6 - 9

196

577

CM FR

13
10

675

469

17

10

CM NCI
312 372 538 801
13 17 8 13
59 - - -
11 12 7 9
8 - 8 7
9 9 6 8
13 8 5 6
- 7 7
- 7 5 6
48 6 -
- 6 - -
8 - 5 -
- 6 6 6
- - - 6
- 7 5 6
- - 6 -
8 - - -
9 - - -
- 6 - 5
. 6 - 5

99

11
10

CM FO
357 678
- 15
- 14
- 12
7 8
- 8
12 8
8 7
- 7
- 10
15 -
9 -
- 7
8 =
- 7

756

10

SMA FR
236 238 409 438
- 10 17 -
7 63 - 20
- 10 8 -
8 8 6 -
- 7 9 -
8 7 . .
11 7 8 12
- 7 6 -
- 37 - -
16 - - -
9 - - 9
- 6 7 -
- Vi - -
- 7 6 -
- 7 - 14
9 - 8
7 11 - 10
- 8 - 10
- - 6 -
- - 5 -

56

14

49

12

10

10

29

11

SMA NCI
173 252
14 -
29 -
14 -
8 8
9 -

- 7

- 8
7 5
12 -

- 11

- 7
7 o
6 -
6 -
8 6

8

- 7

- 7
6 -
6 -

523

10

12
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Supplementary Table 4.4 Differentially expressed microRNAs for clinically relevant groups comparisons

CM FO vs CMFR

CM FO vs CM NCI

CM NCl vs CM FR

MicroRNA Log, FC P value

hsa-miR-206 11.00 1.22E-03
hsa-miR-122-5p -2.84 1.34E-03
hsa-miR-4488 9.41 3.39E-03
hsa-miR-3195 4.59 1.14E-02
hsa-miR-3960 7.65 1.68E-02
hsa-miR-432-5p -7.02 1.96E-02
hsa-miR-133a-

3p 7.43 2.41E-02
hsa-miR-11400 -5.64 2.78E-02
hsa-miR-93-3p -5.83 2.85E-02
hsa-miR-431-5p -6.45 3.12E-02
hsa-miR-22-3p 1.28 3.13E-02
hsa-miR-370-3p -5.30 4.04E-02
hsa-miR-4516 2.05 4.36E-02
hsa-miR-29¢-5p -4.95 4.80E-02

CM NCI vs SMA NCI

Name Log, FC P value

hsa-miR-423-5p -1.68 6.14E-04
hsa-miR-30a-3p 7.56 2.56E-03
hsa-miR-184 -7.19 3.67E-03
hsa-miR-139-3p 6.92 5.68E-03
hsa-miR-196a-

Sp -7.19 6.00E-03
hsa-miR-486-3p -2.86 6.90E-03
hsa-miR-12136 -6.42 1.29E-02
hsa-miR-192-5p -1.41 2.11E-02
hsa-miR-132-3p 6.34 2.12E-02
hsa-miR-4488 6.01 2.43E-02
hsa-miR-146a-

S5p 1.01 3.01E-02
hsa-miR-500a-

3p 5.57 3.49E-02
hsa-miR-328-3p 5.59 3.58E-02
hsa-miR-1260a -5.03 3.69E-02
hsa-miR-134-5p -5.21 3.82E-02
hsa-miR-598-3p 5.63 3.83E-02
hsa-miR-29a-3p 1.33 4.04E-02
hsa-miR-150-3p -4.62 4.04E-02
hsa-miR-200c-

3p -5.00 4.15E-02

SMA FR vs SMA NCI

Name Log, FC P value

hsa-miR-139-3p 7.34 3.36E-03
hsa-miR-30a-3p 7.16 4.32E-03
hsa-miR-184 -7.03 5.79E-03
hsa-miR-1290 -6.40 8.53E-03
hsa-miR-1-3p -6.03 1.26E-02
hsa-miR-17-3p -5.85 1.81E-02
hsa-miR-15b-3p 5.68 3.58E-02
hsa-miR-127-3p 5.67 3.89E-02
hsa-miR-3195 -3.37 3.95E-02
hsa-miR-625-5p -5.69 4.07E-02
hsa-miR-4497 -5.27 4.91E-02

MicroRNA
hsa-miR-146a-5p
hsa-miR-423-5p
hsa-miR-21-5p
hsa-miR-484
hsa-miR-4516
hsa-miR-3960

hsa-miR-143-3p
hsa-miR-486-5p
hsa-miR-152-3p
hsa-miR-142-5p
hsa-miR-19a-3p
hsa-miR-92a-3p
hsa-miR-335-5p
hsa-miR-486-3p
hsa-miR-122-5p
hsa-miR-1-3p
hsa-miR-339-3p
hsa-miR-590-3p
hsa-miR-339-5p
hsa-miR-146b-5p
hsa-miR-4508

hsa-let-7b-5p
hsa-miR-7704
hsa-miR-17-3p
hsa-miR-3613-5p
hsa-miR-1260a
hsa-miR-34a-5p

hsa-miR-206

hsa-miR-28-3p
hsa-miR-190a-5p
hsa-miR-432-5p
hsa-miR-19b-3p
hsa-miR-4732-5p
hsa-miR-29¢-3p
hsa-miR-887-3p

hsa-miR-1260b
hsa-miR-501-3p
hsa-miR-320b
hsa-miR-320a-3p
hsa-miR-4488
hsa-miR-7-5p
hsa-miR-500a-3p

Log, FC

-2.26
2.20
-1.87
1.99
3.28
7.55

-1.61
1.48
-7.94
-1.42
-7.40
1.10
-1.72
2.69
-2.23
-6.85
5.46
-6.98
1.25
-1.35
4.20

1.01
4.97
-6.29
-6.00
5.24
-3.78

4.13

-1.12
-6.34
-6.21
-1.23
4.84
-1.67
4.57

4.46
-5.90
4.38
1.10
3.36
-1.65
-5.46

P value
1.29E-06
7.74E-06
2.68E-05
4.56E-04
1.11E-03
1.71E-03

1.88E-03
2.16E-03
2.58E-03
5.20E-03
5.81E-03
8.82E-03
1.08E-02
1.13E-02
1.15E-02
1.18E-02
1.37E-02
1.40E-02
1.48E-02
1.85E-02
2.16E-02

2.16E-02
2.35E-02
2.36E-02
2.55E-02
3.08E-02
3.14E-02

3.19E-02

3.20E-02
3.34E-02
3.64E-02
3.68E-02
3.94E-02
4.15E-02
4.20E-02

4.25E-02
4.41E-02
4.45E-02
4.46E-02
4.69E-02
4.92E-02
4.96E-02

Name
hsa-miR-146a-5p
hsa-miR-92a-3p
hsa-miR-423-5p
hsa-let-7b-5p
hsa-miR-22-3p
hsa-miR-101-3p

hsa-miR-142-5p
hsa-miR-15a-5p
hsa-miR-3195
hsa-miR-21-5p
hsa-miR-143-3p
hsa-miR-150-5p
hsa-miR-146b-5p
hsa-miR-29a-3p
hsa-miR-11400
hsa-miR-378a-3p
hsa-miR-484
hsa-miR-93-3p
hsa-miR-148a-3p
hsa-miR-19b-3p
hsa-miR-29¢c-3p

hsa-miR-19a-3p
hsa-miR-370-3p
hsa-miR-652-3p
hsa-miR-29c-5p
hsa-miR-374a-5p
hsa-miR-214-3p

hsa-miR-424-5p

hsa-miR-145-5p
hsa-miR-30a-5p
hsa-miR-628-5p
hsa-miR-6821-5p
hsa-miR-7-5p
hsa-miR-1-3p
hsa-miR-152-3p

hsa-miR-339-5p
hsa-miR-134-5p
hsa-miR-590-3p
hsa-miR-486-5p
hsa-miR-335-5p
hsa-miR-20b-5p
hsa-miR-532-3p
hsa-miR-10b-5p
hsa-miR-200c-3p
hsa-miR-206
hsa-miR-625-3p
hsa-miR-3613-5p

Log, FC

2.30
-1.99
-2.08
-1.68

2.13

1.76

1.80
2.09
5.60
1.31
1.52
-1.27
1.59
1.74
-5.70
2.29
-1.55
-5.89
1.00
1.63
2.07

7.55
-5.35
-6.14
-5.01

1.87
-4.89

7.41

-4.89
1.09
-4.70
-4.82
2.06
7.01
3.79

-1.20
-5.70
7.13
-1.05
1.58
1.60
-5.09
1.04
-5.27
6.87
1.51
6.15

Pvalue
1.15E-06
2.65E-06
2.79E-05
1.34E-04
3.07E-04
3.30E-04

5.49E-04
9.62E-04
2.00E-03
3.29E-03
4.43E-03
4.86E-03
7.20E-03
8.09E-03
8.67E-03
9.20E-03
9.47E-03
9.70E-03
9.95E-03
1.10E-02
1.35E-02

1.41E-02
1.47E-02
1.56E-02
1.75E-02
1.92E-02
1.94E-02

1.95E-02

1.96E-02
2.08E-02
2.27E-02
2.36E-02
2.42E-02
2.47E-02
2.55E-02

2.67E-02
2.83E-02
2.84E-02
2.88E-02
3.05E-02
3.29E-02
3.84E-02
3.88E-02
3.94E-02
4.36E-02
4.44E-02
4.56E-02

Abbreviations: CC, community children; CM, cerebral malaria; FC, fold change; FO, fatal outcome; FR, full recovery; NCI, neurocognitive

impairment; SMA, severe malarial anaemia
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"Count" is the number of genes in the user-provided lists with membership in the given ontology term. "%" is the percentage of all of the user-provided genes that
are found in the given ontology term (only input genes with at least one ontology term annotation are included in the calculation). "Log10(P)" is the p-value in log

Supplementary Table 4.5 Top 20 GO term clusters with the corresponding miRNA of interest

Regulating miRNA

GO

G0:0098794
G0:0060341
G0:0031252
G0:0030424
G0:0016071
G0:0016301
G0:0031344
G0:0140535
G0:0006974
G0:0060322
G0:0098609
G0:0000902
G0:0008134
G0:0098978
G0:0019904
G0:0010008
G0:0051493
G0:0030163
G0:0009896
G0:1903311

Category

GO Cellular Components
GO Biological Processes
GO Cellular Components
GO Cellular Components
GO Biological Processes
GO Molecular Functions
GO Biological Processes
GO Cellular Components
GO Biological Processes
GO Biological Processes
GO Biological Processes
GO Biological Processes
GO Molecular Functions
GO Cellular Components
GO Molecular Functions
GO Cellular Components
GO Biological Processes
GO Biological Processes
GO Biological Processes

GO Biological Processes

base 10. "Log10(q)" is the multi-test adjusted p-value in log base 10.

hsa-
hsa-
hsa-
hsa-
hsa-

miR-1-3p
miR-19a-3p
miR-30a-3p
miR-4516
miR-590-3p

Description

postsynapse

regulation of cellular localization

cell leading edge

axon

mRNA metabolic process

kinase activity

regulation of cell projection organization

intracellular protein-containing complex

cellular response to DNA damage stimulus

head development

cell-cell adhesion

cell morphogenesis

transcription factor binding
glutamatergic synapse

protein domain specific binding
endosome membrane

regulation of cytoskeleton organization
protein catabolic process

positive regulation of catabolic process

regulation of mMRNA metabolic process

Count
120
136

49
72
110
77
71
125
121
80
63
59
55
47
116
62
50
115
92
65

%
5.23
5.93
6.47
6.73
4.79

7.2
6.64
5.45
5.27
7.48
5.89
7.79
7.27
4.39
5.05
5.56
6.61
5.01
4.01
2.83

Log10(P)
-21.76
-19.02
-18.62
-17.77
-17.09
-16.87
-16.75
-16.7
-16.58
-16.54
-16.23
-16.06
-16.03
-16.01
-15.57
-15.11
-15.1
-14.88
-14.6
-14.53

Log10(q)
-17.41
-14.97
-14.75
-13.42
-13.35
-12.97
-12.97
-13.06
-13.01
-12.89
-12.79
-12.72
-12.72
-12.51
-12.33
-12.01
-12.01
-11.84
-11.61
-11.57
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Chapter 5: Proteomic analysis of paediatric plasma extracellular

vesicles for the identification of prognostic biomarkers for severe

malaria outcomes

Chapter overview

Semi-quantitative proteomic analysis is used to compare plasma extracellular vesicle cargo

from children with severe malaria. This allowed for the detection of potential plasma EV

protein biomarkers that could predict which children would develop neurocognitive

impairment or mortality. The differentially expressed proteins were then mapped and

compare to literature using Ingenuity Pathway Analysis. This allowed for a better

understanding of which pathways and mechanisms the proteins were associated with, and if

it coincided with previous malaria studies. A total of 94 proteins of interest were identified,

two of which were Plasmodium falciparum proteins.
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Abstract

As the status of malaria remains a significant health problem in many developing tropical and
subtropical countries, the need for accurate and reliable prognostic biomarkers is high.
Extracellular vesicles (EVs) are subcellular components released by all cell types and are found
in healthy people and individuals suffering from various diseases; however, numbers are
increased in diseases such as malaria. Different in vitro studies on malaria have investigated
the protein contents of EVs from specific cell types, though only a few have assessed the
protein content of circulating EVs and their relationship to disease signs and symptoms. This
study aimed to compare proteomic profiles of plasma EVs from children with differing severe
malaria outcomes to discover predictive biomarkers. The protein profiles for plasma EVs of 5
healthy children and 20 malaria patients were obtained using mass spectrometry. In total,
1622 proteins were identified: 74 were specific to the healthy control children’s plasma EVs,
924 were specific to EVs from severe malaria children, and 624 were shared. Three hundred
eighteen proteins were differentially expressed (DEPs) among all the children (healthy and
ill). Using Ingenuity pathway analysis, 34 plasma EV DEPs were identified when comparing
children with severe malarial anaemia (SMA) and cerebral malaria (CM) who fully recovered
without complications. Among children with CM, 31 plasma EV DEPs were identified between
those who fully recovered without complication and those who succumbed to the disease.
Lastly, 48 plasma EV DEPs were found when comparing SMA children who fully recovered to
those who recovered but developed neurocognitive impairment. Many DEPs, such as S100
calcium-binding, aggrecan, apolipoprotein A4, serum amyloid A2, and immunoglobulin
proteins, were associated with the immune response and inflammatory pathways through
cell signalling and activation. The majority of the DEPs identified had higher relative
abundance in children with SMA who developed neurocognitive impairment or children with

CM who died.

Keywords: Extracellular vesicles (EVs), proteomic, plasma, malaria, paediatric, cerebral
malaria, severe malarial anaemia, neurocognitive impairment
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5.1 Introduction

Malaria is a complex disease caused in humans by five species of the unicellular Plasmodium
parasite, transmitted through the bite of female Anopheles mosquitoes. Malaria is a primary
global health concern as approximately half of the people worldwide are at risk of infection;
it is endemic in a total of 84 countries®. An estimated 247 million malaria cases and 619,000
deaths were reported in 2021 by WHO; 95% of the cases occurred in sub-Saharan Africa, and
approximately half a million deaths (77%) were of children under five years old. Most people
infected with malaria are asymptomatic; however, people with naive immune systems
without clinical immunity develop flu-like symptoms and if treatment is delayed or not
appropriate, ~4.5% will worsen, becoming uncontrolled and developing into severe malaria?~
4.

Two common manifestations of severe malaria are severe malarial anaemia (SMA), which is
associated with altered haematopoiesis and increased clearance of all red blood cells, and
cerebral malaria (CM), which is associated with malaria-infected RBC (iRBC) sequestration in
the vasculature of most organs, including the brain>”. Both complications are linked to high
mortality rates and can also lead to neurocognitive impairment (NCl), which can last for many
years after the initial infection”2.

Significant clinical differences are seen in African children, with the blood-brain barrier
breakdown observed in CM. Still, disruption is limited for children with SMA, which
contributes to the complex pathogenesis involved in NCI®°. After treatment for severe
malaria, approximately 25% of survivors develop NCI'°. Deficits in attention, cognitive ability,
associative memory, and behaviour have been documented in CM patients who developed
NCI. In contrast, SMA might affect the patient’s overall cognitive ability for visual reception,
fine motor scales, and receptive and expressive language. This may suggest differences in the
mechanism of NCl in these two syndromes!'2, These deficits associated with NCI affect the
child’s long-term development, academic achievement and eventually socioeconomic
status®'3. The developmental challenges lead to less education and lower incomes, which in
turn contributes to household vulnerability to malaria, continuing the cycle of poverty*.
Once infected with malaria, the disease can quickly progress into severe malaria and become
life-threatening; therefore, proper treatment and early detection are essential®>. Prognostic

biomarkers for severe malaria complications would allow for earlier detection and treatment,
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though biomarker research has only recently begun to distinguish the severe forms of
malaria. Currently, only a few potential biomarkers have been identified for severe malaria,
the majority being proteins, such as von Willebrand factor, angiopoietin-1 and 2, intercellular
adhesion molecule 1 (ICAM-1), erythropoietin, and Plasmodium falciparum histidine-rich
protein 2 (PfHRP2), most of which are elevated during severe disease'®?4. Although these
proteins have shown potential, they lacked accuracy across different countries or were
differentiating severe malaria (CM or SMA) from healthy patients, which is not required as
reliable diagnostic techniques already exist. Therefore, there is a need for predictive
biomarkers of severe malaria outcomes, allowing early identification of children who may
develop NCI or are at risk of lethal complications, as many children have already progressed
to severe malaria upon hospitalisation®.

Tau is a well-known protein associated with neurodegenerative disorders and traumatic brain
injury and has been linked to neurological disruption?®=2°. Tau protein is a potential
cerebrospinal fluid (CSF) and plasma biomarker for Alzheimer’s disease, and soluble tau has
also been investigated in severe malaria®. In a 2007 retrospective study, elevated levels of
Tau protein were found in the CSF of children with CM; however, follow-up for long-term NCI
was not reported>!. Recently, a study involving Uganda children with severe malaria found
elevated tau protein concentrations in CSF and plasma at admission related to long-term NCI
in children recovering from CM3233, Although plasma levels were elevated in children
hospitalised with SMA, there was no association with NCI, possibly indicating different
mechanisms of NCI for children with SMA33, Elevated levels of tau in the CSF of Uganda
children with CM at the time of hospitalisation were also associated with acute kidney injury,
indicating potential mechanisms that link kidney injury with brain injury34,

Angiopoietin has previously been associated with severe malaria. Recently, a study in Central
India showed that plasma levels of angiopoietin-2 and ratios of angiopoietin-2/angiopoietin-
1 in patients (83% adults, 16% children) at time of admission could distinguish CM patients
who do not survive from those with CM but survived (only angiopoietin-2), non-CM and mild
malaria®. After 48 hours of treatment, the ratios of angiopoietin-2/angiopoietin-1 decreased
in mild malaria, non-CM, and CM survivor cases but did not in CM patients who died3. In a
Ugandan cohort of children (18 months to 12 years old), angiopoietin-2 and the ratio of
angiopoietin-2/angiopoietin-1  were associated with worsened cognition and

neurodevelopmental injury3®. In a prospective, longitudinal study of the same cohort of
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children with CM and SMA, increased angiopoietin-2 was associated with worse
neurocognitive function in children under five years old but not in children five years or
older®’. By bridging the knowledge gap, reliable prognostic biomarkers for severe malaria
morbidity and mortality could allow for earlier interventions with adjunctive therapies, as
they have so far been ineffective due to late administrations38. Identifying patients at risk of
severe complications would permit timely treatment, possibly lowering the risk of long-term
deficits.

Extracellular vesicles (EVs) are a heterogeneous mix of submicron particles released by all
host cell types during cellular processes such as proliferation, senescence, and apoptosis®.
EVs carry protein, lipids, and nucleic acids from their cell of origin and act as vessels in
intercellular communication and the exchange of biological information, supporting their
involvement in disease pathogenesis*®**8, EVs have been shown to provide valuable
information on the status and progression of a disease or condition®°. EVs are notable sources
of biomarkers, and EVs themselves have also demonstrated biomarker potential in multiple
studies where elevated numbers of EVs, mainly platelet-, endothelial-, and RBC-derived
microvesicles, were measured circulating in human patients with CM44°->1, The potential of
EVs as biomarkers for severe malaria is still in its infancy, as in-depth studies are required to
establish their prognostic value. This study aims to identify potential prognostic biomarkers
that can differentiate the different outcomes of severe malaria in children from Uganda by

comparing their proteome profiles (Figure 5.1).
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Figure 5.1 Study pipeline depicting the patient groups, sample collection and processing,
protein purification from paediatric samples and bioinformatics.
Abbreviations: CC, community children; CM, cerebral malaria; EV, extracellular vesicles; SMA,

severe malarial anaemia; UTS, University of Technology Sydney

5.2 Materials and methods

5.2.1 Study Participants

Please refer to section 4.2.1 for study participant details and 4.2.4 for patient group

classification. Table 5.1 presents the demographics of the patient cohort.

5.2.2 Ethical approval and informed consent

Please refer to section 4.2.2 for information regarding ethical approvals and guardian

consent.

5.2.3 Study design

By comparing the clinical, biological, and neurological data, 25 children were selected for five
patient sub-groups: community controls (n=5), children who fully recovered from CM (CM FR,
n=5) or SMA (SMA FR, n=5), children with fatal outcomes of CM (CM FO, n=5), and children
who survived SMA but developed NCI (SMA NCI, n=5). Three sets of clinically significant
comparisons were performed: 1) among children with CM, those who fully recover (FR) were
compared to those with fatal outcomes (FO); 2) among children with SMA, those who FR were
compared to those who survived but developed NCI; and 3) among those who fully recovered
the children with CM and SMA were compared. Appropriate comparisons between the CC
group and severe malaria patients were performed to develop a baseline of activity within

the children.

5.2.4 Platelet-free plasma preparation and storage

Please refer to section 4.2.5 regarding blood collection, storage, preparation and

transportation.
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Table 5.1 Characteristics of paediatric patient group baseline demographics and clinical findings
Demographic and clinical findings

Mass spectrometry paediatric patient group

CC(n=5) CM FR (n=5) CMFO (n=5) SMAFR (n = 5) SMA NCI (n = 5) P Value®

Age, y, mean (SD) 3.00 (0.45) 3.33(0.46) 3.12 (0.63) 2.62 (0.30) 2.48 (0.83) .32
Sex, male:female, No. 5:0 2:3 4:1 5:0 5:0

Plasma volume, pL, mean (SD) 175 (5.5) 168 (5.9) 177 (8.5) 179 (5.3) 170 (6.1) 43
Blantyre coma scales, mean 1 1 5 5

Coma duration, hours, median (IQR) 0 90.50 (50-132.3) 0 0 0 .0001
Haemoglobin, g/dL, mean (SD) 11.6(1.35) 5.43 (0.87) 6.95 (1.10) 4.02 (0.95) 3.64 (0.59) .002
Platelet count, x109/L , median (IQR) 471 (362-597) 82 (40-138) 54 (41-76) 101 (107-185) 141 (132-153) .03
Hypoxia Y:N/# (0, saturation <95%) 0:5 0:5 1:4 2:3 0:5

Lactic acidosis Y:N/# (lactate >5 mmol/L) 0:5 1:4 1:4 1:4 1:4

Plasmodium falciparum peripheral blood 0 206 600 (52 305- 204 555 (63 522- 65000 (11 320-103 49 200 (29 630-230 006
density, parasites/uL, median (IQR) 230 550) 301 500)* 020) 620)
PfHRP-2 level, ng/mL, median (IQR) 4.8 (4.8-4.8) 5063 (6991- 9287) 8238 (658-12758) 2665 (987-4251) 506 (95-785_ .051

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; IQR, Interquartile Range; NCI, neurocognitive impairment; SD, standard deviation; SMA,
severe malarial anaemia

# PValue based on one-way ANOVA Kruskal-Wallis

% Blantyre coma scale for preverbal children <5 years of age; minimum score: 0 (poor), maximum score: 5 (good), abnormal score < 4
* One patients with hyperparasitaemia
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5.2.5 EVisolation, size measurement, and serum protein removal

EVs from ~180 pL of PFP were collected using iZON gEV 75 nm -1000 nm singles to ensure
high EV recovery yield and purity. Fractions 6-10 were eluted with PBS and then concentrated
with an Amicon Ultra 0.5 mL Ultracel 3k following the manufacturer’s protocol. EVs were
stored at -80 °C for later size confirmation via nanoparticle tracking analysis using the
NanoSight NS300 (Malvern). To remove excess contaminating serum albumin and IgG from
the EV samples, Proteome Purify ™ 2, human serum protein immunodepletion resin, was
used at 1:8 (EV: resin). After combining the two solutions, the mixture was mixed on a roller
mixer for an hour at 300 rpm. The EV-resin mixture was then transferred to Spin-X Filter Units
and centrifuged for 30 mins at 14,000 g at 18 °C. The immunodepleted EVs were temporarily
stored at -30 °C for two days until protein digestion.

The EVs were thawed and vortexed for 15 seconds and then diluted with sterile PBS to ~10°
to 10° particles per mL to measure the size and concentration with the NanoSight. After
dilution, the EVs were vortexed for another 15 seconds and immediately analysed with NTA
v3.2 for ten recordings, 60 seconds each at 25 °C, with the camera level set to 11 and

detection threshold at 10. PBS was used to flush the NanoSight between each run.

5.2.6 Protein digestion and tandem mass spectrometry analyses

The EVs were freeze-thawed five times to extract the proteins, alternating between liquid
nitrogen for 30 seconds and 50 °C for 2 mins, followed by sonication for 5 minutes>®>’. Protein
concentrations were measured using a Qubit protein assay to normalise the protein
concentration for digestion. The protein was digested following a modified version of a
previously reported protocol®® by adding 100 uL of 0.1% RapiGest™ SF surfactant (Waters) to
each sample, followed by incubation at 100 °C for 5 min. The samples were then left to cool
down for a few minutes and sonicated for 30 seconds. Next, 2 puL of 50 mM tris(2-
carboxyethyl)phosphine (TCEP) was added to each sample as the reducing agent to break the
disulphide bonds between and within proteins, followed by incubation at 60 °C for 20 min.
Once the sample cooled down, trifluoroacetic acid (TFA) was added to reach a desired pH of
<2 for RapiGest™ cleavage, TFA concentrations being approximately 0.5-1% of the total
volume in the tube. The samples were kept at 37 °C for 35 mins and then centrifuged at 16,000

g for 10 mins at RT to recover the supernatant. Micro SpinColumns (Harvard Apparatus) were
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used to desalt and clean the samples. Before use, the micro SpinColumns were washed by
adding 150 pL of 100% acetonitrile (AcN) to the columns and letting them sit for 10 mins,
followed by centrifuging twice for 1 min at 1000 g. This was followed by two more rinses,
once with 150 pL of 50% AcN / 0.1% Formic Acid (FA) and a spin for 1 min at 1000 g, then 150
uL of 5% AcN / 0.1% FA and a spin for 1 min at 1000 g. After discarding the eluted wash
solution used to rinse the column, the sample was passed through the column by centrifuging
for 1 min at 1000 g. The column was washed with 150 pL of 5% AcN / 0.1% FA and spun for 1
min at 1000 g. The peptides were then eluted with 150 pL of 50% AcN / 0.1% FA and
centrifuged for 1 min at 1000 g. The last elution step was repeated to ensure all peptides were
collected from the column and the elution was pooled. The elution collected in lo-bind tubes
was concentrated using the Savant™ DNA SpeedVac™ Concentrator (Thermo Scientific™) for
2.5 hours on high heat; once dried, the pellets were stored at -80 °C.

Tandem mass spectrometry was performed on a QExactive Orbitrap Plus (Thermo Electron)
equipped with an Ultimate 3000 HPLC and autosampler system (Dionex). The peptides were
reconstituted with 2% AcN + 0.1% TFA for a 2 ug / 5 uL concentration. The peptides were run
at a gradient of 140 min at the Mass Spectrometry Facility at the University of Technology
Sydney, Australia. MS/MS data were analysed using PEAKS Studio X pro to generate protein
lists by mapping against the UniProt Knowledgebase and plasmoDB genome database for the
genus Plasmodium. Differential expression analysis was also performed using PEAKS Studio X
pro using the PEAKQ normalisation method, and the base sample was set to average with cut-
offs, FDR <1%, used at least one peptide, and fold change >1 when comparing all five sub-
groups together and fold change >2 when comparing the three clinically significant
comparisons. Venn diagrams were made using InteractiVenn *® and Venny 2.1 >°. The volcano
plots were created using GraphPad Prism 10.1.0, and heatmaps were then made using
Clustergrammer®. The rows and columns were hierarchically clustered using cosine distance
and average linkage of the log2 ratios of the abundance of each sample relative to the average
abundance. The conditions in different samples were clustered based on a similar expression

trend across the proteins.
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5.2.7 Mapping and bioinformatics

The list of proteins identified using PEAKS Studio X pro was then run through QIAGEN®
Ingenuity Pathway Analysis (IPA) Fall Release (2023) with stricter thresholds (FDR < 1%, fold
change 2, unique peptides 21, p-value <0.01 when comparing all five sub-groups and FDR <
1%, |Log;Fold Change| > 1, unique peptides 22, p-value <0.001 when analysing the three
clinically significant comparisons) to identify proteins of interest®’. This generated canonical
pathways, disease and functional analyses, and networks for all the comparisons. The
significance when associating the data set and canonical pathways was calculated in two
ways: 1) a ratio of the number of molecules from the data set that map to the pathway divided
by the total number of molecules that map to the canonical pathway is displayed; and 2) a
right-tailed Fisher’s Exact Test was used to calculate a p-value determining the probability
that the association between the genes in the dataset and the canonical pathway is explained
by chance alone. In many cases, a z-score was calculated to indicate the likelihood of
activation or inhibition of that pathway.

The diseases and functions analysis identified the most significant biological functions and
diseases from the data set. A right-tailed Fisher’s Exact Test was used to calculate a p-value,
determining the probability that each biological function and disease assigned to that data
set is due to chance alone. A z-score was calculated to indicate the likelihood of an increase
or decrease in that disease or function.

The data set containing protein identifiers and corresponding data measurement values was
uploaded into the application. Each identifier was mapped to its corresponding entity in
QIAGEN’s Knowledge Base. These molecules, called Network Eligible molecules, were overlaid
onto a global molecular network developed from information in the QIAGEN Knowledge Base.
Networks of Network Eligible Molecules were then algorithmically generated based on their

connectivity.
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5.3 Results

5.3.1 EV size and concentration

The EVs were purified using iZON columns, followed by concentration with Amicon filters to
collect them. The size and concentration of the isolated EVs were measured via nanoparticle
tracking analysis (Nanosight 300). The EV sizes ranged from 15 nm to 1000 nm, and the
average EV size was ~200 nm (Figure 5.2A-C). The three main groups of patients had similar
EV distribution profiles, with a prominent peak around 150 nm followed by a smaller peak at
200 nm. Community control children had the lowest amount of EVs (5.0 x 10° EVs in 180 pL
of PFP), followed by SMA patients (11.9 x 10° EVs in 180 pL of PFP), and closely CM patients
(16.2 x 10° EVs in 180 pL of PFP).

5.3.2 Technical reproducibility

An MS-based semi-quantitative proteomics strategy was used for a proteome-wide
comparison between 5 healthy children (CC) and 20 malaria-infected children (CM and SMA).
The 25 samples were analysed using technical duplicates, and similar numbers of proteins
were identified. One of the technical replicates failed for a CC patient, and that sample was
excluded from the analysis. The percentage of similar proteins for the patient technical
replicates was an average of 65% (48 - 80%) (Table 5.2). A Pearson correlation was calculated
for each technical replicate pair, and the average r-value was 0.997 (range 0.990-0.999) for
all the patient replicates (Figure 5.2D, Supplementary Figure 5.1). High values of R (0.90-0.98)

indicated highly reproducible label-free quantification between technical replicates.
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Figure 5.2 Measurement of size and concentration of extracellular vesicles using nanoparticle tracking
analysis. (A) Compared to malaria patients the community control samples had fewer extracellular
vesicles, whereas the size distribution was approximately the same for all patients. (B) Representative
scatter plot depicting the correlation between technical replicates. (C) Recording of extracellular
vesicles using the NS300 nanoparticle tracker. (D) The Pearson correlation coefficient value of relative
protein abundance between two analytical replicates of a representative sample reflecting the

reproducibility of label-free quantitation, r = 0.9959.
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Table 5.2 Percentage similarity between patient technical replicates and number of proteins identified in each patient

All Proteins Proteins onI.y in Technical Proteins onl.y in Technical Proteins in b.oth Technical
Replicate 1 Replicate 2 Replicates
Patient Groups Sample ID TechRep 1 Tech Rep 2 Tech Rep 1+2 # of Protein % of total # of Protein % of total # of Protein % of total

CCFR 559 356 309 449 140 31% 93 21% 216 48%
CCFR 748 317 255 332 77 23% 15 5% 240 72%
CCFR 348 298 299 372 73 20% 74 20% 225 61%
CCFR 459 241 203 259 56 22% 18 7% 185 71%
CM FR 769 567 584 694 110 16% 127 18% 457 66%
CM FR 564 368 351 457 106 23% 89 20% 262 57%
CM FR 290 462 383 502 119 24% 40 8% 343 68%
CM FR 450 267 254 306 52 17% 39 13% 215 70%
CM FR 416 455 424 522 98 19% 67 13% 357 68%
240 411 364 474 110 23% 63 13% 301 64%

239 614 554 703 149 21% 89 13% 465 66%

203 320 300 385 85 22% 65 17% 235 61%

530 480 424 556 132 24% 76 14% 348 63%

716 521 466 588 112 21% 67 11% 399 68%

SMA FR 590 310 304 365 61 17% 55 15% 249 68%
SMA FR 695 507 421 605 184 30% 98 16% 323 53%
SMA FR 180 289 286 344 58 17% 55 16% 231 67%
SMA FR 368 410 418 516 98 19% 106 21% 312 61%
SMA FR 430 327 308 353 45 13% 26 7% 282 80%
189 383 313 440 127 29% 57 13% 256 58%

113 335 328 389 61 16% 54 14% 274 70%

149 507 384 560 176 31% 53 10% 331 59%

467 383 365 444 79 18% 61 14% 304 69%

232 467 418 550 132 24% 83 15% 335 61%

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia
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5.3.3 Proteomic analysis

A total of 1622 plasma EV proteins were identified across all patients (Figure 5.3A). Four
hundred and twenty (420) proteins were common to all malaria patients and community
controls (CC) (Figure 5.3A). Comparatively, fewer proteins were detected in the CC group
compared to the malaria patient groups, CC, CM FR, CM FO, SMA FR and SMA NCI, presented
with 520, 717, 777, 602, and 670 proteins, respectively (Table 5.3). Likewise, the number of
protein groups (collection of proteins identified by a set of peptides) identified was also lower
in the CC group compared to malaria patients; CC, CM FR, CM FO, SMA FR and SMA NCI had
180, 265, 283, 226, and 248, respectively (Table 5.3). Variations between human plasma
samples can occur due to the complexity of the sample. To minimise variation, clinical and
biological data for all samples in each group were matched during sample selection, allowing
at least 80% of proteins to be shared between at least two patients in a group (Figure 5.3B-
F). When comparing the controls to the severe malaria patients, 624 proteins were common,
with 74 proteins exclusively present in CC and 924 proteins exclusively present in severe
malaria patients (Figure 5.4A). By comparing the three main groups, CC, CM and SMA, 263
plasma EV proteins were exclusive to CM, and 216 proteins were exclusive to SMA (Figure
5.4B). When comparing the proteins detected in each clinical outcome (FR and FO for CM and
FR and NCI for SMA), i.e., SMA FR vs CM FR, CM FO vs CM FR, and SMA FR vs SMA NClI, all
three comparisons had approximately 700 proteins in common per individual comparison
(Figure 5.4C-E). Each sub-group had 200-300 proteins exclusive to that patient group (Figure
5.4C-E).

Of the 1622 plasma EV proteins identified, 44 were P. falciparum proteins, 34 were exclusively
found in CM patients, one in SMA patients, and eight were common to both CM and SMA
(Figure 5.5A and B). When comparing the sub-groups, 11 and 8 proteins were uniquely
present in CM FR and CM FO, respectively, and none were identified in SMA FR or SMA NCI
(Figure 5.5C). One malaria protein was shared between CC and severe malaria; however, this

protein fragment was eventually eliminated in the downstream analysis (Figure 5.5A).
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Figure 5.3 Venn diagram comparing the plasma EV proteins identified in each patient and malaria sub-

group. (A) Comparison of all proteins (1622) identified in the patient groups,698, 1009, 1050, 917, and

986 proteins in CC, CM FR, CM FO, SMA FR, and SMA NClI, respectively, 420 proteins were in common

to all five sub-groups. (B) Proteins identified in the four CC, 125 proteins were common to all four

patients. (C-F) Comparison of all proteins identified in the CM FR, CM FR, SMA FR, and SMA NCI sub-

groups, respectively 182, 205, 132, and 168 proteins were common to all 5 patients within the group.

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery;

NCI, neurocognitive impairment; SMA, severe malarial anaemia

Table 5.3 Number of proteins and protein groups identified in each patient group via mass spectroscopy

CC (n=4) CM FR (n=5)
Average' # of 520 717
proteins
Range 388-608 498-1006
Aver'age # of 180 265
protein groups
Range 131-232 184-357

CMFO (n=5)  SMAFR (n=5)
777 602
574-1072 497-767
283 226
194-337 175-275

SMA NCI (n=5)
670
531-951
248

195-319

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive

impairment; SMA, severe malarial anaemia
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Figure 5.4 Comparison of proteins identified in the three main groups of children. (A) Comparison of
healthy and infected children, 624 proteins were common, with only 74 exclusive to CC. (B)
Comparison of the three main groups of children and malaria patients, 507 proteins were common,
followed by 445 protein common between children with CM and SMA. (C-E) Comparison of the
clinically relevant sub-groups of severe malaria outcomes, CM FO vs CM FR, SMA FR vs CM FR, and
SMA FR vs SMA NCI, the comparisons had respectively, 791, 724, and 671 proteins in common, and
approximately 200 to 300 proteins exclusive to the individual groups. Abbreviations: CC, community
children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment;

SMA, severe malarial anaemia
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Figure 5.5 Comparison of Plasmodium falciparum proteins identified in all the patients. (A) 44 malaria
proteins were identified in all the patients, one was found in common with the CC group; however,
this was a fragment of a protein which was later eliminated during downstream analysis. (B) Majority

of the proteins were in the CM group with 34 proteins, 8 proteins were in common between CM and
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SMA patients. (C) The CM FR sub-group had 11 proteins exclusive to that group, followed by 8 proteins
in the CM FO group, 15 proteins were common to CM FR and CM FO. Abbreviations: CC, community
children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment;

SM; severe malaria; SMA, severe malarial anaemia

5.3.4 Expression and pathway analysis for 5 sub-groups (community controls and malaria

patients)

Differential expression analysis was performed using PEAKS X pro to compare the five sub-

groups (CC, CM FR, CM FO, SMA FR, SMA NCl), represented in the heatmap (Figure 5.6A) 318
differentially expressed proteins (DEPs) were identified in the plasma EVs when a threshold
of FDR < 1%, unique peptides 21, and p-value <0.001 was applied. The most considerable
difference in protein profile is between the CC and SMA NCI patients, where most proteins’
relative abundance is higher in the SMA NCI patient EVs (Figure 5.6A). Children with CM and
SMA who fully recovered after treatment had a similar protein clustering (Figure 5.6A). The
children with CM FO and SMA NCl also had similar clustering, where approximately two-thirds
of the proteins had high relative abundance compared to the other groups (Figure 5.6A).

The number of DEPs was narrowed down using the following cut-offs FDR < 1%, unique
peptides =2, and p-value <0.001 to curate a list of 227 proteins from the five sub-group
comparisons to predict up- and downstream effects using IPA (Figure 5.7). IPA mapped 223
DEPs, which were then narrowed down to 183 DEPs by excluding duplicates. The pathway
analysis indicated activation or inhibition of specific pathways by the proteins carried by the
plasma EVs. This suggested that those specific pathways could be altered if a cell interacted
with or took up these plasma EVs. The children in the CC group were also compared to the
patient groups, and the results showed that the DEPs led to an overall inhibition of cell
signalling, molecule transport, immunological processes, and inflammatory pathways (Figure
5.7A). Due to the inhibition of inflammatory proteins, an indirect relationship predicted the
activation of the following pathways/themes: “Infection of Mammalia” disease, collagen, and
organismal death in the CC group (Figure 5.7A). In severe malaria, DEPs from patients with
CM FR were associated with inhibition of immunological pathways related to cell activation,
recruitment, and migration, as well as inhibition of blood clots and adhesion of blood platelet

pathways (Figure 5.7B and Supplementary Figure 5.2A-C). The DEPs from CM FO patients
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were predicted to cause activation of the Liver X Receptor-Retinoid X Receptor (LXR/RXR)
pathway, nuclear receptor subfamily 1 group H member 3 (NR1H3) receptor, positive
regulatory domain containing 1, with zinc finger domain (PRDM1) receptor and
glomerulonephritis, along with inhibition of cellular movement and infiltration and kidney
damage (Figure 5.7C and Supplementary Figure 5.2D). The analysis also identified the
activation of liver inflammation by DEPs from SMA FR patients and the inhibition of immune
response pathways and immune cell activation (Figure 5.7D and Supplementary 5.2E).
Inhibition of blood cell phagocytosis, endothelial cell death and development, inflammatory
response, and vascular cell proliferation were also associated with these DEPs (Figure 5.7D
and Supplementary Figure 5.2E-H). Lastly, DEPs from SMA NCI patients were associated with
the activation of several pathways involved in immune cell recruitment, migration, activation,
adhesion and death, blood cell proliferation, calcium ion flux, and kidney cell death (Figure

5.7E and Supplementary Figure 5.21-M).
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Figure 5.6 Differentially expressed plasma extracellular vesicle proteins identified with PEAKS Xpro.
(A) 318 proteins were differentially expressed in the 5 sub-groups, normalisation based on the average
abundance, FDR < 1%, PEAKSQ (p-value <0.001), has at least 1 used peptide. (B-D) Comparison of the
clinically relevant sub-groups, CM FO vs CM FR, and SMA FR vs SMA NCI, SMA FR vs CM FR, with 53,
74, and 58 differentially expressed proteins, respectively. Normalisation was based on average
abundance, FDR < 1%, Fold Change 22, Significance method PEAKSQ (p-value <0.01 ), has at least 1
used peptide. (E) Venn diagram representing differentially expressed proteins in the clinically relevant
comparisons, there were no proteins common to all three comparisons and SMA FR vs SMA NCI had
the most proteins exclusive to that group, 53 proteins. Abbreviations: CC, community children; CM,
cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe

malarial anaemia
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Figure 5.7 Summary of the major biological themes identified using Ingenuity Pathway Analysis. Threshold cut-offs were set to FDR < 1%, unique peptides >2,

p-value <0.001. (A) The CC group overall had an inhibition of pathways, with indirect relationships causing the activation of ‘Organismal death’ and ‘Infection

of Mammalia’.(B-D) CM FR, CM FO and SMA FR all had large amounts of pathway inhibition, CM FO also had an activation of the LXR/RXR pathway.

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial

anaemia.
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5.3.5 Expression analysis for the clinically relevant malaria comparisons

Differential expression analysis was then run pairwise using PEAKS Xpro for three biologically
relevant comparisons: SMA FR vs CM FR, CM FR vs CM FO, and SMA FR vs SMA NCI. Volcano
plots were used to graphically represent the differences between the patient groups using
the significance (-Logio(p-value)) versus the fold-change (Log2(fold-change)) (Figure 5.8A-C).
A total of 1117 proteins were plotted with 778, 908, and 775 proteins in SMA FR vs CM FR,
CM FR vs CM FO, and SMA FR vs SMA NClI plots, respectively (Figure 5.8A-C). Out of all the
proteins, only two differentially expressed were P. falciparum proteins, i.e., immunogenic
merozoite surface protein 6 (MSP6) and glutamate-rich protein (GLURP)®%63, and both levels

of relative abundance were significantly higher in CM FO than CM FR (Figures 5.8B).
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Figure 5.8 Volcano plots of three clinically relevant comparisons of severe malaria outcomes. The cut-
offs are shown with horizontal dotted lines and vertical solid lines, representing a p-value <0.01, and
| LogzFold Change| > 1. Proteins with very small p-values are plotted on -Log10(p-value) = 20. (A-C) A

total of 1117 proteins identified in the malaria patient samples are plotted, 778, 908, and 775 proteins

139


https://sciwheel.com/work/citation?ids=15761707,15761725&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0

are plotted for SMA FR vs CM FR, CM FR vs CM FO, and SMA FR vs SMA NClI, respectively. (B) Two
malaria proteins were found to be differentially expressed. (D) Using threshold cut-offs, FDR < 1%,
| Log,Fold Change| > 1, unique peptides 22, and p-value <0.001 a list of proteins was created and
analysed using Ingenuity pathway analysis. The analysis mapped 94 differentially expressed proteins
with 34, 31, and 48 proteins in comparisons SMA FR vs CM FR, CM FO, vs CM FR, and SMA FR vs SMA
NCI, respectively. Abbreviations: CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI,

neurocognitive impairment; SMA, severe malarial anaemia

5.3.6 Identification of biological processes and functional group networks

5.3.6.1 Comparisons between the clinically relevant malaria sub-groups

Next, IPA analysis was performed for the three clinically significant severe malaria
comparisons with stricter thresholds (FDR < 1%, |Log,Fold Change| > 1, unique peptides >2,
p-value <0.001) to curate a list of 116 DEPs for all three comparisons to determine their role
as potential prognostic biomarkers for severe malaria outcomes, i.e., full recovery,
neurocognitive impairment, and death. After processing the DEPs list with the new
thresholds, 109 passed the cut-offs implemented by the IPA software and were mapped,
leaving only human proteins, all the malaria proteins being cut-off. IPA then filtered out
duplicates, narrowing the list to 94 DEPs in total. Comparisons between SMA FR and CM FR,
CM FO and CM FR, and SMA FR and SMA NCI showed 34, 31, and 48 DEPs, respectively (Figure
5.8D and Supplementary Table 5.1).

The top 10 differentiating plasma EV proteins in the dataset that passed the IPA core analysis
cut-offs and mapped to the ingenuity knowledge base are listed in Table 5.4. Five defining
proteins span two comparisons for SMA FR, calcium-binding protein (S100A8 and 9), keratin
(KRT), and cholesteryl ester transfer protein (CETP), respectively lower, higher, and higher in
SMA FR compared to CM FR and SMA NCI and serum amyloid A2 (SAA2) higher in CM FR and
lower in SMA NCI compared to SMA FR (Table 5.4). As for CM FR, eight proteins, aggrecan
(ACAN), apolipoprotein (APOA4) and five immunoglobulin (IG) proteins were respectively
higher, higher, and lower in CM FR compared to SMA FR and CM FO and proteasome subunit
alpha type-1 and 4 (PSMA4) was higher in CM FR compared to SMA FR and lower in CM FR
compared to CM FO (Figure 5.6 and Table 5.4). Comparisons of SMA FR versus SMA NCl and
CM FO versus CM FR shared 6 DEPs: brain acid soluble protein 1 (BASP1), three

immunoglobulin (IG) proteins, retinol-binding protein 4 (RBP4), serum protease inhibitor,
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clade A [alpha-1 antiproteinase, antitrypsin], and member 7 (SERPINA) and all had higher

levels in the more severe outcome, that is in SMA NCIl and CM FO.

Table 5.4 Top 10 most highly dysregulated proteins for each severe malaria outcome comparison

SMA FR vs CM FR CM FO vs CM FR SMA FR vs SMA NCI
Expr Fold Change T+

Molecules Value Molecules Value Molecules Value
ACAN +1.770 ACAM + 1,880 CFHR2 +1.820
COL1A1 +1.770 ALAD + 1.650 KRT16 + 1.800
S100A8 + 1,680 CFHRS + 1.640 IGHG4 +1.740
APOA4 + 1.680 mH2 +1.620 CEB +1.730
S100A9 + 1.670 APOA4 +1.580 S100A8 +1.730
DEFAT (includes others) -+ 1.540 PROST +1.500 SERPIMNAG +1.730
SAA2 +1.560 CFI +1.720
PSMAT +1.520 PGLYRP2 +1.700
PSMA4 +1.520 TIR +1.700
LDLR +1.510 CLEC3B + 1.680
Expr Fold Change

Molecules Value Molecules Value Molecules Value
PF4 -6.667 IGKV3D-20 -5.263 VWF -5.263
IGHV1-2 -5.263 IGHG2 -5.263 PTX3 -3.704
LCAT -5.000 HP -4.167 SAA2 -3.448
KRTY -5.000 IGHA -3.846 CETP -2.778
F13A1 -5.000 ALB -3.704 KRT2 -2.703
KRT10 -3.571 IGHG -3.333 VCAN -2.439
I1GLV3-21 -3.333 IGLVZ-18 -3.226 THC -2.381
SLC1AS -3.226 IGHV3-49 -3.125 LEP -2.174
IGLV2-18 -2.941 IGHG3 -3.030 APOD -2.128
IGKV1D-39 -2.857 HPX -2.632

Abbreviations: CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA,
severe malarial anaemia
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5.3.6.2 Pathways, disease, and functions altered by DEPs between SMA FR and CM FR

DEPs between SMA and CM patients that fully recovered without complication were found
to activate cellular stress and injury, cellularimmune response, and immune system canonical
pathway categories in CM FR children (Figure 5.9A). Many proteins were shown to inhibit
haemostasis, the immune system and vesicle-mediated transport canonical pathway
categories in CM FR compared to SMA FR (Figure 5.9A). Some specific canonical pathways
inhibited in CM FR compared to SM FR included binding and uptake of ligands by scavenger
receptors, cell surface interactions at the vascular wall, phagocytosis, B cell receptor
signalling, interactions between lymphoid and non-lymphoid cells, and neutrophil
extracellular signalling (Supplementary Figure 5.3A). The specific canonical pathways
activated in CM FR include Class | MHC-mediated antigen processing and presentation,
neutrophil degranulation, and S100 family signalling (Supplementary Figure 5.3B).

The most significant diseases and disorders altered by the DEPs in CM FR patients compared
to SMA FR patients included dermatological, immunological, and inflammatory disease,
organismal injury and abnormalities, and inflammatory response (Table 5.5). The most
significant molecular and cellular functions altered were lipid, vitamin, and mineral
metabolism, molecular transport, small molecule biochemistry, and post-translational
modifications (Table 5.5). The most significant physiological system development and
functions that were influenced include the haematological system, immune cell trafficking,
humoral immune response, embryonic development, and hair and skin development and
function (Table 5.5). Some additional diseases and functions affected in CM FR compared to
SMA FR patients were cellular signalling, movement, interaction, growth and proliferation,
infectious and haematological diseases, neurological disease, skeletal and muscular system
development, function and disorders, developmental disorder, protein trafficking, and
nervous system development and function (Supplementary Figure 5.4).

The first network for comparing SMA FR and CM FR illustrated the activation of lipid
metabolism, molecular transport, and small molecule biochemistry functions (Figure 5.9B).
This activation (orange) occured in CM FR children when compared to SMA FR due to the
variation of 13 molecules, high (red) levels of aggrecan (ACAN), collagen type | alpha one chain
(COL1A1), calcium-binding protein A8 and 9 (S100A8 and S1009 or MRP8 and MRP14
respectively), apolipoprotein A-IV (APOA4), defensin, alpha 1 (DEFA1), serum amyloid A2
(SAA2), low-density lipoprotein receptor (LDLR) platelet factor 4 (PF4 or CXCL4), Lecithin
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cholesterol acyltransferase (LCAT), and coagulation factor XIlI A (F13A1)). This was
accompanied by low (green) levels of cholesteryl ester transfer protein (CETP) and dermcidin
(DCD) in CM FR when compared to SMA FR (Figure 5.9B). The second and third networks
display inhibition (blue) of cancer, dermatological diseases, developmental disorders, and
haematological disease in CM FR children compared to SMA FR due to lower levels of 11
molecules, the immunoglobulin (IG) proteins (IGHVs-5, IGHV1-2, IGHV1-69, IGHV1-69D,
IGKV3-11, IGKV1-39, IGKV1D-39, IGLV1-40, IGLV2-18, IGLV3-21, and IGLV6-57 (Figure 5.9C
and D). The fourth network showed inhibition of dermatological diseases and conditions,
organismal injury and abnormalities, and post-translational modification in CM FR against
SMA FR due to lower levels of 5 molecules, cornified envelope protein (CFP) and keratin
proteins, KRT2, KRT5, KRT9, and KRT10 (Figure 5.9E). Lastly, the fifth network illustrated the
inhibition of amino acid metabolism and molecular transport in CM FR when compared to
SMA FR by lower levels of solute carrier family 1 member 5 (SLC1A5) and transferrin receptor
(TFRC/CD71) and activation of small molecule biochemistry by higher levels of proteasome

subunit alpha type-1 and 4 (PSMA1 and 4) (Figure 5.9F).
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Table 5.5 Top 5 diseases and biological functions that were significantly altered by the differentially expressed proteins

SMA FR vs CM FR

Diseases and Disorders

Name
Dermatological Diseases and Conditions
Immunological Disease

Inflammatory Disease

O Injury and Ab

Inflammatory Response

Molecular and Cellular Functions

Name

Lipid Metabolism

Molecular Transport

Small Malecule Biochemistry
Vitamin and Mineral Metabolism

Post-Translational Maodification

Physiological System Development and Function

Name

; ical System D p and Function

Immune Cell Trafficking
Humeral Immune Response
Embryonic Development

Hair and Skin Development and Function

e
vy
Yoo

-pscet

P TTES

p-value range
4.78E-02 - 6.226-07
444E-02 - 6.226-07
2.80E-02 - 6.22-07
4.78E-02 - 6.226-07
4.78E-02 - 7.25E-06

p-value range
4.86E-02 - 1.29E-06
4.86E-02 - 1.29E-06
4.86E-02 - 1.29E-06
2.34E-02 - 3.48E-06
1.72E-02 - 5.42E-06

p-value range
4.78E-02 - 7.25E-06
4.7BE-02 - 1.42E-05
44BE-02 - 1.87E-04
3.72E-02 - 5.71E-04
3.72E-02 - 5.71E-04

# Molecules
13
17
12
23
12

# Molecules
5
n
8

# Molecules
10

v

CM FO vs CM FR

Name
Inflammatary Respanse

Cardiovascular Disease

0 Injury and Ab
Meurological Disease

Metabolic Disease

Name

Cell-To-Cell Signaling and Interaction
Cellular Assembly and Organization
Cell Death and Survival

Cellular Compromise

Cellular Function and Maintenance

Name
Organismal Development
Tissue Development

; ical System D P and Function

Immune Cell Trafficking

Connective Tissue Development and Function

=~

p-value range
5.00E-02 - 2.87E-06
4.48E-02 - 9.62E-06
5.00E-02 - 9.62E-06
5.00E-02 - 1.05E-05
4.87E-02 - 2.85E-05

p-value range
4.96E-02 - 2.22E-08
2.00E-02 - 7.65E-08
5.00E-02 - 1.28E-06
3.31E-02 - 2.87E-06
4.61E-02 - 2.87E-06

p-value range
3.18E-02 - 1.05E-05
3.18E-02 - 1.05E-05
4.96E-02 - 5.20E-05
4.96E-02 - 5.58E-04
1.87E-02 - 1.35E-03

# Molecules
14
12
20
15
13

# Molecules
12

o m

# Molecules
3

v

SMA FR vs SMA NCI

MName
Infectious Diseases

0 Injury and Ab

Cardiovascular Disease
Hematological Disease

Neuralogical Disease

Name

Cell-To-Cell Signaling and Interaction
Lipid Metabolism

Small Molecule Biochemistry

Cellular Movement

Cell Morphology

Name

; ical System D P and Function

Immune Cell Trafficking
Cardiovascular System Development and Function
Organismal Development

Organismal Functions

Abbreviations: CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia

p-value range

By - 7.61E-03 - 2.26E-18
RO . 139E-02 - 2.26E-18
i - 1.39E-02 - 147E-12
i 1.28E-02 - 147E-12
M 1.28E-02 - 247E-11

p-value range
MWL es e 1 30E-00 - 1.66E-13

e 1.19E-02 - 8.53E-08
e - 1.19E-02 - 8.53E-08
TL S TR 1.23E-02 - 1.40E-07
YR 1.39E-02 - 2.04E-07
p-value range
i SR 1.39E-02 - 2.92E-11
¥V IO 1.25E-02 - 2.92E-1
T LT 1.23E-02 - 5.91E-08
- 9.04E-03 - 5.91E-08

I 7.96E-03 - 5.29E-07

# Molecules
22
43
27
28
31

# Molecules
22
19
24
18
12

# Molecules
18
16
15
20
3
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5.3.6.3 Pathways, disease, and functions altered by DEPs between CM FO and CM FR
The DEPs between CM children who died and CM children who fully recovered without
complications were found to inhibit pathogen and cytokine signalling, cellular stress, injury,
growth, proliferation, and development, cellular immune response, immune system,
haemostasis, and vesicle-mediated transport canonical pathway categories in CM FR children
(Figure 5.10A). There were only two activated canonical pathway categories, cytokine
signalling and cellular immune response, for CM FR and CM FO comparisons (Figure 5.10A).
Some specific inhibited canonical pathways in CM FR compared to CM FO included binding
and uptake receptors, cell surface interactions at the vascular wall, Fc-gamma receptor-
dependent phagocytosis, B cell receptor signalling, lymphoid and non-lymphoid cell
interactions, neutrophil extracellular signalling pathway, neutrophil degranulation, and
phagosome formation (Supplementary Figure 5.3B). There was only one activated canonical
pathway in CM FR comparatively, IL-12 signalling and production in macrophages
(Supplementary Figure 5.3B).
The top 5 most significant diseases and disorders predicted to be altered in CM FR compared
to CM FO include inflammatory response, cardiovascular disease, organismal injury and
abnormalities, neurological disease, and metabolic disease (Table 5.5). The topmost
molecular and cellular functions altered in CM FR versus CM FO are cell-to-cell signalling and
interaction, cellular assembly and organisation, cell death and survival, cellular compromise
and cellular function and maintenance (Table 5.5). The most significant physiological system
development and functions for CM FR compared to CM FO are haematological system
development and function, immune cell trafficking, humoral immune response, embryonic
development, and hair and skin development and function (Table 5.5). Additional significant
diseases and functions affected by the DEPs between CM FO and CM FR include amino acid
metabolism, psychological disorders, skeletal and muscular disorders, inflammatory disease,
infectious diseases, developmental disorders, protein synthesis, cellular growth,
proliferation, movement, and signalling, and nervous system development and function
(Supplementary Figure 5.5).
There were three most significant networks, the first one illustrating 13 molecules with
increased levels of apolipoprotein A-IV (APOA4) and complement factor H-related 5 (CFHR5)
affecting neurological disease processes and lower levels of immunoglobulin proteins (IGHG1,
IGHG2, IGHG3, IGKV3-11, IGLV2-18, and IGLV1-40), haptoglobin (HP), albumin (ALB),
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hemopexin (HPX), lysozyme (LYZ), and retinol-binding protein 4 (RBP4) inhibit cellular
assembly and organisation and organismal development in CM FR when compared to CM FO
(Figure 5.10B). The second network displayed nine molecules causing some activation of
cardiovascular disease, organismal injury and abnormalities, and endocrine system disorder
due to the higher levels of aggrecan (ACAN), protein S 1 (PROS1), inter-alpha-trypsin 2 (ITIH2)
and lower levels of immunoglobulin kappa variable 1-5 (IGKV1-5), carcinoembryonic antigen-
related cell adhesion molecule 8 (CEACAMS), carbonic anhydrase 1 (CA1l), neutrophil
activation marker (CD177), brain acid soluble protein 1 (BASP1), serum protease inhibitor,
clade A [alpha-1 antiproteinase, antitrypsin], member 7 (SERPINA7) in CM FR compared to
CM FO (Figure 5.10C). The slight activation in CM FR could indicate that protein levels in CM
FO cause more robust activation than CM FR (Figure 5.10C). The third network displayed eight
molecules in CM FR when compared to CM FO that inhibited cell-to-cell signalling and
interaction, cellular compromise, and cellular function and maintenance by higher levels of
aminolevulinic acid dehydratase (ALAD) and lower levels of immunoglobulin proteins
(IGKV3D-20, IGKV1-5, IGHA1, IGHA2, IGHV3-49, and IGHV1-69D), and proteasome subunit
alpha type-4 (PSMA4) (Figure 5.10D).
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Figure 5.10 Most significant canonical pathway categories and networks for the comparison between children with cerebral malaria who died and children
with cerebral malaria who fully recovered without complications. Threshold cut-off: FDR £ 1%, |Log,Fold Change| > 1, unique peptides =2, and p-value <0.001.

(A) Bubble chart of main canonical pathways. (B-D) Top function networks highlighting the protein expression and predicted activation or inhibtion.
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5.3.6.4 Pathways, disease, and functions altered by DEPs between SMA FR and SMA NCI

The comparison between SMA FR and SMA NCI showed activation of many pathways and
processes in networks similar to the results illustrated above when comparing all five sub-
groups. All canonical pathway categories listed for SMA NCI were activated compared to SMA
FR, notably the immune response, immune system, haemostasis, cellular growth and
development, and nuclear receptor signalling (Figure 5.11A). The inhibited canonical pathway
categories include cellular immune response, cytokine signalling and ingenuity toxicity list
pathways (Figure 5.11A). Some specific canonical pathways that were activated in SMA NCI
when compared to SMA FRare LXR/RXR, DHCR24 signalling, elevated platelet cytosolic Ca2+
response, complement cascade, neutrophil degranulation, and extracellular trap signalling,
clotting cascade, Fcgamma receptor-dependent phagocytosis, phagosome formation, S100
Family signalling, and dendritic cell maturation (Supplementary Figure 5.3C). Only two
canonical pathways were inhibited: the acute phase response signalling and IL-12 signalling
and production in macrophages (Supplementary Figure 5.3C).

Many DEPs that altered diseases and biological function were identified between SMA FR and
SMA NCI (Table 5.5). The top 5 most statistically significant diseases and disorders affected
by DEPs are infectious diseases, organismal injury and abnormalities, neurological disease,
and metabolic disease (Table 5.5). The most significant molecular and cellular functions are
cell-to-cell signalling and interaction, lipid metabolism, small molecule biochemistry, cellular
movement, and cell morphology (Table 5.5). Lastly, the topmost physiological system
development and functions are haematological system development and function, immune
cell trafficking, cardiovascular system development and function, organismal development,
and organismal function (Table 5.5). Additional diseases and functions affected in SMA NCI
compared to SMA FR include haematological disease, skeletal and muscular disorders,
psychological disorders, cellular movement, morphology, signalling, growth, proliferation,
tissue development, molecular transport, connective tissue disorder, inflammatory and
immunological disease, developmental disorder, ophthalmic disease, auditory disease, DNA
replication, recombination, and repair, antigen presentation, behaviour, protein synthesis
(Supplementary Figure 5.6). Many developments and functions were affected, such as the
nervous, skeletal, muscular, respiratory, endocrine, hepatic, and visual systems

(Supplementary Figure 5.6).
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When compared to SMA FR, the DEPs in SMA NCI children resulted in four activated networks
(Figure 5.11). The first network showed activation of infectious diseases, organismal injury
and abnormalities, and haematological system development and function by 17 molecules
(Figure 5.11B). This was due to higher levels of serum protease inhibitor, clade A [alpha-1
antiproteinase, antitrypsin], members 6 and 7 (SERPINA6 and 7), cofilin 1 (CFl), coagulation
factor X (F10), apolipoprotein H (APOH), complement C3 (C3), retinol-binding protein 4
(RBP4), kininogen 1 (KNG1), orosomucoid 1 and 2 (ORM1 and 2), transthyretin (TTR), alpha-
2-HS-glycoprotein (AHSG) in SMA NCI when compared to SMA FR (Figure 5.11B). This was also
caused by lower levels of apolipoprotein D (APOD), cholesteryl ester transfer protein (CETP),
lipopolysaccharide-binding protein (LBP), Serum amyloid A (SAA2), and versican (VCAN) in
SMA NCI when compared to SMA FR (Figure 5.11B,). The second network illustrated the
activation of cardiovascular disease, organismal injury and abnormalities, cell-to-cell
signalling and interaction by 9 DEPs in SMA NCI compared to SMA FR (Figure 5.11C). The
activation was caused by higher levels of prothrombin/coagulation factor Il (F2), alpha-2-
glycoprotein 1, zinc-binding (AZGP1), peptidoglycan recognition protein 2 (PGLYRP2), S100
calcium-binding protein A8 and 9 (S100A8 and S100A9), peptidylprolyl isomerase A (PPIA),
calmodulin 1 (CALM1), Cofilin 1 (CFL1), and brain acid soluble protein 1 (BASP1) in SMA NCI
when compared to SMA FR (Figure 5.11C). The third network interestingly depicts the
activation of developmental disorders, hereditary disorders, and immunological disease by
nine molecules (Figure 5.11D). This activation was due to higher levels of immunoglobulin
proteins (IGKV1D-13 and IGHA1), glutathione peroxidase 3 (GPX3), C-type lectin domain
family 3 member B (CLEC3B), complement factor H-related protein 2 (CFHR2), complement
component 7 (C7), complement component C8 beta chain (C8b), lactate dehydrogenase A
(LDHA) and lower levels of keratin 2 (KRT2) in SMA NCI children compared to SMA FR children
(Figure 5.11D). As for the fourth network, cellular assembly and organisation, cell-to-cell
signalling and interaction, and haematological system development and function were
activated in SMA NCI compared to SMA FR due to 8 DEPs (Figure 5.11E). The activation was
caused by increased levels of immunoglobulin proteins (IGHG1, IGHG2, and IGHG4), keratin
16 (KRT16), and B2 microglobulin (B2M) in SMA NCI compared to SMA FR (Figure 5.11E).
Activation was also due to decreased levels of pentraxin 3 (PTX3), tenascin C (TNC), and von

Willebrand factor (VWF) in SMA NCI versus SMA FR (Figure 5.11E).
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5.4 Discussion

Using high-throughput analysis, this study identified plasma EV proteins in the early stages of
severe malaria infection in children for the first time and suggested proteins with prognostic
biomarker potential for identifying children at risk of NCI and death. EVs were isolated from
small volumes (180 uL) of plasma per paediatric patient, and the proteins were isolated and
digested for proteome-wide comparison. The technical replicates for all samples were
consistent and similar based on the Pearson correlations. After filtering the proteins with
specified cut-offs, 420 proteins were common to all patient groups (CC and severe malaria)
and could potentially be involved in EV formation and packaging. Overall, more proteins were
identified in the severe malaria groups than in the CC group, which could indicate that less
activation occurs in the CC group. Interestingly, when comparing the CC group to children
with severe malaria, 624 proteins were shared and could be involved in EV formation; only
74 proteins were specific to CC, and 924 were specific to severe malaria. When comparing
the three main groups, CC, CM and SMA, the severe malaria groups each had 263 and 216
proteins exclusive to their group, respectively, indicating the possible involvement of
pathogenic specific proteins for the individual severe malaria complications.

While identifying biomarkers carried by EVs, the biomolecule interaction was explored,
providing insight into crucial roles during disease development. By comparing the proteomic
profiles of each patient sub-group (CC, CM FR, CM FO, SMA FR, SMA NCI), 318 DEPs were
identified; using stricter cut-offs and IPA mapping, this was narrowed down to 183 DEPs. By
comparing children from the neighbouring community (CC), a baseline of activity can be
established, and inhibition of immunological and inflammatory processes and proteins was
identified (Figure 5.7A). This impairment of immunity has indirectly led to the activation of
“infection of Mammalia” disease and organismal death (Figure 5.7A). It has been reported
that immunity is weakened when exposed to stressful environments, and the body goes into
a dysfunctional immune state, making the person more prone to infection, relapse, and
reactivation of infection®. In this same study, RNA sequencing on blood samples showed
consistent activation of “infection in Mammalia” in healthy adult males deployed in the harsh

Antarctic station®*. This could indicate that healthy children living in the community of malaria

152


https://sciwheel.com/work/citation?ids=15713599&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=15713599&pre=&suf=&sa=0&dbf=0

endemic regions were exposed to a stressful environment, leading to a dysfunctional immune
state.

The DEPs in patients with CM FR established inhibited immune cell activation, blood clots and
platelet adhesion pathways, which could be linked to weakened immunity, allowing the initial
infection to worsen in these patients via an increase in parasitaemia without as strong of a
pro-inflammatory response compared to children who did not survive CM. Platelets have
been shown to mediate iRBC cytoadherence to endothelial cells and enhance iRBC clumping,
contributing to pathogenesis®>—8, Platelets were also reported to induce malaria parasite
killing for all major Plasmodium species for adult and child human patients naturally infected
with malaria®®7°, A study in Colombia showed that longer illness durations and younger age
were associated with severe thrombocytopenia in severe malaria’. Thus, inhibiting these
blood clot and platelet pathways would cause less sequestration in the microvasculature,
leading to fewer haemorrhages and comas; inhibition also allows the parasite to persist and
evade platelet killing.

The DEPs in patients with CM FO indirectly activated the LXR/RXR canonical pathway, NR1H3
nuclear receptor, PRDM1 transcriptional regulator, and glomerulonephritis. LXR/RXR system
is a crucial regulator of cholesterol, glucose and fatty acid homeostasis and
neuroprotection’*3. LXR is an inflammation regulator that suppresses inflammatory gene
expression in macrophages’®. When NR1H3, also known as LXRA, is together with LXRB, they
create a subfamily of nuclear receptors that regulate lipid homeostasis, innate immunity and
inflammation at the genomic level’>. PRDM1, conversely, regulates B and T cell
differentiation, playing a critical role in immunosuppression, and studies have shown its
prognostic values across many different cancer types’®. In malaria, PRDM1/BLIMP1 is induced
by IL-12 and is associated with Type 1 regulatory cell development. It is thought to prevent
pathology while allowing parasite persistence by suppressing the Thl response. It is also
highly expressed in asymptomatic Ugandan children, providing protection once infected’’7°.
Glomerulonephritis was also predicted to occur, which can be triggered by Th1l or Th2
response®. The outcome of Plasmodium infection is determined by the balance between
anti- and pro-inflammatory immune responses®®. A weaker pro-inflammatory response can
result in uncontrolled parasite replication and excessive pro-inflammatory response, leading

to tissue damage and severe malaria syndromes such as CM and multi-organ failure®:.
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Likewise, the DEPs in patients with SMA FR were associated with an inhibited immune
response, stopping phagocytosis in the vasculature, endothelial cell death and development,
and vascular cell development, likely allowing the infection to persist. We also identified EV
proteins involved in liver inflammation, which is commonly associated with severe malaria
infection and allows for protection against the liver stage of malaria parasites®284,

As mentioned above, the DEPs in EVs from patients with CM FR were associated with an
inhibition of platelet adhesion; the opposite was found for the DEPs in EVs from patients with
SMA NCI. The DEPs were related to immune response activation, vascular cell proliferation,
platelet adhesion, calcium ion flux, and kidney cell death. The activation of blood platelet
adhesion would allow for increased sequestration and kill parasites in circulation. Calcium ion
activation is also essential as it is associated with parasite development, locomotion,
fertilisation and host cell infection®. During severe malaria infection, apoptosis in cells from
vital organs such as the kidneys has been documented, and during anaemia onset, an acute
kidney injury, regardless of parasite load, provides a mechanism of iron-recycling salvage
pathways8687,

Three clinically significant comparisons of severe malaria outcomes include SMA FR vs CM FR,
CM FO vs CM FR, and SMA FR vs SMA NCI, as our work aimed to identify prognostic
biomarkers for the outcome of severe malaria. The comparison between patients with SMA
who fully recovered and those who developed NCI had the highest number of DEPs, indicating
unique pathways and functions occurring in SMA NCI children. Out of the total 94 DEPs, 19
proteins appeared to be of particular interest, as five proteins differentiated SMA FR from CM
FR and SMA NClI, eight differentiated CM FR from SMA FR and CM FO, and six distinguished
the more severe outcomes, SMA NCIl and CM FO from SMA FR and CM FR, respectively.
Overall, the children with CM FR, based on their EV content, which can mirror the parent cell,
had weaker immunity compared to children with SMA FR and CM FO as they had a less active
immune system and response and vesicle-mediated transport for cellular communication
caused by the GEPs: elevated relative abundance of ACAN and APOA4, and lower relative
abundance of IGHG3, IGHV1-69D, IGKV3-11, IGLV1-40, IGLV2-18 in children with CM FR, and
PSMAA4 is relatively higher in children with CM FO and lower in children with SMA FR when
compared to children who fully recovered without complications (Figure 5.6A, 5.6D, and 5.9-
5.11A, and Supplementary Table 5.1). This indicates that the DEPs in CM FR are predicted to

alter the immune and inflammatory responses. DEPs in plasma EVs from children with CM FR
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were associated with the activation of the immune response, such as cytokine signalling,
compared to CM FO, specifically macrophage production of IL-12 signalling (Figure 5.10A and
Supplementary Figure 5.3B). IL-12 is a pro-inflammatory cytokine produced by dendritic cells,
neutrophils and macrophages and is part of the adaptive immune response by stimulating the
proliferation of Th1 cells. The levels of IL-12 are associated with systemic inflammation and
vascular dysfunction and may be a predictor of acute malaria infection. However, there are
conflicting findings regarding the abundance of IL-12 and severe malaria®.

The EVs from children with SMA FR had a more active immune response than CM FR but much
less than SMA NCI, where many inflammatory pathways were activated (Figure 5.11A and
Supplementary Figure 5.3C). These differences can potentially be set apart with five proteins:
higher relative abundance of CETP and KRT2, lower relative abundance of S100A8 and
S100A9, and relatively higher amounts of SAA2 in children with CM FR and relatively lower
amounts in children with SMA NCI, both when compared to children with SMA FR. The
alarmins S100A8 and S100A9 were associated with infection-mediated inflammation, and in
malaria, they are expressed by monocytes and reduce the expression of MHC class Il antigen-
presenting molecules’. In a murine model of CM where plasma EVs were analysed, increased
amounts of S1I00A8 were associated with CM infection, which is also seen here as S100A8 and
9 were both higher in CM FR and SMA NCI compared to SMA FR>®,

Another area of interest was determining whether EVs carried proteins that could predict
severe malaria outcomes such as NCI and death. This study found six proteins that could act
as neurological or deadly malaria markers: BASP1, IGHA1l, IGHG1, IGHG2, RBP4, and
SERPINA7. All six proteins were involved with inflammatory and immune system activity. In
the brain, BASP1 is involved in brain development; however, in disease, BASP1 has been
associated with poor cancer prognosis and endothelial apoptosis in diabetes®=°1. This could
indicate BASP1 as a marker for host injury due to inflammation, as indicated by the IPA
predictions.

Research has shown a close relation between apolipoproteins and tau in the modulation of
neurological disruption in patients with Alzheimer’s disease, with apolipoprotein also being a
potential marker of Alzheimer’s disease in CSF and plasma®224. Across the three clinically
relevant comparisons, differentially expressed apolipoproteins were identified, of which
children with SMA NCI had significantly lower relative levels of apolipoprotein D and

significantly higher relative levels of apolipoprotein H compared to children who fully
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recovered from SMA. This could indicate an association between these two apolipoproteins
and worse cognitive outcomes; however, much more research is required.

It is interesting to see these differences reflected in the plasma EV cargo during early
responses to malaria infection, as this may indicate pre-determined outcomes of severe
malaria early on in infection depending on the individual’s pathological response to infection.
This study identified many proteins with predictive potential for each sub-group of severe
malaria outcomes. Due to the complex pathogenesis involved in malaria development,
multiple proteins should be combined into a panel to work as functional prognostic

biomarkers and used to predict severe malaria outcomes.
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Supplementary Figure 5.1 Pearson correlation plots depicting the relationship between technical replicates of patient sample. Numbers in the plots represent

the r-value, all patient samples have an r-value greater than 0.99.
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networks and their regulators for the SMA NCI sub-group.
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Supplementary Table 5.1 List of all differentially expressed proteins for the clinically relevant comparisons

Supplementary Table 1. List of all differentially expressed proteins for the clinically relevant comparisons

SMAFRvs CM FR
Entrez Gene Name UniProtKB ID
Platelet factor 4 P02776
Immunoglobulin heavy variable 1-2 P23083
Coagulation factor Xl A chain P00488
Keratin 9 P35527
Lecithin-cholesterol acyltransferase P04180
Keratin 10 P13645
Immunoglobulin lambda variable 3-21 P80748
Solute carrier family 1 member 5 Q15758
Immunoglobulin lambda variable 2-18 ADAO75B6/9
Immunoglobulin kappa variable 1-39 P01597
Immunoglobulin kappa variable 1D-39 P04432
Immunoglobulin lambda variable 1-40 P01703
Keratin 5 P13647
Cholesteryl ester transfer protein P11597
Immunoglobulin heavy variable 1-69 P01742

Immunoglobulin heavy variable 1-69D

Immunoglobulin heavy variable 2-5

Keratin 2

Complement factor properdin
Transferrin receptor

Dermcidin

Immunoglobulin lambda variable 6-57
Immunoglobulin heavy constant gamma 3
(63m marker)

Immunoglobulin kappa variable 3-11
Low density lipoprotein receptor
Proteasome 20S subunitalpha 1
Proteasome 20S subunit alpha 4
Serum amyloid A2

Defensin alpha 1

$100 calcium binding protein A9
Apolipoprotein A4

5100 calcium binding protein A8
Aggrecan

Collagen type | alpha 1 chain

Symbol
PF4

IGHV1-2
F13A1
KRT9
LCAT

KRT10

IGLV3-21
SLC1AS
IGLV2-18

IGKV1-39

IGKV1D-39
IGLV1-40

KRTS

CETP
IGHV1-69

AOAOB4J2HO IGHV1-69D

P01817

P35908
P27918
P02786
P81605
P01721

P01860

P04433
P01130
P25786
P25789
PODNI9

P59666

P06702
P06727
P05109
P16112

P02452

IGHV2-5

KRT2
CFP
TFRC
DCD
IGLV6-57

IGHG3

IGKV3-11
LDLR
PSMA1
PSMA4
SAA2
DEFAL
(includes
others)
S100A9
APOA4
S100A8
ACAN

COL1AL

Log; FC Pvalue

-6.67

-5.26
-5
-5
=5

-3.57

=125
-3.23
-2.94

-2.86

-2.86
-2.78

-2.70

-263
-2.63

-2.63

-2.63

-2.63
-2.56
-2.56
2522,
-2.13

-2.04

-2.04
1.51
1.52
1.52
1.56

1.64

1.67
168
1.69
177

177

1E-20

1E-20
0.0002
1E-20
3.06E-06
1E-20
1E-20
1E-20
1E-20
1E-20
1E-20
9.18E-07
1E-20

1E-20
1E-20

1E-20

1E-20

1E-20
1E-20
1E-20
1E-20
1E-20
1E-20
1E-20
1E-20
6.68E-10
3.87E-12
1E-20

1E-20

1E-20
1E-20
1E-20
1E-20

2.74E-08

CMFOvsCMFR
[Entrez Gene Name UniProtKBID  Symbol  Log, FC
Immunoglobulin heavy constant gamma 2 (G2m — _—
marker)
Immunoglobulin kappa variable 3D-20 ADAOCADH25 IGKV3D-20 -5.26
Haptoglobin P0O0738 HP -4.17
Immunoglobulin heavy constant alpha 1 PO1876 IGHAL -3.85
Albumin P02768 ALB -3.70
Immunoglobulin heavy constant gamma 1 (G1m p01857 GHEL 333
Imarker)
Immunoglobulin lambda variable 2-18 AOAO75B6J9 IGLV2-18 -3.23
Merozoite surface protein 6 Q854 MSP6 -3.23
Immunoglobulin heavy variable 3-49 AOADAOMS15 IGHV3-49 -3.13
Immunoglobulin heavy constant gamma 3 (G3m PO1860 1GHG3 203
Imarker)
Glutamate-rich protein Q856 GLURP  -2.78
Hemopexin P02790 HPX -2.63
Immunoglobulin heavy constant alpha 2 (A2m P01877 |GHA2 256
Imarker)
Proteasome 205 subunitalpha 4 P25789 PSMA4  -2.56
CEA cell adhesion molecule 8 P31997  CEACAME -2.5
CD177 molecule Q8N6Q3 CcD177 -2.44
Immunoglobulin lambda variable 1-40 P01703  IGLV1-40 -2.27
Lysozyme P61626 LyZ -2.27
Serpin family A member 7 P05543 SERPINA7  -2.27
Immunoglobulin kappa variable 3-11 P04433 IGKV3-11  -2.22
Retinol binding protein 4 P02753 RBP4 -2.17
Brain abundant membrane attached signal protein 1 P80723 BASP1 -2.13
Carbonicanhydrase 1 P00915 CA1 -2.04
Immunoglobulin kappa variable 1-5 PO1602 IGKV1-5 -2.04
Immunoglobulin heavy variable 1-63D AOAOB4J2HO IGHV1-69D -2
Protein S PO7225 PROS1 1.5
Apolipoprotein A4 P0O6727 APOA4 1.59
Inter-alpha-trypsin inhibitor heavy chain 2 P19823 ITIH2 1.62
Complement factor H related 5 Q9BXR6 CFHRS5 1.64
Aminolevulinate dehydratase P13716 ALAD 1.65
Aggrecan P16112 ACAN 186

Abbreviations: CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment; SMA, severe malarial anaemia

Pvalue
1E-20
1E-20
1E-20
1E-20
1E-20
1E-20

5.96E-10
1E-20
1E-20
1E-20

3.56E-07
1E-20
1E-20

0.0011
1E-20

1E-20

1E-20

1E-20
1E-20
1E-20
1E-20
1E-20
8.38E-05|
4.44E-16|
1E-20
1.78E-19]
1E-20
1E-20

1E-20

0.0001
1E-20

SMA FR vs SMA NCI
UniProtKBID Symbol

[Entrez Gene Name
Histone H4

von Willebrand factor

Pentraxin 3

Serum amyloid A2

Cholesteryl ester transfer protein

Keratin 2

Versican
Tenascin C
Lipopolysaccharide binding protein

Apolipoprotein D

Glutathione peroxidase 3
Complement C3

Coagulation factor X

Peptidylprolyl isomerase A
Cofilin 1

Calmodulin 1-3

Immunoglobulin heavy constant gamma 1 (G1m
marker)

S100 calcium binding protein A9

Orosomucoid 2
Orosomucoid 1
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Supplementary Figure 5.3 Canonical pathways for clinically relevant severe malaria comparisons. (A
and B) Most of the canonical pathways were inhibited by the differentially expressed proteins in SMA
FR vs CM FR and CM FR vs CM FR. (C) Most of the canonical pathways were activated by the
differentially expressed protein in SMA FR vs SMA NCI. The z-score cut-off was at 2 for all.
Abbreviations: CM, cerebral malaria; FO, fatal outcome; FR, full recovery; NCI, neurocognitive

impairment; SMA, severe malarial anaemia.
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SMA FR vs CM FR
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Supplementary Figure 5.4 All diseases and biological functions significantly altered by the
differentially expressed proteins between children with severe malarial anaemia (SMA) and cerebral

malaria (CM) who fully recovered without complications.
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CM FO vs CM FR

Supplementary Figure 5.5 All diseases and biological functions significantly altered by the
differentially expressed proteins between children with cerebral malaria who died (CM FO) and

children with cerebral malaria who fully recovered without complications (CM FR).
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SMA FR vs SMA NCI
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Supplementary Figure 5.6 All diseases and biological functions significantly altered by the

differentially expressed proteins between children with severe malarial anaemia who fully recovered

—_

without complications (SMA FR) and children with severe malarial anaemia who survived but

developed neurocognitive impairment (SMA NCI).
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Chapter 6: Comparative phenotype and numbers of extracellular

vesicles in the plasma and the cerebrospinal fluid of children with

severe malaria

Chapter overview

Cerebrospinal fluid and plasma EVs were phenotypically compared in this chapter to gain an

understanding of the EV population during different severe malaria outcomes. The

cerebrospinal fluid and plasma EVs were also compared to see if they reflect similar activity.

This allowed us to study the cellular origins of the EV populations in further detail. Analysis

showed strong negative correlation between the two sample types when comparing between

samples from children with cerebral malaria who developed neurocognitive impairment.
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Abstract

There is increased interest in methods for assessing extracellular vesicles (EVs) surface cargo
in various diseases, as it can help discover clinically relevant information. Cerebral malaria
(CM) and severe malarial anaemia (SMA) are two of the most severe complications of malaria
infection, which can lead to neurocognitive impairments that can last for many years after
the initial infection. The cellular origins of EVs have been previously compared between
healthy controls and severe malaria patients; however, the different outcomes of severe
malaria have never been assessed. In this study, for the first time, cerebrospinal fluid- (CSF)
and platelet-free plasma- (PFP) derived EVs from Ugandan children were measured by flow
cytometry and their cellular origin and numbers were compared in different groups of
patients. Only patients who had received a lumbar puncture were selected for this study.
Patients who were suffering from either CM or a combination of CM and SMA were classified
according to their clinical outcome, i.e., full recovery, fatal outcome, and neurocognitive
impairment (NCl). Pan-cellular EVs were identified using annexin V to label
phosphatidylserine (PS) at their surface, and EVs from lymphocytic, monocytic/macrophage,
platelet, endothelial, and erythrocytic origins were identified using antibodies against CD3,
CD11b, CD41, CD105 and CD235a, respectively. The CSF from children with CM who had fatal
outcomes had significantly more PS-positive (+) EVs than those who developed NCI and
succumbed. The opposite was observed in the PFP, where the children who recovered
without complications had more PS+ EVs than those with NCI and fatal outcomes. The T
cell+/PS-negative (-) EV counts in the CSF of children with CM were significantly higher in
those who had fatal outcomes than those who fully recovered without NCI. In the children
with both CM and SMA, the number of T cell+/PS- EVs in the CSF was higher in those with
fatal outcomes than those who developed NCI. The amount of monocyte+ or red blood
cell+/PS- EVs in the CSF of children with both CM and SMA was significantly lower in those
who recovered but developed NCI than in children who fully recovered. Children with CM
who recovered but developed NCI had strong negative correlations between CSF and PFP EV
levels. These findings highlight the role of EVs in CSF as potential prognostic biomarkers for
children with CM who recovered but developed NCI and the pathophysiological differences
between CSF and PFP.

Keywords: Extracellular vesicles (EVs), flow cytometry, plasma, cerebrospinal fluid, malaria,
paediatric, cerebral malaria, severe malarial anaemia
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6.1 Introduction

Extracellular vesicles (EVs) are produced by most eukaryotic cells and include three main
groups: exosomes, microvesicles, and apoptotic bodies. Each group of EVs is made via a
different pathway: exosomes are produced when multivesicular bodies bind to the cell
membrane and release its contents of vesicles 50-100 nm in diameter; microvesicles are
produced through plasma membrane remodelling by outward budding, creating vesicles 100-
1000 nm, and apoptotic bodies are produced during apoptosis and have a diameter of 1000-
5000 nm?. Therefore, EVs are complex submicron particles that contain cytosolic proteins,
lipids and nucleic acids, which contribute to intercellular communication and disease
pathogenesis; they are also well-known sources of biomarkers for disease?™. Since
microvesicles have similar surface proteins as their parent cell, flow cytometry has been
commonly used to determine their cell origin for many complex diseases, including malaria®~
10_

An overarching issue is that the instrument's detection threshold limits the characterisation
of exosomes by flow cytometry; therefore, other methods have been used, such as multiplex
proximity extension assay for proteomic profiling of exosomes, allowing the identification of
their cellular origin'*2. Due to the small size of extracellular vesicles, many studies have
chosen to attach the EVs onto larger latex beads for detection via conventional flow
cytometry. However, this method highly depends on the surface markers present on the EVs
and requires large amounts of EVs. Recent advancements in flow cytometry technology and
techniques have allowed the detection of exosomes within a sample. The BD FACSymphony™
A1 Cell Analyzer with the BD® Small Particle Detector can resolve polystyrene beads down to
90 nm, Nano-Flow Cytometry (NanoFCM) can analyse EVs as small as 40 nm, and the Beckman
Coulter CytoFLEX™ can detect EVs at least as small as 65 nm*3716, It is essential to include
exosomes during analysis as they carry important signalling molecules from parent cells and
intercellular vesicles and organelle information”8, Therefore, this study chose to use the
CytoFLEX™ system for EV detection and numeration, as it can detect small EVs with a 4-laser
configuration.

Malaria has been affecting human lives for thousands of years, yet its resilience allows it to
remain a significant global health problem, infecting 249 million people and killing 608,000 in

2022120 This complex disease mainly affects people living in sub-Saharan Africa, where 95%
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of the cases occur, affecting primarily children under the age of 5%1. Uncomplicated malaria
infections can progress to severe or complicated malaria in ~4.5% of patients, and the causes
are still not fully understood?2°,

The primary complications of severe malaria include severe malaria anaemia (SMA) and
cerebral malaria (CM), which can occur independently or in combination and can rapidly
become fatal. CM is the most fatal syndrome associated with an uncontrolled systemic
immune response and a mechanical obstruction of cerebral venules and capillaries by
infected red blood cells (iRBCs) and other vascular cells?6=28, SMA, on the other hand, is a
more common complication with lower hospital mortality but increased risk of mortality after
discharge or readmission?-31, SMA is characterised by the destruction of infected or non-
infected red blood cells, sequestration of red blood cells in the spleen, dyserythropoiesis, and
bone marrow suppression?23132, Despite effective treatment, up to 25% of the survivors can
develop neurocognitive impairment (NCl), causing deficits in attention, cognitive ability, fine
motor skills, memory, behaviour, and language comprehension33-3°, These deficits may last
for many years post-treatment, affecting education and livelihood3¢3’.

Malaria infections have been associated with EV production, and these EVs are thought to be
involved in the modulation of host cell response and pathogenesis of the disease3%3°.
Uncovering that P. falciparum uses EVs to exchange genetic information and intra-parasite
communication revealed new areas of malaria pathophysiology and possible interactions
with the host immune system3%°, The past two decades of EV research in malaria have
primarily been in vitro, in vivo and in silico, with few clinical studies32. In vitro and in vivo
studies illustrate that EVs (specifically microvesicles, previously called microparticles) such as
iRBC, endothelial, and platelet EVs, increase in amounts during malaria and severe malaria
and that the EVs are markers of cellular activation, inflammation, and pathogenesis® 324144,
A study of Malawian children was the first to investigate and compare EV populations for
different complications of malaria and linked higher levels of endothelial 'microparticles' in
plasma with cerebral dysfunction!®. Later, a study in Cameroon on children with severe
malaria found significantly higher levels of plasma platelet, red blood cell, endothelial,
monocyte and leukocyte 'microparticles' in children who developed CM®. Plasma levels of
platelet, endothelial and red blood cell 'microparticles' were also elevated in patients with

severe malaria from Thailand and India>7”-8.
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Comparatively, many studies have investigated plasma EVs in the context of severe malaria,
but none have assessed cerebrospinal fluid (CSF) EVs and their profiles. To our knowledge,
only two studies have covered CSF EVs for protozoan parasites. One showed elevated levels
of serum EVs, but not CSF EVs, in patients infected with Toxoplasmosis and the other
described elevated levels of leukocyte 'microparticles' in the CSF of late-stage Trypanosoma
infected patients*4®, EVs in CSF have been studied in neurological diseases such as
Alzheimer's and dementia (higher concentrations of small EVs) and schizophrenia (elevated
number of 'microparticles'), reflecting higher levels of EVs in the disease state*’8,

In malaria, investigations on the protein content of CSF in Ugandan children with CM showed
elevated levels of Tau protein in the CSF at hospitalisation and was associated with long-term
NCI and mortality*® and elevated markers for neuronal injury (Tau) and impaired blood-brain-
barrier were also detected in the CSF and were associated with kidney-brain injury®°. There
are precise pathophysiological mechanisms of disease severity occurring in the CSF of children
with severe malaria, compelling the necessity to investigate these changes as cerebral
dysfunction and neurological deficits are common complications. Another study of Ugandan
children showed that acutely elevated plasma Tau levels were associated with long-term NCI
and mortality in survivors of severe malaria (CM or SMA)>!. This raises the question of
whether CSF and plasma have similar, distinct or mixed profiles associated with neurological
or deadly outcomes and whether the plasma profile can be used as a surrogate marker of
what is happening in the CSF.

The characterisation of EV cellular origins in tissue and vasculature can help break down the
complex heterogeneity of the EV populations. This could provide biological information on
the functional status of parent cells to aid in understanding mechanisms behind disease
pathogenesis and intercellular communication®?6. The EV profiles from body fluids such as
plasma, CSF and urine can be used as non-invasive prognostic biomarkers for disease and
diagnostic markers for neurological diseases®>°’. By understanding their cellular origins, EVs
can also become targets for pharmaceutical treatment to lessen disease severity and become
tools for monitoring disease progression or treatment>4-,

This study compares the paired profiles of EVs (cellular origin and numbers) from CSF and
platelet-free plasma (PFP) collected from children who developed severe malaria using
antibody panels without the need for washing before detection via flow cytometry (Figure

6.1). The aim is to determine if the EV surface cargo and origin depend on disease outcome
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and if the same patient's changes are reflected in the CSF and PFP. This could help further
develop the understanding and role of EVs in malaria pathogenesis and the differences or

similarities reflected in the CSF and PFP.
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Figure 6.1 Study pipeline, explaining the collection of paediatric samples and characterisation using
flow cytometry. Abbreviations: CM, cerebral malaria; EV, extracellular vesicles; SMA, severe malarial

anaemia; UTS, University of Technology Sydney.

6.2 Materials and methods

6.2.1 Participants

Ugandan children between 18 months and 10 years old were enrolled between 2008 and
2012 for long-term neurocognitive assessment by neurologists or paediatricians, as detailed
in previous studies33®1-%4 Samples from severe malaria patients were collected prospectively
from children enrolled at Mulago National Referral and Teaching Hospital, Kampala, Uganda.
Children were diagnosed with CM if they had blood smears positive for malaria parasites,
coma, and a negative lumbar puncture to eliminate other causes of cerebral dysfunction.
Children diagnosed with combined CM and SMA were defined as CM above in addition to
haemoglobin < 5 g/dL. Clinical, biological, and neurological data, including clinical outcomes
(i.e., survival, death, and NCI at baseline, 6, and 12 months), were recorded for all children
involved in this project. The patient inclusion and exclusion criteria have been previously
reported3*%2, Community controls were not available as CSF is not collected during standard
clinical assessment in hospitals unless the child presents with coma or cerebral meningitis-

like symptoms to eliminate other causes of febrile encephalopathy®.
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6.2.2 Informed consent and ethical approval

Please refer to section 4.2.2 for details regarding guardian consent and ethical approvals.

6.2.3 Study Design

A total of 42 children were selected for this project and distributed into six groups of patients
following the demographic criteria illustrated in (Table 6.1): children fully recovered from CM
(CM FR, n=16) or combined CM and SMA (CM + SMA FR, n=11), without complications;
children who fully recovered from CM (CM NCI, n=5) or combined CM and SMA (CM + SMA
NCI, n=4) but presented with NCI; children who succumbed from CM (CM FO, n=4) or
combined CM and SMA (CM + SMA FO, n=2). The CSF and corresponding PFP were analysed

by flow cytometry for each paediatric patient.

6.2.4 Cerebrospinal fluid and platelet-free plasma collection, preparation, and storage

Upon admission, £ 5.5 mL of whole blood was collected from each child via sodium citrate
venipuncture. The whole blood was centrifuged at 1,500 g for 15 min at room temperature
to remove cells and platelets®. The platelet-poor plasma was centrifuged at 13,000 g for 3 min
at room temperature to remove cellular debris and any remaining platelets. The PFP
containing the EVs was collected, stored at -80 °C and shipped to the University of Technology
Sydney, where all the experiments were performed. CSF was collected through a lumbar

puncture from the children and processed, stored, and shipped similarly to whole blood.
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Table 6.1 Characteristics of paediatric patient group baseline demographics and clinical findings
Demographic and clinical findings

Paediatric patient group CM FR (n =16) CM NCI (n=5) CMFO (n=4) M SIVIS)FR (n= CM SMA NCI (n=4) CM SMA FO (n=2) P Value®
Age, y, mean (SD) 3.1(0.50) 2.50 (0.54) 2.91(0.27) 3.61(0.47) 3.17 (0.36) 3.25(0.41) .02
Sex, male:female, No. 10:6 1:4 4:0 5:6 4:0 2:0
Plasma volume, pL, mean (SD) 165 (6.5) 169 (4.9) 179 (5.5) 178 (6.3) 172 (8.2) 167 (5.2) .04
Blantyre coma scales, mean 2 1 1 2 1 1
Coma duration, hours, median (IQR) 80.20 (52.51-98) 75.00 (25-102.5) 0 72.3 (36.3-95) 85.6 (22-120.4) 0
Haemoglobin, g/dL, mean (SD) 7.25(1.24) 5.98 (1.56) 8.80 (2.01) 3.55 (0.42) 3.68 (0.26) 3.57 (0.23) .001
Platelet count, x10°/L , median (IQR) 110 (40-153) 109 (35-213) 42 (21-62) 88 (36-103) 105 (55-168) 58 (18-72) .04
Hypoxia Y:N/# (O, saturation <95%) 1:15 1:4 1:3 2:9 0:4 0:2
Lactic acidosis Y:N/# (lactate >5 mmol/L) 1:15 1:4 2:2 3:8 1:3 0:2
Plasmodium falciparum peripheral blood 250 408 (95 025- 26 690 (13 255-130 390 240 (163 002- 39 840 (6552-155 209 100 (53 000 70 700 (4002-90 008

density, parasites/uL, median (IQR) 260 975)* 250) 403 600)* 000) 375-240 110) 044)
PfHRP-2 level, ng/mL, median (IQR) 5214 (1084-6582) 5548 (2565- 9652) 2504 (865-5824) 695 (536-1666) 2269 (1445-3125) 1002 (695-1633) .05

Abbreviations: CC, community children; CM, cerebral malaria; FO, fatal outcome; FR, full recovery; IQR, Interquartile Range; NCI, neurocognitive impairment; SD, standard deviation; SMA, severe malarial anaemia
2 P Value based on one-way ANOVA Kruskal-Wallis

5 Blantyre coma scale for preverbal children <5 years of age; minimum score: 0 (poor), maximum score: 5 (good), abnormalscore < 4
* Two patients with hyperparasitaemia
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6.2.5 Extracellular vesicle and cellular origin markers

FITC-Annexin V (phosphatidylserine, pan-cellular EVs) and corresponding 10X calcium binding
buffer (10XBB), mouse anti-human krome orange-conjugated CD3 (lymphocytes, KrO-CD3,
clone UCHT1), mouse anti-human allophycocyanin-conjugated CD11b
(monocytes/macrophages, APC-CD11b, clone Bearl), mouse anti-human phycoerythrin-
cyanine 7-conjugated CD41 (platelets, PC7-CD41, clone P2), mouse anti-human R-
phycoerythrin-conjugated CD105 (endothelium, PE-CD105, clone TEA3/17.1.1) and mouse
anti-human R-phycoerythrin-conjugated CD235 (erythrocytes, PE-CD235, clone 11E4B-7-6
(KC16)) monoclonal antibodies were sourced from Beckman Coulter. The annexin V and five
monoclonal antibodies were centrifuged at 21,000 g for 1 hour at 15 °C to remove aggregates
formed during storage that could interfere with the specificity of flow cytometry readings and

increase the background noise.

6.2.6 Pre-analytical flow cytometer preparations

A nonionic, non-fluorescent, sterile and azide-free CytoFLEX™ sheath fluid from Beckman
Coulter was used for all acquisitions. UltraPure™ DNase/RNase-free distilled molecular
biology grade water from Invitrogen™ was used to dilute the 10XBB. Tissue culture grade,
sterile phosphate-buffered saline (PBS) was purchased from Gibco. Sterile Contrad 70 and
FlowClean from Beckman Coulter were used to clean the flow cytometer. All buffers and
cleaning solutions were freshly made or newly opened on the day of acquisition, the solutions
were kept sterile, and aliquots stored in 50 mL plastic falcon tubes were not reused in future
runs to avoid microplastic noise.

It was essential that the Beckman Coulter CytoFLEX™ S flow cytometer, used for all
measurements in this study, was exceptionally clean before running any precious paediatric
samples, as the background could mask the presence of EVs, especially the smallest ones.
After quality control, the 'system start-up program' followed by 'daily clean' were run using
the acquisition software CytExpert™ version 2.4, the 'deep clean' was performed, and the
diluted Contrad 70 (1:1 with UltraPure™ distilled water) was allowed to sit in the Flow Cell
for 45 mins to 1 hour. The cytometer was primed at least three times, followed by running
FlowClean and then PBS each for 10 mins on the fast setting. On the slow flow rate setting, a

fresh aliquot of PBS was acquired twice for 5 minutes. The deep clean and subsequent washes
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were repeated until debris build-up was removed. The cleaning was complete once there
were consistently < 1,500 events per second while running PBS, on at least ten lots of 2-
minute runs on a slow flow rate. Before any staining, all solutions were run three times for 2
minutes at a slow flow rate to ensure the solutions were not contaminated and that the
monoclonal antibody centrifugation was successful. If the monoclonal antibodies still had

aggregates, they were centrifuged again at 21,000 g for 1 hour at 15 °C.

6.2.7 Staining and incubation

The CSF and PFP were thawed on ice and centrifuged at 13,000 g for 2 min to remove
aggregates formed during cryostorage. Three staining panels were chosen: 1) FITC- annexin
V + PE-CD105; 2) FITC- annexin V + KO-CD3 + PC7-CD41; and 3) FITC- annexin V + APC-CD11b
+ PE-CD235. Once the CytoFLEX™ was clean and ready, 5 pL of the sample (neat CSF or 1:100
PFP, diluted with PBS) was mixed with 0.5 pL of annexin V and 0.5 pL of 10XBB and incubated
on ice in the dark for precisely 15 mins. Then, to the same tube/well, 1.5 uL of antibody was
added for each monoclonal antibody and incubated on ice for 15 mins, protected from light.
This staining procedure was done sequentially for each panel of annexin V plus monoclonal
antibody. After incubation, the stained mixture was immediately topped up to 200 pL with 1X
binding buffer (10XBB diluted with PBS) and run on the cytometer.

6.2.8 Sizing beads used for extracellular vesicle gating strateqy

Sizing beads from three manufacturers were analysed to determine the EV gate when
analysing on a forward (FSC-A) versus violet side scattergram (VSSC-A) (Figure 6.2A-E).
SPHERO™ nano fluorescent size standard kit consisting of 220 nm, 450 nm, 880 nm, and 1340
nm and 8 peak rainbow calibration particles 3.0-3.4 um from Spherotech were acquired for
acquisition settings, i.e. gain, threshold and width, 8 peak calibration plots not shown) (Figure
6.2A and B). Polystyrene latex bead mix (80 nm, 100 nm, 152 nm, and 296 nm) and photon
correlation spectroscopy (PCS) control polystyrene latex beads 100 nm, 200 nm, 300 nm, and
500 nm from Beckman Coulter were acquired individually and as a pool to gauge the smallest
detectable size (Figure 6.2C and D). NanoStandard™, consisting of highly uniform
monodisperse polymer microspheres with a nominal diameter of 220 nm and mean diameter

of 215 nm, were sourced from Applied Microspheres to further optimise the gating strategy
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(Figure 6.2E). After acquiring the sizing beads, gates to encompass particles between 70-900

nm were established, which would include both exosomes and microparticles.

6.2.9 Acquisition strateqy and gating protocol

The samples were analysed using a Beckman Coulter CytoFLEX™ S instrument equipped with
violet (405 nm), blue (488 nm), yellow-green (561 nm) and red (638 nm) laser excitation
sources. This allowed the side scatter to be detected using the blue laser (SSC) and the violet
laser (VSSC), with the VSSC configuration allowing for better nanoparticle resolution. The gain
and threshold settings were optimised using the sizing beads and spare CSF EVs. Once the
best gain was determined for each channel, a threshold trigger level on height was selected
on the VSSC channel, and the same gain and threshold were used throughout all experiments.
Based on the manufacturer’s recommendation, the ‘Event Rate (additional time added to the
pulse/detection window) Setting’ feature was set to ‘high’ for nanoparticle acquisition,
narrowing the pulse window to reduce optical noise and background, improving event
processing.

The acquisition gates were adjusted using spare patient CSF and PFP to ensure the EVs were
not cut out, as latex beads do not precisely replicate the light scattering of biological
membranes (Figure 6.3). Annexin V staining with and without calcium binding buffer was
compared to confirm that positive events were not background noise or artefacts (Figure
6.3A). All samples (CSF and PFP) were acquired twice, each time 4 minutes on the lowest
speed 'slow' (10 pL/min), a total of 8 minutes per sample, 80 pL of stained mixture, equating
to 2 pL of CSF or 0.02 pyL of PFP. In between acquisitions, a 15-second backflush was
performed, and in between patient samples, after all the panels were acquired, a 3 min wash
with FlowClean and 1 min with PBS on a fast flow rate (60 pL/min) was done to avoid cross-

contamination between patient samples.

6.2.10 Phenotype and statistical analysis

The flow cytometry standard (FCS) files were exported from the acquisition software
CytExpert™ and imported into Kaluza™ version 2.2.1 for post-acquisition analysis. Post-
acquisition compensation was performed for each staining condition and panel of annexin V

plus monoclonal antibody. After confirming the fluorescent channels' thresholds, the
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established gating strategy and compensation protocol were used for all CSF and PFP samples.
EV phenotypes between patient outcomes and sample type (CSF and PFP) were compared by
performing a Kruskal-Wallis test using GraphPad Prism version 10.0 for Windows. Using
GraphPad Prism, the Spearman rank-order correlation coefficient (r) between CSF and PFP
was compared by evaluating the monotonic relationship. Comparison data were shown as
correlation matrices, and r-values closer to |1| were considered to have a stronger

association.

6.3 Results

6.3.1 Gating Strateqy for EVs

Beads from different companies, fluorescent and non-fluorescents were compared and
located on the forward and violet side scatter plots to optimise the EV gate definition (Figure
6.2B-E). The beads were used to identify where the EVs would approximately be on the graph
located on the forward and violet side scatter plots. A gate was then drawn to encompass EVs

~60-480nm in size (Figure 6.2A).
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Figure 6.2 Gating Strategy for particles between approximately 70-900 nm, acquisition on the
CytoFLEX S flow cytometer. All plots are ungated, A) extracellular vesicles (EVs) gate created based on
the comparison of all beads, colours correspond with SpheroTech sizing beads. B) SPHERO™ nano
fluorescent size standard kit from SpheroTech, consisting of 220, 450, 880, and 1340 nm fluorescent
sizing beads. C) and D) scatter plots show the position of polystyrene latex beads from Beckman
Coulter (80, 100, 152, 200, 296, 300, and 500nm). E) Applied Microspheres NanostandardsTM with a

nominal diameter of 220 nm and mean diameter of 215 nm.

6.3.2 Confirming events were extracellular vesicles

Fluorescent labelling of EVs improved resolution during flow cytometry by allowing the
differentiation of particles from background noise. EVs were thus fluorescently labelled with
various markers and fluorochromes, including annexin V-FITC, to label the population of EVs
carrying phosphatidylserine (PS) on their surface. CSF and PFP samples were stained with and
without binding buffer containing calcium. The absence of calcium in the staining mixture
significantly decreased the number of PS-positive (+) events, with counts similar to unstained
samples (Figure 6.3A). The decreased events confirmed the specificity of annexin V labelling
and allowed for accurate discrimination of annexin V labelled EVs from background noise.
Quadrant gates enabled the identification of double-positive EV populations for each panel

of markers assessed on CSF and PFP, respectively (Figures 6.3B and C).

6.3.3 Phosphatidylserine profiles for CSF and PFP extracellular vesicles

The CSF and PFP EVs from two main groups of children, those with CM or combined CM and
SMA, were characterised. Each group of children was subdivided into three sub-groups:
children who fully recovered without complications (FR), children who recovered but
developed neurocognitive impairment (NCl), and CM children with fatal outcomes (FO). We
analysed the population of PS+ EVs in all sub-groups of children.

The PS+ events from the marker panels were used to compare EV counts between the patient
sub-groups and the two types of samples (CSF and PFP). Within the CM patient group,
significantly more PS EVs were identified in the CSF of children with CM FO than those with
CM FR or CM NCI (Figure 6.4A). However, the opposite was seen in children with both CM and
SMA, where more PS EVs were detected in the CSF of children with FR than in children with

NCl or FO (Figure 6.4B).
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When the PFP from the same patients was analysed, a profile opposite to that of the CSF was
observed. There were more PS+ PFP EVs in patients with CM FR compared to CM NCI or CM
FO (Figure 6.4C) and more PS EVs in children with fatal outcomes compared to those with
complete recovery when analysing combined CM + SMA samples (Figure 6.4D). Overall,
significantly more PS+ EVs were detected in the children's PFP than in the CSF for all patient
groups and sub-groups, with more than a 100-fold difference (Figure 6.5). The significantly

greater number of PFP EVs could reflect vascular cell activation during severe malaria.
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Figure 6.3 Gating strategy for Annexin V and antibody labelled extracellular vesicles (EVs). A) A staining mixture with and without calcium binding buffer was
used to see if EVs were being stained and the signal was not background noise. B) and C) Gates for the corresponding antibodies, CD3 (T cells), CD11b

(monocytes), CD41 (platelets), CD105 (endothelial cells), and CD235 (red blood cells) were created and used for both cerebrospinal fluid and platelet-free

plasma, respectively.
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Figure 6.4 Annexin V profiles for cerebrospinal fluid (CSF) and matching platelet-free plasma (PFP)

extracellular vesicles (EVs). The annexin V-positive events from the three panels of markers were used

to compare the three severe malaria outcomes for children with cerebral malaria (CM) and those with

also severe malarial anaemia (SMA). (A and B) Children with CM who succumbed (FO) had more CSF

EVs than those who fully recovered (FR) or developed neurocognitive impairment (NCl). The opposite

was observed for children with both CM and SMA. (C and D) Children with CM FR had more PFP EVs

than NCI and FO, as for children with CM and SMA, those with FO had more EVs than FR.
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Figure 6.5 Annexin V-positive events from the marker panels were used to compare the number of
extracellular vesicles (EVs) between the severe malaria outcomes and the matching cerebrospinal fluid
(CSF) and platelet-free plasma (PFP). (A and B) The platelet-free plasma (PFP) had significantly more
EVs than the cerebrospinal fluid (CSF) for children with cerebral malaria and those with also severe
malarial anaemia. Abbreviations: FO, fatal outcome; FR, full recovery; NCI, neurocognitive

impairment.
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6.3.4 Antibody+/PS-neqative profiles of EVs in CSF and PFP during severe malaria

Five monoclonal antibodies were used for phenotyping the CSF and PFP EVs originating from
T cells (CD3), monocytes (CD11b), platelets (CD41), endothelial cells (CD105), and red blood
cells (CD235a). The antibody+ only (PS-negative) events were compared for each marker

between the severe malaria patient subgroups.

6.3.4.1 Cerebrospinal fluid

Of all the cells of origin, only CD3 T cells displayed significant differences between the groups,
with more CD3+ and PS-negative (-) events in the CSF from children with CM FO than children
with CM FR. Although T cells were the only marker with significant differences, the other
antibodies had similar trends (Figure 6.6, left column). The average number of antibody+ and
PS- EVs in CSF from children with CM was similar for T cell, monocyte, platelet, and red blood
cell origins, with only EVs from endothelial origin showing a slightly lower average (Figure 6.6,
left column). In the CSF samples from children with combined CM and SMA, significantly more
T cell-derived and PS- EVs were detected in patients with CM FO than in those with CM NCI
(Figure 6.6, right column). There were also significantly more monocyte-derived and red
blood cell-derived/PS- EVs in patients with CM FR than those with CM NCI (Figure 6.6, right
column). The average number of EVs detected for each marker was approximately the same
for all antibodies across all CSF samples from patients with CM and SMA (Figure 6.6, right
column). Overall, children with CM had 2-3 times more PS- and antibody+ CSF EVs than
children with both CM and SMA (Figure 6.6).

6.3.4.2 Platelet-free plasma

The antibody+/PS- PFP EVs showed no significant differences between the severe malaria
outcomes for both main groups of patients, children with CM and children with both CM and
SMA (Figure 6.7). However, the average trend showed that children with combined CM + SMA
NCI had fewer antibody+/PS- PFP EVs for T cell, platelet, endothelial cell, and red blood cells
of origin than the other two severe malaria outcomes (Figure 6.7, right column).

Similar to the levels of PS+ EVs described above, PS- and antibody+ EV levels were significantly

higher in most PFP samples compared to the matching CSF (Figure 6.8). The significantly
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elevated amounts of PFP EVs could once again indicate the activation of vascular cells during

severe malaria.
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Figure 6.6 Comparison of antibody-positive/annexin V-negative EVs in cerebrospinal fluid (CSF)
between the different severe malaria outcomes. (Left column) Children with cerebral malaria (CM) FO
had more T cell positive CSF EVs than FR, the other cellular markers were also higher in children with
FO though not significantly. (Right column) Children with CM and severe malarial anaemia (SMA) FO
had significantly more T cell EV in their CSF than those who developed NCI. Children with CM and SMA
who developed NCI had significantly less monocyte and red blood cell positive CSF EV than those who

fully recovered. Abbreviations: FO, fatal outcome; FR, full recovery; NCI, neurocognitive impairment.
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Figure 6.7 Comparison of antibody-positive/annexin V-negative EVs in platelet-free plasma (PFP)

between the different severe malaria outcomes. (Left and right columns) There were no significant

differences in PFP EV populations for children with cerebral malaria (CM) and severe malarial anaemia

(SMA). However, there was a slight trend showing children with CM and SMA who developed NCI had

less antibody positive PFP EVs compared to the other patient groups. Abbreviations: FO, fatal

outcome; FR, full recovery; NCI, neurocognitive impairment.
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Figure 6.8 Comparison of antibody-positive/annexin V-negative EVs between the cerebrospinal fluid

(CSF) and platelet-free plasma (PFP) of children with severe malaria. (Left and right columns) There

were significantly more EV in the PFP than CSF of children with cerebral malaria and those with also

severe malarial anaemia. Abbreviations: FO, fatal outcome; FR, full recovery; NCI, neurocognitive

impairment.
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6.3.5 Antibody/PS double-positive profiles of EVs in CSF and PFP during severe malaria

6.3.5.1 Cerebrospinal fluid

There were no significant differences in the number of CSF EVs positive for both PS and any
vascular cell markers between the sub-groups of CM; however, the average trend showed
lower numbers in the FR group compared to NCl and FO (Figure 6.9, left column). The average
trend for double-positive CSF EVs in combined CM + SMA patients was higher in the children
who fully recovered compared to those who developed NCI or had FO, with double-positive
PS/CD41 EV counts being significantly higher in FR compared to NCI (Figure 6.9, right column).
The number of PS+ CSF EVs detected for each vascular cell type was approximately the same
among the CM CSF samples, likewise for the combined CM + SMA CSF samples (Figure 6.9).
Overall, the average number of double-positive CSF EVs was 10-20 times higher in children
with CM only than in those with both combined CM + SMA, especially for those with NCI and

fatal outcomes (Figure 6.9).

6.3.5.2 Platelet-free plasma

When comparing the PFP EVs in CM children, although not statistically significant, there was
an observable trend for double-positive monocyte-, endothelial- and red blood cell-derived
EVs where the average was higher in NCl compared to FR and FO (Figure 6.10, left column).
In children with CM + SMA, the average number of double-positive monocytic PFP EVs was
significantly higher in patients with fatal outcomes compared to the other two sub-groups
(Figure 6.10, right column). Overall, the number of vascular cell-originating PFP EVs was
approximately the same between the CM and CM + SMA patients (Figure 6.10).

The CM FR and CM NCI PFP detected significantly more PS+/antibody+ EVs than the matching
CSF (Figure 6.11, left column). The EVs positive for PS and vascular cell markers appeared
higher in the CM FO PFP than the matching CSF; however, only the T cell+ EVs were
significantly higher (Figure 6.11, left column). For the sub-groups in children with both CM
and SMA, the number of double-positive monocyte-, platelet- and red blood cell-derived PFP
EVs was significantly higher than the matching CSF (Figure 6.11, right column). In addition,
double-positive T cell EVs were more abundant in CM + SMA FR and NCI PFP than CSF; the FO

sub-group had higher counts but not significantly (Figure 6.11, right column). The number of
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endothelial/annexin double-positive CM + SMA EVs was also higher in PFP than in CSF, but
only significantly for the FR sub-group (Figure 6.11, right column).

Similar to the above findings, PFP had more double-positive EVs than the matching CSF
samples, possibly indicating more activation of vascular cell release of EVs (Figure 6.11). The
differing amounts of EVs in CSF compared to PFP for the same phenotype may indicate

different pathological processes in the brain vasculature compared to the blood vasculature.
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Figure 6.9 Comparison of antibody-positive/annexin V-positive EVs in the cerebrospinal fluid (CSF)
across the different severe malaria outcomes. (Left column) There were no significant differences
between the outcomes of cerebral malaria (CM). However, the NCl and FO patients did show trend of
more CSF EVs across all antibodies. (Right column) Children with CM and severe malarial anaemia who
developed NCI had significantly less annexin V positive platelet CSF EVs than those who fully
recovered, similar trends were seen in the other antibodies. Abbreviations: FO, fatal outcome; FR, full

recovery; NCI, neurocognitive impairment.
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Figure 6.10 Comparison of antibody-positive/annexin V-positive EVs in the platelet free plasma (PFP)
across the different severe malaria outcomes. (Left column) There were no significant differences
between the outcomes of cerebral malaria (CM). However, in the monocyte, endothelial, and red
blood cell EVS NCI visually had more PFP EV than the other groups. (Right column) Children with CM
and severe malarial anaemia FO had significantly more annexin V positive monocyte CSF EVs than
those who fully recovered, similar trends were seen in the other antibodies. Abbreviations: FO, fatal

outcome; FR, full recovery; NCI, neurocognitive impairment.
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6.3.6 Correlation between CSF and PFP EV profiles of severe malaria

Vascular phenotypes of EVs in CSF and PFP were compared to assess any potential association
between the two sites (Figure 6.12). The closer the rank was to +1 or -1, the stronger the
association; r-values between 0-0.30, 0.40-0.69, 0.70-0.89, and 0.90-1.00 have, respectively,
weak (light blue/red), moderate, strong, and very strong (dark blue/red) correlations®®.
Correlations were performed for PS+ only, antibody+ only and double-positive PS/antibody
analyses.

The Spearman's correlation matrices highlighted nine significant correlations (highlighted by
yellow squares) among the patient sub-groups when comparing matching CSF and PFP
samples (Figure 6.12). Seven of the nine significant correlations were for the EV profiles of
children who developed NClI, specifically, six for CM and one for CM + SMA. The other two
significant correlations were for children with CM FR and CM + SMA FR; however, both had
much lower r-values. There was a moderate negative correlation for PS+ EVs from children
with CM NCI (r =-0.62, p-value = 0.0003); this was the only significant correlation for PS+ EVs
(Figure 6.12A). The antibody+ CM NCI EVs all had moderate to strong correlations, T cell only
(r = -0.78, p-value = 0.010, Figure 6.12B), platelet only (r = -0.77, p-value = 0.013, Figure
6.12D), and endothelial cell only (r = -0.66, p-value = 0.044, Figure 6.12E). Children with CM +
SMA FR platelet+ EVs had significantly moderate correlations, although on the weaker end (r
= -0.48, p-value = 0.024, Figure 6.12D). As for the double-positive profiles, T cell+ EVs had
weak correlations in CM FR children (r = -0.36, p-value = 0.041) but strong correlations in
those with CM + SMA NCI (r = -0.88, p-value = 0.007) (Figure 6.12G). Lastly, double-positive
EVs from children with CM NCI had strong correlations for endothelial+ EVs (r =-0.75, p-value
= 0.017, Figure 6.12]) and moderate correlation for red blood cell+ EVs (r = -0.69, p-value =
0.030, Figure 6.12K). Overall, results indicated a moderate to strong negative correlation in

the number of EVs in children with CM NCI (Figure 6.12).
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6.4 Discussion

EVs' essential roles in cell-to-cell communication during disease pathogenesis are increasingly
recognised*®”®  Flow cytometry remains a technique of choice to characterise EVs
guantitatively and phenotypically in patients to study clinically relevant subpopulations. The
presence of EVs in various accessible biofluids makes cytometric EV characterisation
appealing for disease monitoring and longitudinal studies®. Studies have consistently shown
for the past 20 years that elevated numbers of EVs in PFP are triggered by infections such as
malaria3®67.7%, This study, for the first time, has characterised EVs in the CSF and PFP of
children with severe malaria and assessed the differences in EV numbers and cellular origin
profiles depending on disease severity.

Previous studies on PFP EVs during malaria infection mainly investigated differences between
clinical syndromes CM and SMA against healthy patients. In contrast, our study compared the
EV populations and levels within a clinical presentation for different disease outcomes, i.e.,
full recovery, neurological impairment and fatal outcome in patients with either CM or
combined CM and SMA. Only two studies have analysed CSF EVs in protozoan infections, but
none during malaria. In Brazil, patients infected with Toxoplasmosis gondii had increased
circulating serum EVs but not CSF EVs®. In the other study, patients from the Democratic
Republic of the Congo infected with Trypanosoma brucei gambiense (Human African
trypanosomiasis) had increased numbers of 'microvesicles' and specifically leukocyte
'microvesicles' were elevated in late-stage patient CSF compared to earlier stages*®.

Using flow cytometry, the profiles of CSF and PFP EVs were analysed and compared after
creating custom gates for the EV population using fluorescent beads for size estimation. The
presence of PS was studied to investigate the total population of EVs. Although not
consistently detectable in all subpopulations of EVs due to their low or absence of expression,
PS allows the identification of EVs regardless of their cellular origin, providing a good
approximation of the overall circulating EV population. Comparing paediatric patients with
severe malaria showed that children with CM who died because of complications had more
PS+ CSF EVs than those who survived, with or without future neurological deficits (Figure
6.4A). The trend identified aligns with the study on Trypanosoma in the Democratic Republic
of the Congo, where the later, more severe stage of protozoan infection leads to increased

EVs in CSF compared to the earlier stage*®. However, the opposite was seen in the outcome
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comparisons of patients with combined CM and SMA, and the overall number of PS+ CSF EVs
in children with CM was higher than those with CM + SMA (Figure 6.4). This difference could
hint at a possible change in pathogenesis within the ventricular system when the patient
develops both CM and SMA.

Infections with protozoan parasites have been associated with EV production, and these EVs
are thought to be involved in modulating the response of host cells and the pathogenesis of
the disease’*™74,

When the PFP of the same patients were analysed, our results exhibited the opposite to those
in CSF, where children who fully recovered without complications had more PFP PS EVs than
children with NCI or children who died (Figure 6.4C). The balance of anti- and pro-
inflammatory responses is associated with the outcome of an individual's infection, where
either side of the spectrum can lead to malaria complications’>. The number of PS+ EVs in
children with both CM and SMA was significantly higher than in children with only CM, and in
the CM + SMA outcome comparisons, there were significantly more EVs in the children who
died (Figure 6.4D). The involvement of severe anaemia might have contributed to the increase
in EVs when the children died.

The different phenotypic profiles seen in children with combined symptoms of CM and SMA,
where more PS+ CSF EVs were in the FR sub-group than NCI and FO, and more PS+ PFP EVs
were in FO than FR, which could indicate syndrome-specific and non-specific changes due to
varying degrees of inflammation (Figure 6.4B and D). Also, overall, children with CM had more
PS+ EVs in their CSF and children with both CM and SMA had more PS+ EVs in their PFP. These
differences between the CM and CM + SMA patients may reflect less cerebral activity and
more vascular activity when the child also has SMA (Figure 6.4). The increase of PS+ PFP EVs
in children with CM and SMA could also be attributed to extended hospital stays for SMA
patients. Overall, PFP had higher numbers of PS+ EVs than CSF regardless of outcome or
complication; this is similar to other neurological diseases such as Alzheimer's and
dementia®’.

The cellular origins of the PS- EVs were also compared, and once again, there were more EVs
in the children with CM than both CM and SMA and more EVs in the PFP than CSF (Figure 6.6-
8). The CSF from children with CM had an EV profile of T cells (leukocytes), platelets,
monocytes, red blood cells, and endothelial cells, listed from most to least represented

(Figure 6.6, left column). The CSF CM + SMA EV profile comprised monocytes, red blood cells,

204


https://sciwheel.com/work/citation?ids=2161366,766522,697453,1321405&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7587405&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=15758635&pre=&suf=&sa=0&dbf=0

platelets, T cells, and endothelial cells, listed from most to least represented (Figure 6.6, right
column). Apart from endothelial EVs, the rest of the profile was reversed, which could indicate
similar endothelial activation for both patient groups. For the PFP EVs, children with CM once
again displayed higher numbers than those with CM + SMA (Figure 6.7). The CM PFP EV profile
was T cells, monocytes, platelets, red blood cells, and endothelial cells, listed as most to least;
the order was similar to the matching CSF EV profile (Figure 6.7, left column). As for children
with both CM and SMA, the profile was monocytes, red blood cells, platelets, T cells, and
endothelial cells, identical to the matching CSF (Figure 6.7, right column). Interestingly, the
relative ratio of EVs per cellular marker was the same between PS- CSF and PFP EVs, with the
number of endothelial cells EVs being the lowest.

Through the comparison of double-positive EVs, patients with CM once again had more EVs
than those with CM + SMA, and PFP displayed more EVs than the corresponding CSF (Figure
6.9-11). The CM CSF EV profile was T cells, red blood cells, platelets, monocytes, and
endothelial cells, listed most to least, and the CM + SMA CSF EV profiles was platelets, T cells,
red blood cells, monocytes, and endothelial cells, listed most to least. The profiles were
similar to the PS- comparisons except for the relatively lower monocytes EVs. The CM PFP EV
profile included platelets, red blood cells, monocytes, endothelial cells, and T cells, which
were listed as the most to least. Lastly, the CM + SMA PFP EV profile was red blood cells,
platelets, monocytes, endothelial cells, and T cells. The double-positive PFP EVs seem to have
shifted T cells to the least EVs, which could indicate a smaller population of large EVs, whereas
the single-stained EVs had a relatively larger population of small EVs’®. The comparisons
suggest that many PS- EVs are most likely smaller EVs that need to be investigated further, as
the 'microparticles' (larger EVs) have in the past 20 years.

Notably, when comparing the EV cellular origins of the different severe malaria outcomes,
there were many differences; however, due to the limited number of patients in the more
complex outcomes, NCl and FO, few were significant. However, when testing for CSF and PFP
correlation, patients with CM NCI had the strongest negative correlation between CSF and
PFP EV numbers, most likely due to syndrome-specific inflammatory responses. This indicates
the need for studies to assess the pathogenic processes that occur within the CSF of patients
with severe malaria, as it may provide insights into why these children develop impairments.
Many variables seem to affect EV levels and phenotypical profiles of patients with malaria,

such as age, endemic region, clinical history, and strength of immunity. Thus, matching these
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details when analysing and comparing data is essential, as malaria pathogenesis is sufficiently
complex. However, enforcing these differences excluded many patients from this study,
decreasing the statistical strength of some cohorts, such as CM + SMA FO. Another limitation
in this study is the duration of sample storage; some of the cohort was stored up to 13 years
before analysis. Although past EV phenotyping studies have used plasma after long-term
storage, CSF has not been in the field of malaria. Studies have shown that long-term storage
of CSF does not affect specific biomarkers such as ABi-.42, T-tau, and P-tau’’; however, not
enough studies have shown the effect on surface markers, which could affect the antigenicity.
New methods of staining to capture the entire population of EVs are still being developed.
However, limitations still need to be overcome, such as unbound antibodies used during the
staining process that should be removed by washing steps requiring long centrifuge times,
leading to loss of EVs and low purification yield. A recent study has developed an antibody-
free labelling method where only dyes are used during the staining process’®. This method
would be helpful in the detection of EVs that contain parasite DNA and allow for analysis
without having to worry about unbound antibodies.

In combination with previous pathogenic results of EVs, this study highlights the potential for
EVs to be used as biomarkers during severe malaria infection to distinguish the disease
outcomes earlier and the potential to be pharmacological targets to decrease their
production to protect from complications. Future studies are also needed to investigate the
PS- portion of EVs to determine their subpopulations and the use of cohorts with a larger

number of patients in the disease outcome groups.
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Chapter 7: Concluding remarks and future directions

Research and knowledge on the Plasmodium parasite’s complex biology and pathophysiology
has exponentially grown. Novel findings have allowed the development of malaria prevention
strategies, antimalarial treatment, and vaccinations, significantly decreasing malaria's
incidence and death rates!!!. An estimated 2.1 billion cases of malaria and 11.7 million deaths
were avoided globally between the years 2000 and 2022°.

Even with so much success, malaria still poses significant global health issues; where in 2022,
249 million cases and 608,000 deaths occurred, as morbidity and mortality rates have stalled
since 2015, the COVID-19 pandemic further impacted this®. Not all P. falciparum infections
lead to severe malaria, i.e., ~4.5% of symptomatic patients. However, because the patients at
highest risk are usually young children, early detection, diagnosis and treatment are crucial
to saving lives°%51,

Currently, malaria is a treatable and curable disease if treatment is provided without delay;
however, this can be difficult in countries where hospital care and access are poor. Therefore,
with delayed intervention, notably for children under five years old, malaria infection can
quickly evolve into severe and lethal complications with a mortality rate of up to 30% and
neurocognitive impairment in 25-50% of survivors>36567.7374112,113 = Many adjunctive
therapies to prevent complications have been investigated, but success has been minimal
with contrasting results; this could be due to late administration!*. Hence, the need for
markers that can predict children who will develop severe complications is essential, as
physicians can then provide prompt and effective treatment using antimalarial agents and
combination therapy to minimise harm and neurocognitive impairment!!4,

This PhD aimed to investigate extracellular vesicles in the plasma and cerebrospinal fluid of
patients with severe or uncomplicated malaria from Uganda and Thailand. Sensitive and
accurate high-throughput techniques such as next-generation sequencing, mass
spectroscopy and flow cytometry were used to discover biomarkers of disease severity that
allow for the early identification of children at risk of developing lethal complications. These
techniques also allowed for a better understanding of the composition and cellular origin of
the circulating EVs and their potential role in disease pathogenesis.

Most biomarkers studied for severe malaria distinguish uncomplicated malaria from CM and

SMA, with only a few studies focusing on biomarkers to determine disease severity and
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outcomes and even fewer investigating prognostic biomarkers of severe disease outcome. A
common source of biomarkers for disease is blood, as it is commonly collected during routine
clinical assessments. In the past, most of the potential plasma biomarkers investigated were
proteins, and only until advancements in transcriptomics did studies shift to investigate
miRNAs as plasma biomarkers. CSF is also an essential source of biomarkers in severe malaria,
as cerebral dysfunction is a large part of CM pathogenesis. CSF protein profiles in children
with CM have been reported to differ from those of other encephalopathies, and these CM
unique proteins suggest distinct pathophysiological mechanisms that occur in the CSF%°.
Thus, it would be beneficial to investigate CSF content in severe malaria cases for biomarkers
linked to severity, as most are investigating diagnostic markers, and only a handful are
studying markers to predict disease outcomes.

In this thesis, we explored EVs in the context of different clinical presentations of malaria
infection: uncomplicated malaria in Thai adult patients infected with P. falciparum or P. vivax
(Chapter 3), cerebral malaria and severe malarial anaemia in children from Uganda with a
further dichotomy into children who survived without complication and those who either
developed neurological impairment or succumbed to the disease (Chapters 4 and 5). We
further compared EVs from plasma to those present in the cerebrospinal fluid in the children
from the Ugandan cohort who developed cerebral malaria or a combination of cerebral
malaria and severe malarial anaemia (Chapter 6). This unique combination of patient profiles
allowed us to better understand the EV profile and cargo during different disease outcomes.
The detection of miRNAs in EVs isolated from healthy Thai adult patients and those with
uncomplicated malaria showed that miRNA expressions differed depending on the species of
Plasmodium the person is infected with (Chapter 3). The differences between P. falciparum
and P. vivax indicated possible differences in pathogenesis, even in uncomplicated malaria.
They supported the notion that EVs in malaria carry potential markers of disease severity.
Differentially expressed miRNAs and proteins were then identified in plasma-EVs from
children with P. falciparum severe malaria, distinguishing the disease outcomes within a
syndrome (CM or SMA) (Chapters 4 and 5). We observed differences in the miRNA and
proteins packaged in EVs before the children fully recovered or developed NCI or succumbed,
and these differences appeared to be related to the patient's age, suggesting a relationship
with the maturity of the immune system. The EV proteome results also identified proteins

strongly associated with inflammation, immune activation, liver damage, cellular signalling
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and communication, and developmental pathways within plasma-EVs of children with CM
who later succumbed to infection and SMA children who, after treatment, developed NCI.
The EV profiles for severe malaria disease outcomes were then phenotypically characterised
to show where the EVs are coming from in circulation and the ventricular system (Chapter 6).
Interestingly, children with CM NCI had negatively correlated CSF and plasma EV profiles,
indicating distinct pathways of pathogenesis occurring in the CSF, which can be inversely
reflected in the plasma.

This thesis reports minimally invasive prognostic biomarkers of severe malaria, which have
the potential to be used in regions such as Sub-Saharan Africa to identify children at risk of
persistent NCI. These markers require additional validation in children from various malaria-
endemic countries, and if validated as prognostic biomarkers, an EV point-of-care test for
children at risk of mortality and NCI can be identified and subsequently provided cognitive
rehabilitation and relevant combination therapy and antimalarials. Researchers must also
ensure that new techniques are cost-effective, minimally invasive, easy to use, and provide
rapid, highly accurate results. One of the main concerns for EV biomarkers is how to
implement their use in resource-limited countries, as consistent EV isolation can be
challenging!®®. Last year, a team in Switzerland compared polyethylene glycol and sodium
acetate precipitation methods of EV isolation and found both to be efficient purification
methods!®. This would eliminate the need for ultracentrifugation or expensive isolation
columns, with the addition of easily scalable procedures!*®. Biomarker point-of-care tests are
also advancing, protein rapid tests have been clinically used for many years now; however,
miRNA tests are still being developed. Currently, various promising miRNA detection
techniques such as chemiluminescence, bioluminescence, fluorescent, and colourimetric are
being researched!!’. The detection limit is also promising, with some enzymatic chromogenic-
based colourimetric detection methods measuring 0.15aM (107'8) of serum miRNA in 5
minutes!!®. These pocket-sized devices with visual readout methods would greatly improve
diagnostic and prognostic test availability in the field and in resource-limited countries such
as Uganda, as expensive machinery is not required!’. Even though these point-of-care
devices are promising, research is still required for multiplex miRNA and protein detection, as
it is difficult to make the device accurate, small and affordable. Extensive clinical testing will

also be necessary prior to deployment for clinician use.
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The findings need further validation before moving on to prognostic devices, as this is the first
time plasma-EVs from severe malaria paediatric patients have been investigated via high-
throughput -omic techniques. Although the number of samples can be lower when
performing -omics studies, the validation should be performed with greater patient numbers
to increase the study's power, which was not possible for this thesis, as there were not
enough qualifying patients to meet the strict criteria. Future studies with at least 50 patients
per group would be the next step to validate these findings, followed by comparing other
endemic countries. In addition, we were also restricted with the number of CSF samples, as
they can only be collected from patients with cerebral malaria or other encephalopathies.
Thus, we could not compare CSF-EV profiles to healthy children or children with only severe
malarial anaemia. Using the EV phenotype profiles highlighted in this thesis as a starting point,
future studies can build upon the marker panels to include additional circulatory and
ventricular system markers to elucidate the different cellular activity further. In this thesis,
healthy individuals were analysed alongside malaria patients to confirm the presence or
qguantity of markers and EVs. During validation studies, additional patient groups, such as
asymptomatic and uncomplicated malaria, could strengthen the sensitivity and specificity of
these prognostic markers, allowing treatment as early as feasible. There were also limitations
in the transcriptomics analysis; an exogenous control, cel-miR-39-3p, was added during RNA
isolation for both NGS and RT-qPCR samples; however, due to time constraints, the
exogenous control was not run via RT-gPCR. Instead, an endogenous control, hsa-miR-16-5p
was selected for RT-gPCR normalisation. Although hsa-miR-16-5p has previously been used
in malaria RT-gPCR studies for normalisation, if time had permitted, exogenous control cel-
miR-39-3p would have been a better choice.

The EVs' transcriptomic, proteomic, and phenotypic profiles from children with severe
malaria have all shown potential as prognostic biomarkers for disease outcome/severity. To
further increase sensitivity and specificity, these biomarkers can be combined into a panel to
differentiate severe malaria outcomes accurately. However, when doing so, it is essential to
match clinical data, age and region, as done in this thesis, as these factors may affect the
results. This thesis further highlights the importance of future studies investigating the
pathophysiology of severe malaria to develop a more efficient and effective treatment that
can work hand in hand with biomarkers by treating patients earlier, minimising complications,

and bettering the well-being of patients.
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