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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.
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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". 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.
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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
complications”. 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
response'”. 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". SMA is also associated
with increased clearance of both iRBCs and non-infected red blood cells (nRBCs), as well as altered
haematopoiesis . 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.

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" ™", Of note, this
observation is correlated with the severity of the disease in both children and adults"**”. 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'".
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 CD3s, 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
sequestration'™",

Together with iRBCs and nRBCs, platelets also play an important role in CM". Thrombocytopenia is a
hallmark of CM but whether platelet counts can be predictive of lethality in CM is still controversial™*"”.
Platelets were found in high numbers in vascular lesions of the brain of Malawian children who succumbed
to CM" 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™". On the other hand, platelets also are thought to have a protective role during CM
by killing intra-erythrocytic parasites’”*". 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 severe"™”

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 space”™*. However, in most cases, it is likely that these
alterations are localised, as symptoms are quickly reversed once parasites have 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 Malawi™*"

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 malaria™"*,

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 pm, 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 cells™. 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

. . . . [34,35]
para51te—para51te communication .

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
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group in 2004 in Malawian children with CM"*, where an elevation in the number of MVs of endothelial
origin was described. MV released by RBCs were later found to be increased in both P. falciparum and
P. vivax malaria®**. 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 function'”’

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™. Exosomes were
first explored in 2011 in a murine model of malaria*” and will be 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.

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

environments'"*"', 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
. . . [46-48]

pathogenesis of this disease better ™ .

Very much like their cells of origin, EVs interact with their target cells and modulate their responses. In
vitro, platelet MV's 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 MV's act as a bridge between HBECs and iRBCs. The internalisation of platelet MV's 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 EVs"". 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. Potentially, such developments would allow EVs to bind and prime

endothelial cells for later adherence and sequestration of late-stage iRBCs"".

EVs from iRBCs have also been shown to contain a functional microRNA-argonaute 2 complex that
can modulate gene expression and alter barrier function*" 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”**”. Interestingly, when these EV's were compared to their mother cells, they were
able to activate inflammation and immune activation to a greater degree”***". 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 cells””. Activation of these pathways has been shown to correlate with parasite
survival®”. Thus, this could possibly be used as a decoy method for immune escape by the parasites””.
Similarly, the release of PFEMP1-containing EVs as previously mentioned, has also been suggested as a
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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 PIEMP1, the secretion of PfEMP1-
containing EV's could possibly work as a smokescreen by attracting neutralising antibodies that protect the
parasite from the immune system'*". 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 1o (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'™”,

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
. [59] . . . . . . . . .

protein . This communication is also used to improve parasite survival within the host as well as

transmission to mosquitoes.

Although not specifically studied in an in vitro model of CM, endothelial MV interacting with T
lymphocytes have been found to assist cell proliferation by inducing cell activation and antigen presentation
by immune cells”. In addition, when MV from lipopolysaccharide-stimulated monocytes are internalised
by HBEC:s, 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
MV from neutrophils, could trigger contrasting protective and pathogenic responses .

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.

/N 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, CDs8" T
cells were found within both the vascular lumen as well as the juxtavascular space as was previously shown
in murine CM studies*™*”. Therefore, animal models can still provide relevant basic scientific knowledge

67-71 .
[ ]. For instance,

and allow testing of important hypotheses related to the pathogenesis of the disease
whole-animal imaging using transgenic fluorescent parasites has demonstrated that sequestration, and
not only accumulation, of iRBCs, does occur in all organs similar to humans”>”". In addition, recent
quantitative mapping of mice brains during ECM showed similar numbers compared to human CM despite
the distinct aetiology”™. 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.

Two different Plasmodium species are commonly used in CM models, P. yoelii™ and P. berghei”™,
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”*”". 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”™. We
found that mice lacking this ATP-binding cassette had resistance to the malaria-associated neurological
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syndrome in C57BL/6 mice”™. 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 disease”™. When passively transferred into the circulation of mice, plasma MV 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[puln}onary oedema and haemorrhage, the two main histopathological features of human and murine
CM77*,

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™"’. 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
(TNE”, IFN-y", IL-12"" and RAG-1"") displayed levels of plasma MVs similar to those of their wild-type
counterparts'™, suggesting that their production is not solely dependent on the presence of inflammation.

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 response[sz’m]. We propose a model in Figure 1

that summaries the role EVs play in the pathogenesis of CM.

Figure 1 was designed by modifying free images provided by Smart Servier Medical Art (https://smart.
servier.com/) and available under the creative commons license.

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™’. 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""*”*”_ It is now clear that EVs and their cargo have potential as biomarkers.
Their elevated numbers, notably endothelial-, platelet- and RBC-derived M Vs, in the circulation of human
patients with CM has already been proven in multiple studies”***", 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”””*, urine and saliva have not been investigated in malaria but we
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Figure 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 platelets to release
EVs of their own'™ as reviewed by Babatunde et a/.”®*’. 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 a/."””, 2014
and Faille et a/."**". (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 cells™***". These cytokines have also been shown to stimulate astrocytes, which then respond by
secreting additional cytokines and chemokines of their own"™. 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™. 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

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
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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 EV's 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 from human and mice malaria infection was confirmed by
a number of proteomics-based studies'***"****** 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 mice”. 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 I 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 EV's
vary with parasite developmental stages, supporting their potential role as a source of biomarkers””. 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 severity; however, more research is required to
confirm the potential of these EV's derived protein as biomarkers for severe malaria.
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Within the groups of non-coding RNAs, miRNA are now considered promising biomarkers in many
pathological conditions”"™” due to their stability in various bodily fluids such as saliva, serum, plasma and
CSE and their role in gene expression regulation[m"m]. One of the advantages of studying EV-associated
miRNAs is their particular stability as they are protected within a plasma membrane™”. 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'*"*".

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'""”. 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"'™""? which provides a further link between cancer and
increased EV production. Similar results were demonstrated in patients with autoimmune, infectious and

. . . . [113-116]
cardiovascular diseases, and neurological disorders .

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.[m]. 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”. A similar study looking at hookworms using the
NextSeq 500 system identified 52 miRNA, many of which were found to be involved in inflammation

regulation when mapped to mouse genes[m]

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”". This study also identified miR-451 as highly expressed in
iRBCs, although its accumulation was not associated with malaria infection""

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'*"*”
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"*. 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

[124]

, Or using in vitro systems

therapeutic intervention

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"”. 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,
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and miR-467a were all elevated in brain tissue from CM mice when compared to non-infected or non-
CM infected mice"*". 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.

CONCLUSION

In vivo and ex vivo studies point towards a role for EV's 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*”

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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