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RESUMO

As infecoes de malaria continuam a ser um flagelo em regides endémicas de todo o mundo, atrasando o
crescimento econdémico e reduzindo a esperanca de vida das criancas. O caminho para o controlo e
eliminacao da malaria tem sido dificultado pela resisténcia aos medicamentos e ferramentas de diagnostico
ineficazes para detetar infecdes de baixa densidade e assintomaticas. Com a carteira limitada de
medicamentos disponiveis para tratar a malaria, € fundamental melhorar a compreensao dos mecanismos
de resisténcia e avaliar a biologia e patogénese das células parasitarias. Nesta dissertacdo, visamos explorar
a tecnologia espectroscopica de Ressonancia Magnética Nuclear de baixo campo (RMN), juntamente com
abordagens genéticas inversas para estudar a #aemozoin, um biomarcador natural de parasitas da malaria
com propriedades magnéticas Unicas e cuja via biologica para a sua formacao, esta de alguma forma
relacionada com a maioria dos medicamentos antimalaricos conhecidos.

Caracterizamos o parasita em diferentes fases morfologicas utilizando a RMN de baixo campo para definir as
interacdes paramagnéticas e a dinamica de troca de estirpes resistentes a parasitas. A partir destas
medicdes, caracterizamos com sucesso todo o ciclo intra eritrocito do parasita Plasmodium falciparum,
ligando alguns padrées de RMN de dominio temporal a alteracdes fisioldgicas especificas, tais como os
parasitas especificos de ponto temporal que se deslocam para uma nova fase de desenvolvimento. Para
explorar a capacidade de detetar caracteristicas distintas de RMN relacionadados com perturbacdes na via
de desintoxicacdo da hemoglobina, concentramo-nos no estudo do PMDR2, um transportador de metais
pesados e nas plasmepsinas, protéases asparticas que degradam a hemoglobina dentro do vacuolo alimentar
do parasita. Concebemos uma estratégia para o KO pfndr2 na estirpe P. falciparum Dd?2 e realizamos um
ensaio de fracionamento da hemoglobina em parasitas geneticamente modificados, sobre expressores de

plasmepsinas.

Os dados de RMN de baixo campo obtidas a partir deste estudo foram capazes de distinguir as fases de
parasitas e parasitemia tdo baixo quanto 0,01% e revelaram um elevado potencial para explorar ainda mais
0 equilibrio magnético entre espécies de hemorragia e a sua possivel correlacdo com a suscetibilidade dos
parasitas aos farmacos. Sdo necessarios estudos futuros para explorar melhor o papel deste transportador e
das enzimas no equilibrio das espécies de hemorragia e a sua capacidade de fornecer impressdes digitais
fenotipicas distintas de NMR. Dadas as caracteristicas de portabilidade de um dispositivo de RMN de baixo
campo, a captura de dados especificos de RMN poderia fornecer um protétipo para a potencial distribuicao

de medicamentos com precisdo contra a malaria no futuro, aos pacientes.

Palavras-chave: malaria, Ressonancia Magnética Nuclear, PIMDR2, hemozoina, plasmepsina.



ABSTRACT

Malaria infections remain a scourge in endemic regions worldwide, stalling economic growth and reducing life
expectancy in children. The path towards malaria control and elimination has been hindered by drug resistance
and ineffective diagnostic tools to detect low density and asymptomatic infections. With the limited portfolio of
drugs available to treat malaria, it is fundamental to improve the understanding of resistance mechanisms
and appraise parasite cell biology and pathogenesis. In this dissertation, we aimed to exploit low-field Nuclear
Magnetic Resonance (NMR) spectroscopic technology, along with reverse genetics approaches to study
hemozoin, a natural malaria parasite biomarker with unique magnetic properties and which biological pathway
to its formation, is somehow related with most of the known antimalarial drugs.

We have characterized the parasite at different morphological stages using low-field NMR in order to define
the paramagnetic interactions and the exchange dynamics of parasite-resistant strains. From these
measurements, we successfully characterized the entire intraerythrocytic cycle of the Plasmodium
falciparum parasite linking some behavioral time-domain NMR patterns to specific physiological changes such
as the specific time-point parasites move to a new stage development. To explore the capability of detecting
distinct NMR features related with disturbance in haem detoxification pathway, we focused on the study of
PMDR?2, a heavy metal transporter and on plasmepsins, aspartic proteases that degrade haemoglobin inside
the parasite food vacuole. We designed a strategy to KO p/mdr2 into P. 7alciparum D2 strain and performed
a haem fractionation assay on previously genetic engineered parasites over-expressing plasmepsins.

The low-field NMR fingerprints obtained from this study was capable to distinguish parasite stage and
parasitaemia as low as 0.01% and revealed high potential to further exploit the magnetic balance between
haem species and its possible correlation with parasite susceptibility to drugs. Future studies are needed to
explore better the role of this transporter and enzymes in the balance of the haem species and their ability to
deliver distinct phenotypic NMR fingerprints. Given the portability characteristics of a low-field NMR device,
the capture of specific NMR fingerprint could provide a proof-of-concept towards potential delivery of future

precision malaria medicine, at the patients side.

Keywords: Malaria, Nuclear Magnetic Resonance, #MDR2, haemozoin, plasmepsin.
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CHAPTER 1

INTRODUCTION



1.1 Malaria Epidemiology

Malaria is an infectious disease predominant in tropical and subtropical regions worldwide
(Figure 1). In 2020, an estimated 241 million new clinical cases were recorded by the World Health
Organization (WHQ), in association with 627,000 deaths [1). Most fatal cases reported were among
children aged five and below. The burden of malaria rests in the African region by 95% due to the
tropical climate and poverty prevalent in this region [1]. These underlying conditions provide
optimal breeding conditions for the parasite vector that spreads the disease from person to person.

In the last two decades, however, there has been a decline in new cases (238 million in
2000 to 229 million in 2019), and a 56% decrease in mortality [2]. The three key players that have
helped in surmounting these milestones are insecticide-treated mosquito nets (ITNs), rapid
diagnostic test (RDT) strips, and artemisinin combination therapies (ACTs) [3-7]. Studies
performed over the years showed that the effective use of ITNs has helped reduce new malaria
infections by 41% [3]. Furthermore, the introduction of RDTs facilitated the massive diagnosis of
malaria infections in endemic regions because they were favourable, and user-friendly for point of
care (POC) testing [6]. However, in the last two years, a 12% increase in malaria deaths has been
documented due to the disruption of malaria control interventions during the COVID-19 pandemic
[1]. Resistance to ACTs has been reported in some parts of Asia and rising cases of partial
resistance have been recently observed in the WHO African region [8-10]. These problems have
impaired malarial control and elimination interventions in the endemic regions. In 2019 alone, an
estimate of US$3.0 billion went into funding these interventions [1]. The impact of this disease has
not only affected the quality of living in these countries but has played a significant role in stalling
the health sector and economic growth of these countries. This is due to reoccurring cases,
frequent doctor visits, and absenteeism from school and the place of work. To address these

problems, there is an urgent need for effective malaria control mediation at all levels [11-15].

1.2 Malaria Infection and Parasite biology

Malaria is caused by the protozoan parasite-Plasmodium, of the phylum Apicomplexa [16].
It thrives in warm tropical climates, predominantly transmitted by the female Anophieles gambiae
mosquito [17]. The Plasmodium species, carried by a vector, infect many vertebrates from
mammals, birds, amphibians, and humans [18]. It consists of six species that cause infection in

humans. These are Plasmodium falciparum, Plasmodium malariae, Plasmodium ovale,



Plasmodium vivax, and the zoonotic Plasmodium knowlesi and Plasmodium cynomolgi [19-21].

P. falciparum is the most deadly and prevalent among these species [2].

\-
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Il One or more Indigenous cases B Certified malario free after 2000
Zero indigenous cases In 2018-2020 1 No malaria
B Zero Indigenous cases In 2019-2020 Not applicable

Il Zero indigenous cases (>3 years) in 2020

Figure I: Malaria endemicity in 2000 and 2021. Adapted from world malaria report, WHO 2021 [1].

1.3 Parasite Life Cycle

P. falciparum remains the highest contributor to the mortality rate of malaria and is the
focus of this thesis. The malaria parasite life cycle consists of two interrelated phases (Figure 2).
In the first phase, the parasite infects a human host during the hepatic and intra-erythrocytic stages.
In the second phase, it is transmitted through a bite from the human host to an uninfected

mosquito [18].

1.3.1 Human Host

The P. falciparum life cycle begins when parasites, in an elongated crescent shape form
called sporozoites, are released from a mosquito during a blood meal and, enter the human dermis
through vessels [22]. The sporozoites leave the dermis [23] and migrate quickly to the liver through

vessels of the body [24,25].
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Figure 2: Schematic diagram representing the life cycle of the malaria parasite across human and mosquito hosts.

Adapted from Baptista et a/. [26].

1.3.2 Hepatic stage

In the liver, the sporozoites invade hepatocytes and multiply exponentially, in a replicative
process known as schizogony [24]. Sporozoites mature to form schizonts containing thousands of
merozoites. These merozoites multiply in the hepatocytes and are released back into the

bloodstream [24,27].

1.3.3 Intra-erythrocytic stage

The merozoites invade red blood cells (RBCs) and multiply by asexual reproduction in the
blood stream. A single merozoite invades an RBC and multiplies asexually by schizogony forming
about 32 merozoites [28]. These newly formed merozoites each invade new-uninfected RBCs and
differentiate into several morphological stages [29]. The first developmental stage is known as rings
due to its ringlike structure. This early intra-erythrocytic stage persists for about 24 hours (~.
falciparum) and develops to trophozoites [12-16 hours) and finally schizonts (8 hours), the most
mature intra-erythrocytic stage in the Plasmodium species. Each intra-erythrocytic cycle takes

about 48 hours [18]. Once a cycle is about to be completed, the mature schizont containing



merozoites enlarges, the RBC lyse, and a new cycle begins [28]. However, some merozoites
released from the schizont do not undergo this asexual replication in erythrocytes, but rather
differentiate into sexual erythrocytic forms, the gametocytes [29,30]. These gametocytes

distinguish into males (microgamete) and females (macrogamete) [31].

1.3.4 Insect Vector

The gametocytes roaming in the vessel are picked up by an insect vector while taking a
blood meal from an infected person. They move to the lumen of the vector's mid-gut, where the
environment is optimal to activate males into microgametes and females into macrogametes
[32,33]. The microgamete fertilizes the macrogamete to form a zygote. Meiosis occurs, and the
zygote distinguishes into a motile form known as an ookinete [34]. The ookinete enters the wall of
the mid-gut and comes out as an oocyst [35]. In the oocyst, a series of mitotic divisions occur to
produce sporozoites (sporogony) [32,36,37]. The oocyst matures and ruptures, releasing the
sporozoites into the haemolymph, where it passes to the salivary gland and gains the ability to
infect [38]. These parasites complete their cycle in the insect vector and are prepared to infect a
human host in 10-18 days.

The pregnant female Anopheles mosquito nourishes her eggs before hatching by ingesting
blood [39]. When the mosquito bites an uninfected person, gametocytes are released through its
proboscis and move into the bloodstream of the uninfected individual. Therefore, early diagnosis
and treatment are paramount to prevent further transmission. This calls for effective diagnostic
tools that can detect low-density infections and, distinguish the intra-erythrocytic morphological

stages, on which lies the importance of this research.

1.3.5 Clinical Manifestations of Malaria

The manifestation of clinical signs and symptoms of malaria begins in the intra-erythrocytic
stage. Mature schizonts form merozoites and cause RBC lysis, marking the onset of fever, a
characteristic presenting sign of malaria infection [40]. This may also lead to other complications,
such as severe malaria and anaemia, especially in children due to the rupture of lots of RBCs [41].
Other symptoms are chills, headache, and vomiting, which are characteristic symptoms of other
febrile infections. Therefore, it is important to utilize effective diagnostic tools to detect and treat
malaria infection even at low densities and in asymptomatic patients, as this represents a reservoir

of parasites capable to progress with the disease transmission.



1.4 Parasite Haemoglobin Metabolic Pathway

In the blood stage of infection, the parasite invades RBCs and feeds on haemoglobin as
the source of amino acids. As the parasite degrades haemoglobin, a toxic by-product is generated
known as haem. For the parasites to survive beyond a 48-hour intra-erythrocytic life cycle it

detoxifies haem by converting it to an inert crystal-haemozoin (HZ) [42,43].

1.4.1 Haemoglobin

The major component of the RBC is haemoglobin and comprises about 95% of the RBC
cytosolic protein [43]. In the intra-erythrocytic stage of infection, about 80% of the host's cytoplasm
is consumed. In this process, 75% of haemoglobin is absorbed through the cytostome and
transferred to the digestive vacuole (DV) [43]. Few amounts of haemoglobin are consumed in the
ring stage in comparison to later stages where more metabolic activities are carried out [43].

Haemoglobin degradation occurs inside the DV of the malaria parasite. The DV has an
acidic environment with an estimated pH of 5.0 to 5.4. It is maintained by a proton gradient
activated by an ATPase pump [44,45]. The malaria parasite not only degrades haemoglobin as the
source of amino acids, but also frees up space to grow inside the RBC [43]. As the parasite matures
in the RBC, the cell becomes more permeable to lysis [46]. Therefore, the parasite degrades and
absorbs haemoglobin in a process called colloid osmosis to prevent early lysis of RBC that may
take place with an increase in cell volume [47,48].

The enzymes involved in the haemoglobin degradation pathway consist of four aspartic
proteases (plasmepsin I-IV) and a cysteine protease (falcipain) contained in the DV of P. falciparum
[49]. In the ring stage, only plasmepsin | is expressed and persists in other stages of the parasite.
Plasmepsin Il (PM2) is majorly expressed in trophozoites, the most metabolically active stage and
in which most of the host cytoplasm is consumed [50,51]. Falcipain is the last enzyme involved in
haemoglobin degradation and only further cleaves haemoglobin after it has been denatured by the

plasmepsins [52].

1.4.2 Haem

After haemoglobin is enzymatically cleaved to smaller peptides it releases free haem (Fe'-
protophyrin IX) [53]. Free haem is a toxic by-product because it is produced from the oxidation of
Fe (ll) protorphyrin IX (Fe'PPIX) to Fe (lll) protoporphyrin IX (Fe"PPIX). This change in redox state

constitutes oxidative stress to the parasite environment. This is due to the reactive nature of iron



and the presence of unpaired electrons which combine with oxygen to form reactive oxygen
species. Since malaria parasites do not have the enzyme (haem oxygenase) responsible for
degrading haem monomers, it detoxifies haem by converting it to an inert crystal known as HZ
[43]. Thus, the HZ crystallization process is crucial for the parasite’s survival as it is its defensive

mechanism against haem toxicity [54].

1.4.3 Hemozoin biocrystallization

Biocrystallization can be defined as the formation of crystals from molecular weight organic
materials by living organisms [55]. The first stage in HZ formation is removing water from aqua-
ferriprotoporphyrin IX [56]. This occurs when the parasites oxidize Fe'PPIX to Fe" PPIX in the DV.
Fe"PPIX units combine (dimerization) and sequester into insoluble micro-crystallites known as HZ.
As the parasite matures, there is an increasing deposit of HZ crystals, whose unique structure

consists of an iron atom attached by ionic bonds to four adjacent nitrogen atoms of porphyrin [55].

Figure 3: Chemical structure of HZ showing iron attached to four nitrogen atoms. Adapted from Carney et al. [57].

1.4.3.1 Haemozoin Crystal Structure and Properties

Several studies have been performed on the formation and crystallization of HZ to better
understand the parasite’s physiology and phenotypic behaviours inside the infected RBC (iRBC).
In 1994, scientists Hempelmann and Marques discovered that the haem units present in the HZ
crystal dimerize by hydrogen bonding to produce a dimer rather than a polymer, as earlier believed
[58]. Further proof that alluded this claim is the geometrical structure of the HZ crystal which has

been shown to display slanted end faces with similar angular geometry [42].



To study the parasite’s HZ crystal (biogenic) scientists used its synthetic form known as [3-
hematin to gain insight into its structural composition. Using the X-ray powder diffraction method,
B-hematin was found to be centrosymmetric. The surface structure of the different low index faces
of the synthetic crystal showed that only its {100}, {010}, {011} faces were relatively flat/smooth.
All other faces were uneven and thus unable to develop in a growing HZ crystal [53]. Looking into
the growth structure of the HZ crystals the {100} and {010} side faces were seen to be dominant,
whereas {011} was less developed and {001} face lesser developed than all others. This
centrosymmetric isomeric hematin dimer property of 3-hematin has close properties with biogenic
HZ crystals which was experimentally confirmed by transmission electron microscopy images and

a combination of electron diffraction patterns [42,59].

1.4.3.2 Nucleation of Haemozoin Crystals

The term nucleation also means the formation of HZ crystals in the parasite’s DV [53].
Several theories have been propounded as to how HZ crystals are formed. These theories include
HZ formation by an autocatalytic process catalysed by enzymes and/or lipids [60], its growth within
neutral lipid bodies [61], or HZ nucleation at the membrane-aqueous interface of the digestive
vacuole [62].

However, recent studies confirm that HZ nucleates at the inner membrane surface of the
DV [53]. This was observed in reconstructed soft X-ray tomograms and electron microscopy images
of iRBCs. These images revealed that HZ crystals in the early trophozoite stage lie side by side and
near the inner membrane surface of the DV (Figure 4) on the side that takes up a more flattened
surface ({100} face). In the trophozoite stage, the HZ crystal was also found to nucleate at different
parts of the DV [63,64]. The assembly line of each HZ crystal is formed and grows as hematin
dimers are supplied. This occurs simultaneously at different parts of the DV in the trophozoite
stage, as earlier mentioned [53,64]. Next, HZ separates itself from the nucleating membrane and

keeps growing in the lumen of the DV as the parasite matures [53].



Figure 4: A reconstructed tomographic section of HZ crystals lying side by side at the inner membrane wall of the
digestive vacuole of an early stage trophozoite. © 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH
(Adapted from Kapishnikov et a/) [53].

1.5 Antimalarial Drug Treatment

HZ formation pathway, besides being an essential process for parasite survival, is also the
target of most antimalarial drugs. In fact, the inhibition of this pathway has been an effective target
for antimalarial drugs, like those of the quinoline family. These drugs truncate dimerization of free
haem, thereby hindering HZ formation and exposing the parasites to its toxicity [65-68]. Due to
arising cases of drug resistant strains as a result of mutations, more research studies are being
centred in understanding better the HZ formation process, since crystals do not undergo mutations.

The release of HZ following the lysis of erythrocytes is linked with the onset of chills and
fever, thus several antimalarial drugs target the HZ formation process [69]. Given that the
morphology of HZ crystals has been explained earlier, it is important to understand how
antimalarials inhibit HZ crystallization within the parasite. Several studies suggest that quinolines
amongst other antimalarials bind to haem monomers, as well as the faces of HZ [53,70,71].

Antimalarial drugs can be classified into several families based on their structure and mode
of action. They consist of the aryl-amino alcohols (quinine (QN) and mefloquine (MQ)), 4-
aminoquinolines (chloroquine (CQ)), endoperoxides (such as artemisinin (ART) and its derivatives),
antifolates (pyrimethamine, proguanil, sulfadoxine), naphthoquinones (atovaquone) and 8-
aminoquinolines (primaquine (PMQ), tafenoquine) [72]. The family of antimalarial drugs known to

target the haem detoxification pathway are the quinolines-based drugs and endoperoxides.

1.5.1 Artemisinin and its derivatives
ART and its derivatives are sesquiterpene lactone compounds containing an endoperoxide
bridge essential for drug action [73]. ARTs have a unique mechanism of action from other

antimalarial drugs. They have a fast-acting mode of action and are effective in exploiting multiple



pathways to attack the parasite proteins [74]. When ART and its derivatives are ingested, they
rapidly modify into DHA [75], which becomes 5-10 times more potent than ART [75]. In the blood,
its endoperoxide bridge encounters Fe' from haem produced from the digestion of the host's
haemoglobin, and ART becomes activated.

When this occurs, the endoperoxide bond gets cleaved by Fe'and prompts the release of
free radicals. These free radicals attack the nucleophilic groups of the parasite’s proteins and lipids,
leading to cellular damage and finally parasite death. With . falciparum infections, this mechanism
of action occurs in the matured intra-erythrocytic stages (late rings, trophozoites, and early
schizonts) prior to the formation of merozoites [76]. Recently, it has been suggested that ART might
also act in a similar fashion as the quinoline drugs, by inhibiting the formation of HZ [77]. Due to
ART short halfife (1 hour), it is administered as a combination therapy with other antimalarial

drugs having a longer half-life [74,75].

1.5.2 Quinolines

In the 17»century, the bark of Cinchona trees was found to be helpful in the treatment of
fevers. QN the key, active substance found in Cinchona spps was discovered and isolated in the
19 century and later utilized as a base for the synthesis of pure compounds with antimalarial
activity [53,78]. Due to its potential antimalarial activity, QN became a primary drug for the
synthesis of quinolines such as MQ, amodiaquine (AQ), piperaquine (PPQ), PMQ, and CQ. Most
quinolines share similar mechanisms of action since they possess a characteristic quinoline ring
system related to one another. Although, lumefantrine (LUM) and halofantrine (HF) are also made
up of a quinoline ring system they are distinct from each other.

The quinoline family can be further subdivided into two: the aminoquinolines, which
comprise CQ, AQ, PPQ, PMQ, and aryl-amino alcohols, comprising of MQ, HF, ON, and LUM.
Among these drugs, CQ has been most widely studied and was shown to target the haem
detoxification pathway following haemoglobin degradation [79,80].

CQ is a weak base usually deprotonated at physiological pH levels. However, in the acidic
environment of the DV, it starts to get di-protonated [81] and forms clusters with hematin dimers
of the haem group, truncating them and preventing them from crystalizing into HZ [79,80]. In this
regard, the detoxification process is obstructed, and reactive haem accumulates in the DV and may

then diffuse [79], becoming harmful to the parasite [79-81].

10



1.5.2.1 Piperaquine

PPQ is a bisquinoline antimalarial, comprising of two quinoline nuclei joined by a covalent
aliphatic or aromatic bond [82]. It was synthesized in the 1960s and became recommended by
the Chinese National Malaria Control Programme in 1978, as it was seen to have higher efficacy
and tolerance than CQ. This led to the subsequent mass production and distribution of 140 million
adult treatment doses [82].

PPQ is slowly absorbed and reaches high plasma concentrations in 5 hours with a longer
clearance time of 20 days. Concerning the mechanism of action of PPQ, studies show that PPQ
may share a similar drug target with CQ. This implies that it may inhibit the haem-detoxification
pathway occurring in the DV [83]. Although it was found to be effective, rising cases of PPQ
resistance led to a reduction in its use as monotherapy in the 1980s [82].

Presently, PPQ is used in ACT combination therapy conjugated with DHA (DHA-PPQ)
(Figure 5). This combination was formulated to slow down the emergence of P. falciparum-resistant
strains. In the last two decades, PPQ with the partner drug DHA has been seen to be highly effective
in the treatment of uncomplicated malaria infections as well as prophylaxis for re-infection [84].
Myriad clinical trials were performed in malaria endemic countries to assess the efficacy of DHA-
PPQ against uncomplicated P. falciparum and P. vivax malaria. Starting from Asia, 13 trials were
conducted including 1,874 patients that received DHA-PPQ as treatment. This trial occurred
between 2002 and 2006 and displayed excellent therapeutic outcomes as well as a good safety
profile. Trials conducted in China, Cambodia, Laos, Thailand, Vietnam, and Myanmar revealed a
97% cure rate (Kaplan-Meyer derived estimates) within an overall 28-day period [84]. DHA-PPQ
was also administered in five other trials including 228 patients in Cambodia, 60 patients in
Vietnam, 547 patients in Papua Indonesia, and 268 patients in Afghanistan. These trials affirmed
the success achieved in earlier trials with a cure rate higher than 95% [84].

These trials were also done in several African countries on children from 6 months to 10
years of age, with uncomplicated malaria infections. DHA-PPQ studies were carried out to evaluate
the safety and therapeutic effects of ACT in these African countries from 2003 to 2009. In total, 6
trials were performed on 252 patients in Rwanda, 426 patients in Uganda, 187 patients in Burkina
Faso, and 80 patients in Sudan with uncomplicated malaria infections. Results from these trials
were similar to the trials conducted in Asia including 28-day cure rates spanning from 95% in

Rwanda to 100% in Sudan [85].
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Figure 5: Schematic diagram of the chemical structure of DHA and PPQ tetraphosphate.

1.5.3 Antimalarial Drug resistance

As earlier stated, a major setback in malaria elimination is the rising resistance to
antimalarial drugs. This is seen in several trials using semi-synthetic quinolines amongst other
drugs [86]. The need for novel antimalarial drugs is more critical now than ever. However, a better
understanding of the mechanism of drug resistance and the factors responsible for it, are required

to develop new drugs or new combination therapies.

1.5.3.1 Parasite Resistance to Artemisinin Combination Therapies

For ACTs, cases of prolonged parasite clearance have been correlated with decreased
susceptibility to ART reported from the Thailand-Cambodia border and have progressed to other
Southeast Asian countries (Thai-Cambodian border and Western Cambodia) [87,88]. Reports
reveal that mutations found in the kelch 13 (K13)-propeller protein is linked to this phenomenon

[89]. Recent insights into the role of these mutations include the identification of altered kinetics
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of parasite intra-erythrocytic development cycle (IDC) [90], and the identification of interaction
partners that appear to reduce haemoglobin endocytic traffic in ART resistant parasites [91],
leading to reduced formation of Fe"PPIX and consequently less haem:ART adducts during the
parasite IDC.

Interestingly, P. falciparum resistance to other antimalarial drugs such as quinoline was
also initiated in this region before spreading to other parts of the world. Presently, ACT resistance
is not yet prevalent in Sub-Saharan Africa, where the burden of malaria infections lies [8]. But
taking all these into account, it is important to streamline our focus to the underlying factors
responsible for this resistance and the mechanisms by which the parasite develops resistance to

antimalarials (such as DHA-PPQ) (90].

1.5.3.2 Dihydroartemisinin-Piperaquine Resistance

DHA-PPQ has emerged to be one of the highly efficient ACT over the last decades as shown
by the clinical trials stated earlier. However, in recent years there have been rising concerns as
reports of DHA-PPQ P. falciparum resistant strains were reported in Cambodia [92,93].

Early concerns were that the mechanism of resistance of PPQ was similar to CQ. Since
both are aminoquinolines, PPQ may also target the haem detoxification pathway like CQ. Some
studies further confirmed that when /n vitro P. falciparum parasites were incubated with PPQ, the
production of HZ was impeded [94].

In another research conducted from 2009 to 2015 using clinical isolates from Cambodia,
results showed an interrelation between the amplification of pformZ2and P. falciparum plasmepsin
3 (pfom3) gene cluster on chromosome 14, and de-amplification of an 80-kb region (single copy)
of P. falciparum multidrug resistance transporter 1 (PMMDRI). PPQ half-maximal inhibitory
concentration (ICs) assays conducted were seen to be increased indicating reduced parasite
susceptibility [94]. PPQ survival assays also showed elevated survival rates. Two other studies
[95,96] using Cambodian isolates also confirmed an interrelation of PM2 and PM3 copy numbers
with PPQ resistance. Plasmepsins are aspartic proteases responsible for the degradation of
haemoglobin, and function in synergy with the cysteine proteases. However, the aspartic proteases
play critical roles in the haemoglobin degradation process. Therefore, an absence of the
plasmepsin enzymes may adversely impact the efficacy of haem formation and the production of
HZ [97]. Bonilla et a/. [98] demonstrated this by studying the impact of triple (Plom1, PlomZ2 and

P. falciparum histoaspartic proteases (Pfhap)) and quadruple (Pasmodium falciparum plasmepsin
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4 (Pfom4), Plasmodium falciparum plasmepsin 1 (Pfomli), PfomZ2 and Pfhap) knockout
plasmepsin mutants. In this study, the author saw that quadruple-PM knockouts grew slower in
standard medium and had a decreased HZ production in comparison to wild type (WT) parasites.
Additionally, triple-PM knockouts were also unable to utilize the amino acids formed from the
degradation of haemoglobin as effectively as WT parasites, suggesting that the deficiency of these
parasite lines may be in the steps following haem release from haemoglobin degradation [98].
Therefore, plasmepsins are not only functional in the cleavage of haemoglobin but also influence

haem generation and its transformation into HZ.

1.6 Antimalarial Drug Mediating Transporters

For an antimalarial drug to work effectively, it must gain access to its required site of action.
Responsible for this are mediating transporters that carry molecules and ions through membrane
barriers to their target site. They perform different physiological roles such as translocating
nutrients into cells, efflux of toxic metabolic waste products and foreign substances (such as drugs),
as well as producing and maintaining transmembrane electrochemical gradients. Membrane
transport proteins execute important roles in the development and replication of the parasite and
more importantly in the occurrence of antimalarial drug resistance [99,100].

Although mediating proteins are essential key players in drug metabolism, only a few have
been explored and linked with multi-drug resistance phenotypes [99] such as the PAMDRI and F.
falciparum chloroquine resistance transporter (PCRT).

P. falciparum membrane transport proteins are predicted to be encoded by 144 of the
parasite’s 5,712 genes, accounting for ~2.5% of the P. falciparum genome [101]. However, most
are putative transporters which physiological function or link to drug resistance remains unknown.
Known polymorphismes in two transporters are thought to alter the parasite’s susceptibility to most
of the current antimalarial drugs: (i) The CQ resistance transporter PCRT, member of the
drug/metabolite transporter superfamily and (ii) the PAMDRI, member of the ATP-binding cassette
(ABC) transporters superfamily. They regulate the flux of solutes, into the parasite DV and span its
membrane. PMDR1 mediates entry of xenobiotics into the DV while PCRT supports their efflux
from the DV.

Much less explored as drug resistance players or even as possible drug targets are the

ABC transporter, PMDR2.
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1.6.1 P. falciparum MDR2

PMDR2 was later discovered, and studies have shown its involvement in heavy metal

transport across the membrane. The gene pfmar? encodes for a protein having 10 predicted
transmembrane domains along with a single ATP-binding site at the 3’ end [102,103]. It is located
on chromosome 14 as a single copy and is localized in two sites of the parasite — the plasma
membrane and DV membrane [103,104]. In a homology search performed in an earlier study
using GenBank sequences, it was seen that the Pfmadr2 gene had significant homology with an
hmtl gene found in the fission yeast Schizosaccharomyces pombe. It has been discovered that
this yeast gene is associated with cadmium resistance and is assumed to be involved in the
transport of cadmium-containing complexes. It was further seen that the Amt! gene also possessed
10 transmembrane domains and a single ATP binding site [105].
Northern blot analysis of the Pfmdr? gene performed by Rosenberg et al. revealed that it is
expressed in a specific stage (trophozoites) of the parasite’s intra-erythrocytic life cycle and not in
the ring stage [103]. PMDR2 western analysis results exposed a protein structure with a band of
110 kDa. (103). Earlier studies show that there is no change in the Pfmar2 expression or gene
copy, in drug-resistant parasites in comparison to drug-sensitive parasites. Nevertheless, due to its
proximity to the Amtl gene, it may have an essential role in heavy metal resistance in the malaria
parasite [103,105].

A metabolic pathway of P. falciparum that is inadequately understood is its method of
heavy metal homeostasis. Heavy metals are characterized as metals having a density above b
g/cmz3. Amongst the 90 naturally occurring metal elements, there are 53 heavy metals. Of these
heavy metals, 20 are accessible to living things, a fewer are essential, and the rest may be present
in cells due to their broad distribution in diverse ecosystems. Although heavy metals may be
essential to parasites, when present in concentrations above specific levels they become toxic to
cells. Therefore, organisms have evolved diverse mechanisms for the homeostasis of these metals
including P. falciparum [105].

Interestingly, a study performed in 2006 confirmed that Phmdr2 gene was responsible for
the efflux of heavy metals [105]. In this study, cadmium was used as heavy metal due to the
ubiquitous systems present in organisms to tackle it. In various organisms, cadmium depletes
glutathione and protein-bound sulfhydryl groups [105,106], leading to the production of reactive
oxygen species such as hydroxyl radicals, superoxide, and hydrogen peroxide. This causes DNA

damage as well as other cellular imbalances.
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Due to the sensitivity of the P. falciparum natural habitat (intra-erythrocytic phase) to
oxidative stress, this heavy metal is especially applicable to the parasite. With its exposure to
cadmium, the mechanisms with which it uses for homeostasis can be characterized and the role
of PIMDRZ protein in the process [103]. What differentiated heavy metal-sensitive parasites from
their resistant counterparts was the presence of a stop codon that rendered the gene and its
encoding protein inactive. This led to the accumulation of heavy metals in the parasite’s cytoplasm.

After characterization of PIMDR2 at DNA, RNA, and protein levels, it was found that the WT
sensitive line carried a mutated Pfmadr? gene. A TGA nonsense mutation found in this line
inactivated the protein and led to the accumulation of heavy metals thus hindering normal cellular
functions. However, after culturing this WT sensitive line in the presence of cadmium, it evolved to
become resistant and the TGA nonsense mutation reverted to a TGT cysteine codon. Consequently,
this reversion facilitated the efflux of heavy metals because of the replacement of the complete
length of the protein product. This concept was further proven with four other strains, all of which
were found to be resistant to heavy metal and carried the TGT codon at the same position.
Therefore, the concept of parasite resistance in relation to PADRZ overexpression or gene
amplification is eliminated by several studies including this. The accumulation of heavy metals in
the WT cadmium sensitive line can be a result of protein absence due to its cellular degradation
[103).

In a more recent study, it was found that mutations in 473, more particularly to the 3D7
strain (whose genetic background is ubiquitous in parts of Southeast Asia) is related to a strong set
of molecular markers, of which nonsynonymous mutations in Pfmar2 and Pfcrt were identified
among other genes [107]. Additionally, although the part PMDR2 plays are yet to be understood
in parasite resistance, other studies have also found its relation to antifolates resistance and
tolerance to heavy metals as earlier mentioned [108]. Since it has been identified that Pk13
mutation (found in artemisinin resistant strains) is associated with the mar2 gene, this suggests

that it may be involved in any of the pathways between haemoglobin degradation and HZ formation.

1.7 Current Tools for Malaria Diagnosis

For over a century, microscopy has remained the “gold standard” for malaria detection
and has helped in fostering malaria diagnosis and treatment, nevertheless, it has had its own
limitations. For accurate analysis, well-trained personnel are needed to correctly decipher Giemsa-

stained blood smears [109]. Mass production of RDTs have improved the diagnostic process of
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the disease but are less sensitive than microscopy and unable to quantify infection [110,111].
Other novel diagnostic tools such as polymerase chain reaction (PCR) and flow cytometry have
proven to produce more effective results [112,113]. However, there is still an urgent need for a
cheap, inventive, highly sensitive, and easy-to-use diagnostic device that can detect viable
parasites. Furthermore, diagnostic tests that can reveal specific phenotypic features concerning
parasite specie, strain, and uncover drug resistant strains which is the role of this research thesis,

will be helpful towards personalized malaria treatment.

1.7.1 Properties of Haemozoin that Makes It an Attractive Target for Malaria
Diagnosis

The HZ crystal has several unique properties, including optical birefringent, photoacoustic
and magnetic properties that have made it an attractive natural biomarker for novel malaria
diagnostic methods [114,115].

Birefringence is the ability of a transparent and molecularly ordered material to refract light
in two rays (or several rays), each adopting slightly different paths [116]. HZ forms bright
birefringent granules under polarized light in a red-yellow colour [116]. This optical property of HZ
enables it to be easily observed under polarized light up to a detection limit of 30 parasites/uL of
blood [117,118].

The photoacoustic property of the HZ has also been explored in its detection and
quantification [115]. The photoacoustic effect is the generation of pressure waves from a sample
after illuminating it with varying intensities of light [119,120]. These intensities create acoustic
vibrations at different frequencies, producing a specific photoacoustic spectrum of the sample
according to its absorptions [119]. This photoacoustic spectrum formed can then be measured
using detectors (such as photodetectors and ultra-sound transducers) (Figure 6), thus proving
detailed information about the sample, even in deep layers of tissue [119,121]. Due to the distinct
molar extinction coefficients between haemoglobin and HZ at specific spectral bands, the optical
absorption of healthy and iRBCs varies [122,123]. This suggests that iRBCs and healthy RBCs
generate varying photoacoustic spectra. This was observed in the results of an /n-silico computer
simulation carried out by Saha ef a/. [119]. Results demonstrated that the intra-erythrocytic stage
of the malaria parasite can be identified using the photoacoustic effect generated from samples

illuminated with the right optical wavelengths. The authors also observed that as parasites mature,
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the amplitude of photoacoustic signals reduces at 434 nm and rises at 700 nm of incident
illumination [119].

Nuclear magnetic resonance (NMR) technique has the potential of bringing an effective
solution to the present challenge - effective diagnosis in malaria-endemic regions. The NMR
machine is an innovative technology consisting of a permanent magnet that creates 0.5 T static
magnetic field in a benchtop NMR console and has been explored in malaria diagnosis [109,124].
The detection relates to the molecular dynamic difference between healthy and malaria infected
blood due to the presence of HZ, a nanocrystallite lattice of haem dimers with paramagnetic
properties, unique to the parasite. Over the years, it has been adapted to be portable, easy to
handle, and requiring a little amount of blood (5uL). Furthermore, studies have proven it to be
more sensitive and efficient than microscopy and RDTs [124]. This is an important reason why
further exploring the NMR as a diagnostic tool in characterizing the malaria parasite’s phenotypic

features will be the focus of this dissertation.

Ultrasound Photodetector
transducer

Figure 6: Schematic demonstration of the photoacoustic method for malaria detection. The technique adopts an
incident laser, photodetectors for recognition of the optical spectra and an ultrasound transducer that identifies waves

generated by the high temperature in the sample. The image is not to scale. Adapted from Vitoria ef a/ [115].

In the intra-erythrocytic stage, malaria parasites consume about 75% of the host’s cell
haemoglobin. Free haem toxic in nature is released from this process from HZ crystals that are
found in the DV as earlier mentioned.

The HZ's unique magnetic property among other properties has become an attractive

target and a good biomarker towards exploiting new tools for malaria diagnosis for researchers
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[114,125]. Karl et al. [126] and Peng et al [127] invented a novel technique for the rapid and
sensitive diagnosis of P. falciparum iRBCs with the use of 'H-nuclear magnetic resonance
relaxometry (MRR). This technique depends on the detection of HZ crystals that are released by
parasites in the host RBCs. HZ is an excellent biomarker due to its large paramagnetic
susceptibility. Physiologically, RBCs possess diamagnetic properties, however, with the presence
of HZ crystals in iRBCs, magnetic diagnostic devices can easily capture a change using the
relaxation time constant (longitudinal (R:) and transverse (R.) water relaxation rate constants) [109].
With this technique, further studies were carried out using the MRR method to differentiate the
three morphological stages of the parasite, including rings, trophozoites, and schizonts [109]. To
distinguish these developmental stages, assessment of modifications in the relaxation rate
constants occurring within iRBCs were performed [115,124). As mentioned earlier, HZ crystals
deposited in iRBCs increase as the cycle progresses from early to later stages, making the
paramagnetic susceptibility of these cells more noticeable. This leads to major changes in the bulk
magnetic susceptibility of the iRBCs and consequently confers measurable changes in the MRR of
nearby protons [124]. Additionally, results obtained by Gregorio et a/ [109], showed a direct
proportional relationship between high water proton transverse relaxation rate constants (R:) and
the applied magnetic field. This can imply that essential insights can be gotten from the existence
and concentration of HZ within iRBCs and consequently the intra-erythrocytic stage the parasites

are in.

1.7.2 Principle of the Nuclear Magnetic Resonance

All objects have ions, and all ions have nuclei which can be positively or negatively charged.
When these randomly aligned ions are excited by a magnetic field, they take up an aligned
orientation (upward or downward) (Figure 7). This is also applied to iRBCs, because of the bulk
change from diamagnetic (Fe*, haemoglobin) to paramagnetic magnetic property (Fe*,
haemozoin). The unpaired iron ions present in the iRBCs, align in the presence of a magnetic field.
The time it takes for an excited iron to go back to a randomly aligned state can be measured in
time-domain by two relaxation times, the transverse relaxation time/spin-spin relaxation time
constant (T2) and the longitudinal relaxation time/spin-lattice relaxation time constant (T:). Studies
reveal that as parasites grow in iRBCs these relaxation times decrease due to increased HZ
deposition [109]. Thus, in high parasite infections and the intermediate and late intra-erythrocytic

stages, higher paramagnetic susceptibility is conferred to iRBCs which is seen in a fall in T, and T.
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[109,124]. A.«nratio (A-ratio) is defined as the ratio between T. and T2 (T./T.) that reveals the
dynamic changes that occur along the developing stages or increasing parasitaemia. In NMR, T
values drop more rapidly than T: because it takes shorter time to revert to equilibrium state (M),
resulting in the formation of A-ratio. A-ratio values increase with increasing concentration of HZ in
a cell, which can be often seen in mature parasites or high parasitaemia infections.

In 2020, a more recent research study was carried out utilizing the inexpensive benchtop-
sized NMR spectrometer. In this study, different haemoglobin derivative phenotypes were
characterized using two-dimensional magnetic resonance relaxation times for the first time. This
meant that the relaxation times Tiand T. (transverse relaxation time) were considered
simultaneously [128]. In this study, he was successful in characterizing their specific phenotypic

expressions [128].

Direction of B?
magnetic field
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magnetic field

Figure 7: Schematic diagram demonstrating ions in their equilibrium state and highly aligned ions when excited by a

magnetic field. Created with BioRender.com.

In another study carried out in diabetes mellitus that same year using the point of care
NMR system, important discoveries were further made. The NMR technique was successful in
obtaining clinical information on the oxidative stress levels of diabetes mellitus patients using the
concentration of haem (Fe*) (as seen in malaria) and other redox states of haemoglobin contained
in their blood samples [129]. This research is a follow-up study from the first two dimensional (2D)

“molecular fingerprint” study performed by Peng ef a/. [128].
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Since the HZ formation pathway is crucial to parasite survival and has become the target
for many anti-malarial drugs including present therapies, we will disclose unique patterns capable

to distinguish parasite stage and concentration as a means towards precision medicine [130].

1.7.3 Deep phenotyping using low-field NMR

Despite considerable indirect evidence pointing towards the relation between Hz formation
and drug response, direct evidence remains elusive. We are still missing deep genetic and
biochemical understanding that better define the relationship between drug action and resistance.

Haemoglobin uptake and concomitant HZ formation are intricately linked with drug
response. Microscopic detection of HZ formation in the iRBC serves as diagnostic feature, but the
distinct mechanic, optic, acoustic and magnetic features of the iRBC, promoted by the HZ crystals
have been insufficiently explored. A recent review describes sensing technologies of HZ [115] with
potential to provide molecular insights into the mechanism of drug action/resistance. Molecular
characterisation of HZ might provide opportunities to improve our understanding of the genes
involved in this process or drug action.

Haemoglobin, abundant in healthy uninfected RBC, is diamagnetic whereas the HZ crystallites
are paramagnetic. As parasite maturation across the IDC stages correlates with HZ increases in
size and quantity, the iRBC alters the low-spin diamagnetic state (Fe, baseline uninfected RBC)
into a high-spin paramagnetic state (Fe*, HZ). A shift towards HZ moiety thus yields distinct T. and
T. relaxation time constants obtained with low-field NMR. This sensitive technology, with high
capacity for the identification of the presence of paramagnetic substances, should thus have the
capacity to capture distinct NMR spectra of iRBC throughout the parasite IDC and any disturbance
in the HZ pathway promoted by drugs. Di Gregorio et al., using infected RBCs treated with DHA
and CQ, detected alterations in the slope of relaxation rate (1/T2) and their involvement in Hz
degradation [109]. Moreover, Sienkiewicz had shown using multi-frequency high field electron
paramagnetic resonance that the spectra obtained for Hz correspond to a high spin Fe*(S=5/2)
[131]. The small but significant hyperfine interactions from the electron-nuclear coupling allows
enormous information to be mapped out. Dr. Weng Kung, using the same principle, has proven
this technology to detect phenotypic variation in haemoglobinopathies [128]. Therefore, applying
innovative spectroscopy might detect the disturbance in the HZ pathway promoted by drugs or

genetic alterations as discussed by Veiga and Peng [130]. The true challenge is to obtain
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meaningful information from this atypical phenotype, which could possibly be resolved exploring

the parasite under a controlled genetic background.
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CHAPTER 2

RESEARCH OBJECTIVES
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The intra-erythrocytic stage of the malaria parasite evolves from early ring forms to trophozoites and
schizonts within 48 hours, depending on haemoglobin as source of amino acid. However, the parasite’s
survival during these stages is dependent on the detoxification process of haem to the formation of
insoluble HZ crystals. These crystals are present in all stages of the intra-erythrocytic phase, conferring
specific magnetic changes to the iRBCs. This change from diamagnetic (uninfected RBCs) to
paramagnetic (iRBCs) properties can then be detected with high sensitivity by magnetic resonance. Early
studies reveal that the NMR spectroscopy is sensitive to detect as few as 10 parasites/pL of iRBCs [7].
Malaria is the leading cause of morbidity globally, particularly in tropical and sub-tropical regions affecting
the quality of living in these regions, mostly children and pregnant women who are more susceptible
complications that may arise from the presenting symptoms (e.g., anaemia) of malaria. Nevertheless, the
path towards malaria elimination has been hindered by drug resistance and ineffective conventional
diagnostic tools. To tackle these issues, we are further exploiting the low-field NMR technology to detect
novel phenotypic features of the intra-erythrocytic stages of WT parasite strains and mutant lines utilizing
the dynamic changes that occur in the pathways between haemoglobin degradation and HZ formation.
Therefore, we hypothesize in this study that the NMR-based technology is a promising tool for malaria
detection and its ultra-sensibility towards disturbance of haem species in the cell might contribute to
unveil the unresolved haem detoxification pathway players. Being that most of the present drugs interfere
somehow with this biological pathway, the capture of specific NMR fingerprint could deliver precision
malaria medicine that can be used in a POC setting. Having this in mind, this master thesis had the

following specific objectives:

1) Characterize the different intra-erythrocytic morphological stages of the parasite using NMR
spectroscopy (in the time-domain T: and Ta).

2) Using ultra-sensitive time-domain NMR to explore the possible role of PMDR2, a heavy metal
transporter, and plasmesins, aspartic proteases, in the natural balance of the haem species present in

the iRBCs.

24



CHAPTER 3

MATERIALS AND METHODS
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3.1 Study 1: Time-domain NMR characterization of wild type parasites
In collaboration with the International Iberian Institute of Nanotechnology (INL), P. 7alciparum

parasites were measured using the bench-top NMR spectrometer previously designed by our group.

3.1.1 P. falciparum culture

Asexual intra-erythrocytic P. falciparum Dd2 (a multidrug resistant strain) parasites were grown
in human RBCs in malaria culture medium (MCM) - [RPMI 1640 (Gibco) with 2 mM L-glutamine, 25 mM
HEPES, 0.25% Albumax Il (Life Technologies), 0.2% NaHCO;, 200 uM hypoxanthine, and 0.25 ug/mL
gentamycin] in a regulated atmosphere of 5% 0./5% C0O./90% N. maintained in an incubator at 37°C.
Parasites in Tes flasks were cultured at 4% haematocrit in 5 mL of MCM. Plates for drug susceptibility
assays were maintained in a hypoxia chamber (Billups-Rothenberg, Inc., CA, USA). Medium changes were
carried out daily — unless in specific cases — and the wellbeing, stage and parasitaemia of the cultures

monitored regularly by optical microscopy of Giemsa-stained blood smears.

3.1.2 Synchronization of P. falciparum culture

Synchronization of P. falciparum life cycle was performed by extrapolating late schizont stages
using the progression time of P. falciparum parasites (rings (0-24 hours), trophozoites ((12-16 hours) and
schizonts (8 hours)). With the formation of early rings, the cultures were synchronized by adding 5%
Sorbitol (Sigma Aldrich) and incubating for 15 minutes at 37 °C. The culture was then washed and
resuspended in MCM. About 20 hours later (towards the end of the ring stage) the cultures were
synchronized again, to kill other stages. The synchronization process was repeated several times till the
parasites were highly synchronized. At this step, the cultures were grown until late schizonts were formed,
confirmed by the formation of merozoites. After about 3 hours, microscopy was repeated to confirm the
formation of early rings and a final tight synchronization was done. Prior to the commencement of a new
cycle of NMR measurements (Figure 8), synchronization was performed on rings (slack synchronized
parasites). When more tight synchronized parasites were required, several synchronizations were done,
and the cultures were timely synchronized again 0-3 hours rings post-invasion (tight synchronized

parasites).
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Detection

coil

Figure 8:Bench-top setup NMR system, with a PCB (printed circuit board) probe, a micro coil for sample detection. Capillaries
are placed into the coil with the end containing concentrated iRBCs. Adapted from Peng et a/. INL laboratory protocol, NMR

setup with a capillary tube containing concentrated blood at one end.

3.1.3 P. falciparum growth analysis

P. falciparum growth was determined by optical microscopy or by flow cytometry.

For microscopy analysis, few drops of blood were added onto a glass slide to make a thin smear.
The thin smear was fixed with 100% methanol and stained with 10% Giemsa’s azur eosin methylene blue
solution (Merck) for 15 minutes. Parasitaemia was determined by counting the number of parasitized
RBCs per total RBC counted per field.

For flow cytometry analysis, 15 UL of 4% haematocrit culture of P. falciparum were incubated
with 40 uL of staining solution [2X SYBR Green | (Applied Biosystems) and 1.6 uM MitoTracker Deep Red
(Applied Biosystems)] for 30 minutes at 37 °C. Together with the incubated cells, 300 L of 1X phosphate
buffered saline (PBS) were added into test tubes and analysed in the LSRIl flow cytometer (BD
Biosciences). SYBR Green | stains DNA of parasitized cells and MitoTracker stains mitochondrial
membrane potential of living parasites. Data obtained was analysed using FlowJo software (TreeStar).
Gate was performed on the SYBR Green | and MitoTracker positive cells, giving the accurate parasitaemia

against the total number of cells.
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3.1.4 Dilution of P. falciparum culture

The culture was diluted with RBCs to obtain 0.01, 0.1 and 1% parasitaemia. For this, after
counting the number of parasitized cells by optical microscopy or flow cytometry, £. falciparum iRBCs
were diluted to obtain 0.01, 0.1 and 1% parasitaemia at 4% haematocrit, according to equation C;V; =
C,V,. Based on the calculation a set volume of parasitized RBCs was obtained and diluted in a specific
volume of media and blood to achieve a required parasite concentration.
Calculation: (To obtain 1% parasitemia)

Givel’l that: C1V1 = C2V2

C=4.7
Vlz?
C2= ].

V=5 mL (MCM)

Vi=(1x5)/4.7 =1.06 mL (set volume of parasitized RBCs)

1.06 mL +3.9 mL (set volume of MCM (5 mL of MCM - 1.06 mL))

Blood: Calculations were made to obtain 4% haematocrit (315.2 uL of blood was obtained).

3.1.5 P. falciparum sample preparation for time-domain NMR detection

Prior to NMR detection, blood samples were washed three times with 1X PBS at 1500 rpm for 5
minutes. Following this, samples were transferred into a heparinised micro-capillary tube
(Fisherbrand™, Thermo Fisher Scientific, USA). Three capillaries were made for each dilution (prepared as
explained in 2.1.4), and sealed with plasticine (Cristoseal®, Krakerler Scientific Inc., USA). The tubes
were centrifuged using a Sorvall Legend Micro 21 microcentrifuge (Thermo Fisher Scientific, USA) at
6000 xg for 1 minute. The length of sedimented blood in the capillary tube was measured using a ruler
to ensure it was within 5-6 mm, to fit the length of the NMR coil suggested to improve detection sensitivity

(Figure 8) [124). Each tube was then loaded into the NMR coil at the sedimented iRBC band for detection.
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3.1.6 NMR measurement

The 'H NMR measurements of iRBCs were carried out at resonance frequency of 21.65 -
21.76 Hz within the NMR device at the International Iberian Laboratory (INL) as demonstrated by Peng
et al. [124]. T. relaxation time was characterized by standard Carr-Purcell-Meiboom-Gill (CPMG) train
pulse (80 microsound (us) of inter-echo time) comprising of 12,000 echoes and 32 scans, to achieve
average signal, and was processed by Prospa 3.12 software (Magritek, New Zealand). In addition,
exponential and real time fit were used to obtain T. relaxation time. The recycle delay was set to 2 seconds,
to allow all the spins sufficient time to revert to thermal equilibrium state. T. relaxation time was
characterized using standard inversion recovery method with additional CPMG detection, often adopted
for T: measurement in an inhomogeneous magnetic environment. For T:detection, CPMG pulse with echo-
time of 500 us comprising of 64 echoes were carried out 4 times along with delay times between two
extremes. Minimum and maximum gap between 180- and 90- pulse consisting of ‘minimum delay’ of 1
ms and ‘maximum delay’ of 4000 ms, respectively, were used. The inter-measurement time was set to

2 seconds.

3.1.7 NMR phenotypic assay

Tight synchronized and slack synchronized cultures were characterized, using different
approaches (Figure 9).

For slack synchronized cultures, different parasitaemia for a particular stage were measured on
different days. For each day, three capillaries were prepared for the parasitaemia to be measured on that
day. The three capillaries for that parasitaemia were read consecutively at each time point over a period
of 8-12 hours (8-12 measurements).

For tightly synchronized cultures, early ring forms were obtained at 0-6 hours post invasion,
counted, diluted, and transferred to capillaries. Three capillaries for each parasitaemia were prepared.
Each capillary for every parasitaemia were measured consecutively at every time point. Each parasitaemia

had a minimum of three measurements.
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Figure 9: Schematic diagram of sample preparation and NMR measurement process. (A) Slack synchronized cultures of
rings, different parasitaemia (e.g., 1% as shown above) collected into three capillaries on different occasions. (B) Tight
synchronized cultures of rings collected into nine capillaries, three capillaries for each diluent Created by Biorender.

3.1.8 Statistical Analysis

The data from NMR measurements were analysed and plotted with OriginPro software (2018
version). The Statistic test used were calculated in GraphPad Prism 7 using One-way Anova, Sidak multiple
comparison tests (for comparing 3 parameters) and two-tailed Mann-Whitney-U test for comparing two

parameters.

3.2 Study 2: Phenotypic features of the P. falciparum MDR2 transporter

P. falciparum pfmadr2 knockout (KO) parasites has previously been attempted in the laboratory
lacking confirmation of the gene editing event. Cryopreserved unconfirmed PMDR2 knockout (KO)
parasites were thawed using NaCl gradient (comprising of 12% NaCl, 1.6% NaCl and 0.9% NaCl + 0.2%
dextrose). Cryopreserved cultures were left to thaw and transferred to 50 mL falcons. For every 1 mL of

thawed blood 0.2 mL of 12% NaCl was added drop by drop while mixing at the same time and the falcon
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was left to stand for 5 minutes. About 10 mL of 1.6% NaCl for every 1 mL of original thawed blood was
added using the same process. The same volume and procedure were carried out for 0.9% NaCl + 0.2%
dextrose and the cultures were centrifuge at 1500 rpm for 5 minutes. The supernatant generated was
discarded and the iRBCs pellet resuspended in MCM and maintained under standard conditions.

The KO parasite lines were constructed using the selection-linked integration (SLI) system into
Dd2 and 3D7 WT parasite lines. Other member of our group had previously performed the construction
of the plasmid, its transfection into the parasite and selection of parasites. Parasites were first exposed
to 2.5 nM WR99210 to select parasites with episomal plasmid. Prior to my study, the parasites were at
the second selection drug Geneticin (G418 (Sigma)) to select parasites with the integrated plasmid
(containing the KO pfmadr2 gene).

After a few days of parasite culture, PMDR2 KO parasites culture was able to expand to 1%
parasitaemia so G418 (200 pg/mL diluted in MCM) was added and maintained under standard
conditions (as previously described in section 2.1.1). G418 culture medium was changed daily to maintain

the cultures for weeks until an experiment is to be undertaken.

3.2.1 Genomic DNA Isolation

Genomic DNA (gDNA) was isolated from the pfmadr2 KO parasites using the NZY Tissue gDNA
Isolation Kit (Nzytech), following the guidelines provided by the manufacturer.

Prior to the start of the protocol the Stuart SBH130D block heater was set at 56° C. Following
this, 25 L of Proteinase K solution was added to 200 pL of iRBCs in a microcentrifuge tube. This mixture
was combined with 200 uL of buffer NL*, mixed vigorously by vortex and incubated at 56°C for 10 - 15
minutes in the block heater (Stuart SBH130D). The heated solution and 210 pL of 100 % ethanol were
mixed by vortex and transferred into a NZYSpin Tissue column placed in a 2 mL collection tube.

The setup was centrifuged for 1 minute at >11,000 xg and flow through discarded. The step was
repeated when 500 uL of buffer NW1 and 600 uL of NW2 were dispensed into the column. Following
this, the NZYSpin Tissue Column was placed back into a collection tube and centrifuged for 2 minutes at
>11,000 xg. To elute the DNA, the column was placed in a clean microcentrifuge tube and 30 uL of
buffer NE was added directly in the membrane column and then incubated at room temperature and

centrifuge for 2 minutes. The gDNA product was stored at -20°C.
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3.2.2 Genotyping of P. falciparum PMIDR2 KO parasites

Edited-parasite lines were genotyped for pfmar2 KO confirmation by polymerase chain reaction
(PCR) followed by gel electrophoresis. PCR was adopted to verify pfmadr2 mutant and WT cultures (Figure
10). To accomplish this, primers in the 5, 3’ region and WT (control) were used as described in the Table
1 and Figure 11 below, to confirm plasmid integration in the pfmar2 mutant parasites. The reaction
condition used is presented accordingly in Table 2.

Following PCR, agarose gel electrophoresis was used to confirm the amplified DNA of the mutant
parasites. Agarose gels were made by combining agarose with 1X Tris-acetate-EDTA (TAE) buffer [20 mM
acetic acid, ImM EDTA, 40 mM Tris (pH 7.6)) at a final concentration of 1%. The agarose gel was heated
until brought to a boil and then cooled under running water to a temperature of about 50°C. NZYTech
GreenSafe Premium was added into the mixture, so the DNA bands can be visualized later under
ultraviolet light. The gel was then poured into a horizontal gel cast and left to solidify at room temperature.
To determine the molecular weight of the bands, GeneRuler™ 1kb DNA Ladder (Thermo Scientific) was
used. All gel electrophoresis were carried out in an electrophoresis machine at constant 100V in 1X TAE

buffer. Images of the gel were taken using Gel Doc™ EZ System (Bio-Rad).

Mutant gDNA (the plasmid was inserted):

pl
—

p4
p2

Wild-type gDNA (the plasmid was not inserted):

pl
——

D ——

p4

Figure 10: PCR strategy of primers used for verifying mutant and WT parasites.
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Table 1: Primer sequence and PCR strategy for mutant and WT parasites confirmation.

Reaction Primer sequence (5’ — 3’) PCR strategy
5’ P1 - CCGGTATCTTAGTTATATIG
P2 - CTTGTTGAATTAGATGGTG
95°C - 3 min; 35 cycles: 95°C - 30
3 P3 - TATCTTTATAGTCCTGTCG
sec, 60°C - 30 sec, 72°C - 30 sec;
P4 - TATATTTAGGTTGGGCATC
72°C - 10 min; 4°C - o
WT P1 - CCGGTATCTTAGTTATATTG

P4 - TATATTTAGGTTGGGCATC

Table 2: Reaction condition used in the confirmation PCR.

Reaction

5’ 100 uM of each primer, 2 U of NZYTaq |l Green Master Mix (Supreme), 7L of endo-toxin
free water and 1 uL of DNA sample in a total volume of 20puL.

3 100 uM of each primer, 2 U of NZYTaq Il Green Master Mix (Supreme), 7uL of endotoxin-
free water and 1 pL of DNA sample in a total volume of 20pL..

WT 100 uM of each primer, 2 U of NZYTaq Il Green Master Mix (Supreme), 7L of endo-toxin
free water and 1 pL of DNA sample in a total volume of 20uL.

Control

100 uM of each primer, 2 U of NZYTaq Il Green Master Mix (Supreme), 7uL of endo-toxin

free water and 1 pL of endo-toxin free H.0O sample in a total volume of 20uL.

3.2.3 Construction of PMAVIDR2 KO parasites

3.2.3.1 Plasmid DNA isolation from E. coli competent cells

Plasmid DNA (pDNA) was obtained from the recombinant Escherichia coli competent cells using
the NZYMaxiprep™ Kit following the manufacturer’s guidelines. The Maxiprep technique was designed for
large-scale generation of pDNA quantities of up to 500 pg. Using this technique, we obtained plasmid
DNA concentrations ranging from 1556.9 ng/ uL to 2602.1 ng/ uL. First, £. coli competent cells
containing the pfmar2 gene were expanded into 400 mL lysogeny broth (LB) liquid media [10 g/L bacto-
tryptone, 5 g/L yeast extract and 10 g/L NaCl] with the appropriate antibiotic. The cells were cultured in

a shaking incubator at 37 °C overnight. The £. coli cell culture, grown overnight was collected by
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centrifugation at 4000 rpm for 15 minutes. The cell pellet produced from this process was resuspended
in 12 mL of NML1-EF solution containing Rnase and vortexed vigorously. To the resuspended cell solution,
12 mL of NML2-EF buffer was added and mixed gently by inverting the tube 6 — 8 times. The solution
was then incubated at room temperature for 2 — 3 minutes. Next 12 mL of pre-cooled buffer was added
to the suspension and the lysate formed was mixed gently by inverting the tube for 6 - 8 times again.
The suspension and lysate were incubated on ice for 5 minutes. After this, the lysate formed was
separated from the suspension using a wet filter and the wet filter transferred onto a NZYMaxi-EF Column.
The column was washed a couple of times following the manufacturer's instructions and the flow through
discarded.

To elute the pDNA from the column, 15 mL of NMEL-EF buffer was dispensed into the NZYMaxi-
EF Column. The eluate was then collected in a clean tube, precipitated (by adding 11 mL of room-
temperature isopropanol), and centrifuged at 4000 rpm for 1 hour 30 minutes at 4°C. After carefully
discarding the supernatant, 5 mL of 70% (room-temperature) and centrifuged at 4000 rpm for 30
minutes. Ethanol was carefully removed from the tube and the cell pellet was left to air dry in an aseptic
environment. The cell pellet was then resuspended in Cytomix [10 mM/L K.HPO./KH:PO., 120 mM/L
KCI, 0.15 mM/L CaCl,, 5 mM/L MgCl., 25 mM/L HEPES, 2 mM/L EGTA, adjusted with 10 M/L KOH to
pH 7.6]. After separating plasmid DNA, the concentration and purity were measured using NanoDrop™

1000 spectrophotometer (Thermo Scientific).

3.2.4 P. falciparum transfection

Parasitized erythrocytes were electroporated with the pDNA extracted from the E£. coli cells.
Parasitized RBCs (at 4% haematocrit) were transfected with 50 ug of pDNA. To this mixture, pure cytomix
solution was added and transferred to a Gene Pulser®/MicroPulser™ Electroporation Cuvette. The
Cuvettes were placed in a Gene Pulser Xcel™ (BioRad) electroporator, and an electric pulse at 0.31 kV
with capacitance of 950 ufD was allowed to pass through the cells. This technique is utilized to create
pores in the membrane of the cells allowing the pDNA to be incorporated. After the electroporation
procedure, the parasites were washed in 3 mL of MCM and transferred to a 50 mL falcon, to which gas
was added. The falcon was placed in an incubator for an hour, for the cells to recover. After an hour, the
resuspended supernatant was aspirated and 5 mL of MCM added. This mixture was transferred to Tz
flasks and maintained under normal conditions as earlier described. To generate a APMDR2 KO line,

plasmids were transfected into both 3D7 and Dd2 P. falciparum strains.
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3.2.5 P. falciparum selection

The transfected cultures were maintained until parasites re-emerged (about 2 weeks).
Parasitaemia of the cultures was monitored daily till they reached an adequate parasitaemia (=1%). Then,
the KO cultures were selected with 2.5 nM WR99210, an antifolate drug that selects for parasites with
the presence of hahfr, present in our plasmid (strategy construction presented in Figure 11). WR99210
was added to the culture daily (for 5 days) until no living parasites were seen under the microscope.
Usually, after several days we observe a re-emergence of resistant parasites, however, in our case there
was no re-appearance of parasites. Thus, we were unable to achieve epissomally integrated mutant

parasites.

Miul cutting site
‘ -
% *l
///—ﬁL")'\:b. a I
1% pSLI-TGD MDR2
o ]
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\ —
3 e \/ plasmid for integration (pSLI-TGD)
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source:synthetic DNA construct

Created in BioRender.com bio

Figure 11:Gene editing strategy used in the construction of PMDR2 mutant parasites. pSLI-TGD containing pfmar2 gene
(which is the homologous sequence) was constructed and inserted into the parasite genome along with a green fluorescence
protein (GFP) FP, a skip peptide (2A) and Neomycin-R (which confers resistance to G418). The resistant marker — hDHFR
incorporated into mutated parasites were selected with WR99210.Adapted from Addgene, Created with BioRender.com.

3.2.6 Drug susceptibility assays

PMDR?2 drug susceptibility assays were carried out in flat-bottom 96 well plates in 200 uL of
MCM at 1% haematocrit and 0.4% starting parasitaemia. Drug plates were prepared prior to an assay with
descending concentrations - two-fold dilution in each successive well - of chloroguine,
dihydroartemisinin, piperaquine, pyrimethamine, pyronardine, desethylamodiaquine, mefloquine and

lumefantrine with initial concentrations of 1000 nM, 50 nM, 400 nM, 100 nM, 90 nM,1000 nM, 200 nM
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and 50 nM respectively. As positive growth control two wells were left without any drug exposure. After

72 hours, parasitaemia was measured in the fluorimeter as explained in 2.3.1.

3.3 Study 3: Phenotypic features of the P. falciparum plasmepsins

3.3.1 Haem Fractionation Assay

Haem fractionation assay [132] was performed on tightly synchronized parasites (as described
in 2.1.2) at 0-3-hour post-invasion rings stage. In this assay, previously constructed and characterized
edited-parasite lines with an extra copy of pfom2 and the hybrid of the PM 1 and PM 3 genes (pform3-1)
were used [133]. Parasitaemia of the cultures were obtained by optical microscopy or flow-cytometry.
Cultures prepared were maintained in Tz flasks at 2% haematocrit and parasitaemia of 0.7%.

Following this, samples were collected at two time-points of parasite culture: 0 and 32 hours. At
each time point, 2 mL of iRBCs (0.7% starting parasitaemia) were collected from each culture in aliquots
and centrifuge at 1500 rpm for 5 minutes. The resuspended supernatant was aspirated and combined
with 1800 pL of 1X PBS and 200 uL of 1% saponin, agitated and incubated at 37°C for 2 minutes to lyse
the iRBCs. Following this, centrifugation was performed on the mixture at 2000 rpm for 15 minutes. The
supernatant generated was removed and the pellets formed were washed twice with 500 uL of 1X PBS
and centrifuged at 3000 rpm for 7 minutes. At the last time, the supernatant was discarded, resuspended
in 100 uL of 1X PBS and stored at - 4°C.

Haemoglobin, free haem, and HZ were obtained at 3 respective phases of the fractionation
process. In the first phase, thawed samples were mixed with 50 pL of water and sonicated for 5 minutes
in a SONOREX SUPER ultrasound bath (Bandelin). The pellets generated were combined again with water
and 0.2M HEPES buffer (pH - 7.5) and centrifuge at 3600 rpm for 20 minutes.

The resuspended supernatant was transferred into Eppendorfs and 50 pL of 4% sodium dodecyl
sulphate (SDS) was added, sonicated for 5 minutes, and incubated at 37°C for 30 minutes. The resulting
mixture was combined with 50 L each of NaCl (0.3 M) and 25% pyridine (in 0.2 M HEPES buffer). From
this solution, 200 uL was taken and kept aside, marking the completion of the haemoglobin fractionation
phase. Thus, we moved on to separate free haem.

The free haem fractionation phase began with resuspending pellets (obtained from the above

protocol) in 50 pL each of water and SDS (at 4%). They were then sonicated for 5 minutes and incubated
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at 37°C for 30 minutes to stabilize free haem. Next the solutions were combined with 50 pL each of
HEPES (0.2M), NaCl (0.3 M) and 25% pyridine, centrifuge for 5 minutes and transferred to other
Eppendorfs. The solutions were further diluted by adding water to a final volume of 400 pL, thus marking
the completion of the free haem fractionation phase.

To obtain HZ, pellets containing HZ (obtained from the haem fractionation phase) were
resuspended in 50 uL of 0.3 M NaOH and sonicated for 15 minutes. The resulting mixture was then
incubated at 37°C for 30 minutes. Following this, 50 uL of HEPES (0.2 M), HCI (0.3 M), 25% pyridine
and 150 pL of water were added to the incubated mixture and transferred to new Eppendorfs.

After these procedures, the samples were transferred to a 96-well plate and analysed, using a
Varioskan® Flash fluorimeter (Thermo Scientific) and Skanlt™ software to determine the concentration
of haemoglobin, free haem and HZ ratio in WT and mutant parasites. The fluorimeter was set at an
excitation wavelength of 485 nM, emission wavelength of 530 nM and an excitation bandwidth of 12 nM
with a measurement time of 100 ms. Results obtained were calculated in Microsoft Excel Spreadsheet

software and graphically analysed in GraphPad Prism 7.0.

Calculation Used:

To obtain Total Absorbance (Abs) = Abs of hb + Abs of free haem + Abs of HZ

To obtain fractionation (%) = (Abs fraction+Abs total) x100

To Normalize at 32 hours (T32) = %fractionation at T32/% fractionation at TO (for haemoglobin, free haem

and HZ) for mutant and WT parasites.
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CHAPTER 4

RESULTS
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4.1 Phenotyping infected red blood cells through relaxometry spectroscopy
Given the powerful analytical capacity of Nuclear magnetic resonance (NMR) in obtaining detailed
information about the structure, dynamics, reaction state, and chemical environment of molecules and
knowing that along the parasite cycle haemoglobin decreases as HZ increases, attaining its maximum
content in the later stages, we have characterized the life cycle of P. falciparum using T:-T. relaxometry
spectroscopy.
To achieve this, we applied two approaches:
e Slack synchronized cultures to track and compare the behavioral patterns of the intracellular
stages along time;
e Tight synchronized cultures to determine changes that occur at specific intracellular stage and

parasite concentration.

4.2 Time-domain iRBC characterization of slack synchronized parasites

Slack synchronized P. falciparum iRBCs samples were taken with parasites at different
morphological stages (rings (0-18 hours), trophozoites (18-36 hours), and schizonts (36-48 hours)) and
at different parasitemia (0.01%, 0.1%, and 1%). Each sample, prior to being measured, was collected into
three capillaries to create technical replicates and then measured over time. This implies that each of the
three capillaries was measured consecutively to create many sample readings. Each morphological stage
at a particular parasitemia was read consecutively for 8-12 hours using the three capillaries as technical
replicates (Figure 12). It is important to emphasize that these concentrations were measured for a period

of 6-12 hours on different days. With this procedure, we derived T.-T. readings as the parasite progressed
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Figure 12: Schematic diagram representing sample preparation and characterization of rings collected in three capillaries.
The three capillaries were read at time points TO to T12 corresponding to Oh to 12h,respectively. This procedure was
performed for rings at 0.01%, 0.1%, and 1% and for trophs and schizonts as well. Created by BioRender.com
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through its morphological stages in real-time. T:-T: readings were obtained using Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequence and inversion recovery by CPMG, respectively.

Results from slack synchronized cultures indicate that T. of RBCs infected with parasites at ring
stage, reduced with increasing parasite concentration (Figure 13A); we observed that we had significantly
higher T, readings (P< 0.005) at 0.01% parasite concentration than at 1%, where we obtained the shortest
relaxation time. T readings (Figure 13B), however, showed a slight fluctuation with an increase at 0.1%
and a further significant decrease at 1% (£ < 0.0001). Consequently, this caused fluctuations in A-ratio,
which is the ratio of T: asnd T. relaxation times and increases with increasing parasitaemia and parasite
maturity. A-ratio readings (Figure 13C) reduced at 0.1% parasitemia and increased again at 1% (P <
0.0001), due to fluctuations in T.. Each parasitemia of rings was measured on different days resulting in
several biological replicates. Moreover, in order to minimize error due to small sample size , a particular
parasitaemia was measured more than once on different days which created different biological replicates
with divergent A-ratio values. This may be the reason we did not see a consistent trend in the increase of

A-ratio across each parasitemia at this stage.
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The iRBC with parasites at the schizont stage, were characterized in the time-domain at 0.01%
and 1% parasitemia (Figure 15). T: and T. readings obtained at this stage reflected similar results with
trophozoites (Figure 14). However, it was a different case with A-ratio which was seen to decrease with
increasing parasitemia.

The rationale behind this is that, at the trophozoite stage, A-ratio readings increased with
increasing parasitemia, because again T. relaxation time reduced faster than T, relaxation time. T: is
tissue-specific and decays faster than the time T, takes to recover and revert back to M.. However, at the
schizont stage, we saw that T.readings reduced slightly faster than T. and resulted in a decreased A-ratio

value at an higher parasitaemia.

41



=

Schizonts Schizonts

700 160
koKX % (B)

650 - 140 b

600
120 |

550

100 |

500
80
450
400 L 1 60 1 !
0.01 1 0.01 1

Parasitaemia (%) Parasitaemia (%)

T, relaxation time (ms)
T, relaxation time (ms)

6.5
(C) I Schizonts

*

6.0 |

5.0 -

A-ratio

4.5 |-

a0t

3.5 L L
0.01

Parasitaemia (%)
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5% (< 0.0001), * (P< 0.05).

To identify how T, T., and A-ratio vary between each intracellular stage we analyzed the stages
at 1% parasitemia (Figure 16). Interestingly, we detected a behavioral pattern specific to each stage which
reflected in Ts, T2, and A-ratio values. T: displayed a slight increase from rings to trophozoites and then
decreased rapidly at the schizont stage. This made, the A-ratio higher at the trophozoite stage since they
are more metabolically active than early rings. A-ratio values, showed the same behavior pattern with T.
relaxation time, which may be due to several reasons. To determine what specifically happened we

analyzed the triplicate reading of all the timepoints (about 8-16 hours) for each parasite (Figure 17).
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In order to determine the impact of the magnetic field on the parasite cycle progression, we
measured each capillary over time. This time-tracking method enabled us to detect differences at each
level, as each capillary is exposed to a magnetic field over time. Here we analyzed the A-ratio values of
the 8 -12 measurements of the triplicates over time ranging from 8-16 hours this was performed for all

the stages at 1%.

43



6.3

6.0
schizont
late TP
33 r early TP @@I%I
. 5HEaeEe
% solb
L
£
4.5 -T
ring g
4.0 | ‘L
ss Lt v c ) I |
Culture-1 Culture-2 Culture-3
{ring to troph) (Troph to schizont) (schizont to ring)
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Using this method we identified an undulating pattern across the stages (Figure 17), which gives
an insight into what transpires across each stage of the intra-erythrocytic cycle. We could deduce that the
A-ratio is almost constant during the ring stage, increasing in the trophozoite stages reaching a peak at
the schizont stage, and then falls towards the ending hours of characterization. This pattern mirrors what
occurs at the intracellular level of parasites, where the ring stage marks the initiation of haemoglobin
degradation, and the trophozoite and schizont stages are characterized by increased accumulation of
haem and formation of HZ crystals. This implies that with increased concentration of denatured
haemoglobin and HZ, A-ratio readings increased at trophozoite and schizont stages. This analysis also
gives an answer to why the mean value of A-ratio always fell at the schizont stage, being the most
metabolically active. Thus as schizonts mature into late schizonts, and form merozoites in the iRBCs prior
to an invasion, the cells lyse releasing HZ and other cellular contents into extra-cellular space, thereby
neutralizing HZ concentration and the paramagnetic susceptibility conferred by the infected cells. This
revelation re-enforces the uncomprising nature of the magnetic property of HZ in reflecting the
physiological changes happening intra-cellularly before a new cycle begin.

4.3 Time-domain iRBC characterization of tight synchronized parasites
The same characterization regarding T., T., and A-ratio using NMR spectrometry was performed

for tight synchronized P. falciparum Dd2 parasites. This approach was undertaken in order to
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characterize haemoglobin/free haem/HZ ratios at different time points. Given that we obtained
fluctuations in the measurements of slack synchronized parasites, here we optimized the protocol to
reduce errors due to haemoglobin, free haem and HZ ratios. Tightly synchronized cultures were used,
and measurements were taken at specific time-points, including rings at 0-6 hours, trophozoites at 25-
30 hours, and schizonts at 36-40 hours. In addition, serial dilutions were made from the same culture to
obtain the different parasite concentrations, thereby reducing the chances of errors as a result of multiple

biological replicates.

4.3.1 Early intra-erythrocytic stage
T:-T. readings of all stages were extrapolated using CPMG pulse sequence and inversion recovery

by CPMG respectively. As observed in Figures 18A and 18B, T. and T. decreased with increase in
parasitemia at the ring stage, however reduction was only observed between 0.01 and 1% parasitaemia
(P< 0.05). Furthermore, it was seen that T. relaxation time reduced more rapidly than T. relaxation time
resulting in an increase in A-ratio (Figure 18C). This trend demonstrated, that T. reduced more rapidly

than T, as parasitemia increased.

4.3.2 Later intra-erythrocytic stages
In the trophozoite stage, we measured the same parasitemia levels as with the ring stages and

compared T-T. values across (Figure 19). T.-T. readings from the trophozoite stages showed reduced
relaxation times between 0.01% and 0.1% but, there was a slight increase in T--T. relaxation times at 1%
parasitemia.

This implies that trophozoite readings were not consistent with that of rings. We see there is an
increase in A-atio between 0.01% and 0.1% but again a decrease in A-atio at 1% parasitemia. The
trophozoite stage of P. falciparum is characterized by higher metabolic activities, leading to a higher
accumulation of denatured haemoglobin as well as a higher concentration of HZ crystals. This could be
identified by the general reduced T: and T. readings (across parasitemia) of trophozoites in comparison
to rings. However, the inconsistency displayed at 1% parasitemia may be due to technical fault. Since
capillaries at 1% were the last to be measured at each time point any unnecessary delay due to technical
difficulty may lead to increased errors at the final measurements, therefore, increasing the mean of T.

and T. values.
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The schizont stage is the last morphological stage of the intra-erythrocytic cycle, before a new

phase begins (Figure 20). At this stage, high levels of metabolic activity transpire within iRBCs as well as

higher concentrations of haem conversion (to HZ crystals).
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NMR readings of the schizont stage as demonstrated in Figure 20C, reflected contrary A-ratio
results. Findings from our study reflected increased relaxation times (T: and T:) with increasing
parasitemia. Furthermore, T. relaxation time increased more rapidly than T. leading to a consistent
decrease in A-ratio across increasing parasite concentrations. These results were quite unique as they

directly contrasted results from the other stages.
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To understand the dynamics across the intra-erythrocytic stages, at different parasitemia, we
exploited T. and T: readings of rings, trophozoites, and schizonts at 0.01, 0.1, and 1% parasitemia. With
these readings, we could see what occurs as the parasite matures by directly comparing each stage with
the same parasitemia.

First, we characterized rings, trophozoites, and schizonts at a parasite concentration of 0.01% as
demonstrated in Figure 21. With the progression of the lifecycle from rings to trophozoites and schizonts,
both T: and T. decreased, the decrease being more evident from ring to trophozoites (P < 0.05
and P<0.0005 respectively) as well as rings to schizonts (£ < 0.0005 for both T: and T.). This is quite
identical to results we identified from asynchronous schizonts at 1% (Figure 17). The increase in T: and
T:readings may be due to the increase in haem production from the degradation of haemoglobin. As the

parasite matures from rings to trophozoites, it becomes more metabolically active and poses more
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oxidative stress to the iRBCs. However, as parasites grow into schizonts and further into late schizonts
the fall in T: and T. readings may be due to RBC lysis and release of HZ extracellularly. Taking these two
approaches into account, we see that the increase in HZ formation confers paramagnetic susceptibility
to iRBCs and that it is easily detected by the NMR. The A-ratio values also exhibited this pattern across
the stages (Figure 21C).

The same graphical analysis was performed for 0.1% and 1% parasitemia across each

morphological stage.
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Figure 21: T, T. and A-ratio readings across P.falcjparum intra-erythrocytic stages at 0.01% parasitemia.*** (P < 0.0005),

** (P < 0.005), bars with no asterick represents with non-significant Pvalue.

At 0.1% parasitemia, we identified significantly decreased T: and T. relaxation times between rings
and trophozoites (P< 0.0001), and a slight increase between trophozoites and schizonts (Figure 22). A-
ratio values also reflected a significant increase as rings progressed to trophozoites (£ < 0.0005) quite

identical to readings from 0.01% parasitaemia (Figure 22C).
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Figure 22: T, T. and A-ratio readings across P.falciparum intra-erythrocytic stages at 0.1% parasitemia. *** (£ < 0.0005),

bars with no asterick represents with non-significant Pvalue.

When parasites at 1% concentration were analyzed, similar T: results with those of 0.01 % and

0.1% were also obtained. As shown in Figure 23, there was a reduction in T. readings of rings and

trophozoites however, an increase in T. readings was detected with parasites at the schizont stage.
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4.4 Understanding the role of PAMDR2 in the physiology of P. falciparum parasites
Transporter proteins are important to carry out several physiological functions and drug
responses, but from the predicted 144 transporters in the parasite genome, most of their physiological
function or link to drug resistance remains unknown [101]. That is the case of the pfmdadr2 gene whose
function in the intracellular events of the malaria parasite is yet to be adequately understood. PMMDR2 is
a transporter present in the parasite’s DV membrane and is associated with the efflux of heavy metals in
parasites [103]. As Fe* is a heavy metal and previous work with PMDR2 KO lines, reported it to be
sensitive to heavy metal rich environments, we questioned about the role of this transporter, and if it
could be involved in the haemoglobin degradation to HZ formation pathway, altering the NMR profile

[103].
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Our group had previously commenced work in the construction of a ZMDR2 KO parasite line
aiming to study its functions in the intra-erythrocytic phase of development and its role in drug resistance,
in vitro. The genetic strategy to construct the KO line was based on the SLI system [134], which uses a
plasmid (pSLI-TGD; addgene #85791) with a promorterless targeting region (in this case the pfmadr2
locus), fused to a green fluorescent protein (GFP) and linked to an additional selectable marker, neomycin
(confers resistance to G418), that is separated by a skip peptide 2A as illustrated in Figure 24 [134]. The
plasmid also contains the expression of ADHFR gene that confers resistance to the antifolate WR99210.
In this approach, when single-crossover integration occurs into the targeted /ocus, the selectable marker
is expressed, but not fused to the target, allowing integration selection. The pfmdr2 gene comprises 3072
bp and is highly enriched in A and T, which is difficult for its amplification. For the construction of KO,
only part of the pfmar2 sequence (466 bp) was used, after amplification from Dd2 WT strain. Selection
of KO parasites needs two rounds of selection promoted by two drug resistance markers. A first selection
with WR99210 allows the selection of parasites that contains the plasmid but not integrated in the genome
of the parasite. A second round of selection is done with G418 that selects for single cross over event
integration at the pfimar2locus. These two rounds of selection were previously done and herein proceed
to confirmation of the editing event. P. falciparum Dd2 culture that went through transfections protocol
with the constructed pSLI-MDR2 plasmid and that went through two rounds of selection with WR99210
and G418, were thawed. When parasitaemia reached 1%, cultures were maintained under G418 selection
for two cycles. Parasites were able to grow under G418 pressure indicating the successful integration of
the plasmid and therefore assumed to be PMDR2 KO parasites.

A preliminary 1C50 assay was conducted to evaluate if the pfmadr2 KO alters parasites
susceptibility to CQ, DHA, PPQ, pyrimethamine, pyronaridine, desethylamodiaquine, MQ and LMF, since
most of these drugs’ mechanism of action are somehow related with the haemoglobin degradation to HZ
formation pathway. Although the concentrations of pyrimethamine and MQ do not seem suitable, results
in Figure 24 suggest that p/madr2 KO does not alter the susceptibility to the tested drugs. This result does
not corroborate with previous reports in the literature demonstrating an effect in #MDR2 in modulating

drug response [135].

52



—&— wild type

1501 150 150 150 pfmar2 KO
< 1001 9 —g L Q 3 l
S : N : : :
5 3 2 ] | 4
1] 50, 3 5 fo I5] 50 ] 504\
: \
o T oS 1 —
6 4 2 0 2 4 6 4 2 0 2 4 6 4 2 0 2 4 6 4 2 0 2 4
Log [Chloroquine] Log [Dihydroartemisinin] Log [Piperaquine] Log [Pyrimethamine]
150 1507 150} 150
& -—%] g e & 5 g o0
P ° o < ‘\ < Q ES]
: : - 2 : 2
3 50 3 50- I 50 3 50
k ) S
: . . 1 “ . : . . R . . 1050,
6 -4 2 0 2 4 ) -4 2 0 2 4 6 4 2 0 2 4 6 4 2 0 2 4
Log [Pyronaridine] Log [Desethylamodiaquine] Log [Mefloquine] Log [Lumefantrine]

Figure 24: Graphical representation of /7 vifro IC50 assays carried out on pfmadr2 KO parasites. Mean+SEM IC50 values are
represented for chloroquine, dihydroartemisinin, piperaquine, pyrimethamine, pyronaridine, desethylamodiaquine,

mefloquine, lumefantrine. At least three assays were performed for each drug.

Therefore, following, the Dd2 recombinant lines maintained at G418 pressure, was genotyped
for integration confirmation with three sets of reactions: the 5’ (851 bp), 3’ (624 bp) and WT (837 bp;
meaning WT culture and control of no integration). P. falciparum Dd2 WT strain and a Dd2 recombinant
line with integration of pSLI in another gene were used as negative controls for integration and one with
no DNA as control of the PCR reaction. Figure 25 demonstrates that no amplification was observed for
the 5’ nor 3’ reactions at the constructed Dd2 pfmarZ2 KO line, while a correct band was observed for the
WT reaction and in the edited line in another gene and in the negative controls for integration.

This result indicates that the plasmid for KO of pfimdr2was not integrated in the parasite genome
in the targeted /ocus. Nevertheless, the culture was resistant to G418, suggesting that, most likely, the
plasmid integrated somewhere else in the parasite genome and expression of neomycin resistance gene
happened using a promoter elsewhere in parasite genome.

Several aliquots previously frozen were genotyped, and the same result was observed, concluding
that all previous work was unsuccessful to construct a pfmar2 gene KO Dd2 line.

The plasmid designed and used for transfection was further subjected to mapping confirmation
through restriction enzymes and Sanger sequencing. The restriction map and sequencing confirmed
successful plasmid design further used to repeat transfection into P. falciparum Dd?2 strain. After several
transfection attempts, parasites were unable to grow under WR99210 revealing the unsuccessful

expression of the plasmid episomaly. These results and the defined master thesis time, precluded this
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study to move on with further phenotypic characterization including impact into drug response and haem

species balance through haem fractionation assays and low-field NMR characterization.

Figure 25: PCR results for confirmation of pfmdr2 KO. Gel electrophoresis results indicating no amplification of the 5’ nor
3’ reactions at the constructed Dd2 pfmadr2 KO line, while a correct band was observed for the WT reaction and in the edited

line in another gene and in the negative controls for integration.

4.3 Plasmepsins impact into the balance of the haem species

Belonging to the family of aspartic proteases, plasmepsins are a sub-group of proteins known to
play critical physiological roles in the degradation of haemoglobin. Plasmepsin |, Il and Il are found in
the DV and are involved in cleaving haemoglobin into peptides [49]. However, these proteins are also
involved in antimalarial drug resistance specifically to PPQ [92,95]. Studies [92,95] show that pform2and
plom3 genes gain an extra copy and pfmalrl transporter gene is de-amplified in PPQ resistant strains.
Previous conducted studies by our group also confirmed this amplification.

As a follow up study from this research, our goal was to better understand how the plasmepsin
proteins influence the concentration of haemoglobin, free haem, and HZ in the developmental stages of
P. falciparum. To accomplish this, we used recombinant strains previously constructed in the lab
containing plasmepsin gene copy number amplification and compared with its WT strain that just
harbours one copy of the gene. In physiological conditions, plasmepsins aid the parasite in cleaving
haemoglobin especially in metabolically active stages (such as trophozoites). With this understanding, we
performed haem fractionation assay to determine what transpires in overly expressed plasmepsin
parasites in comparison to WT parasites. Following the haem fractionation protocol, we obtained highly
synchronized iRBCs at different time points (0 and 32 hours).

Results displayed in Figure 26 demonstrate that at 32 hours, WT parasite had the lowest

concentration of haemoglobin than overexpressed plasmepsin parasite lines, while PM2 parasite had the

54



highest amounts of haemoglobin. Free haem concentrations were far higher in Dd2=* parasites than the
mutant strains, being that it cleaved more haemoglobin. PM3-1 parasite line possessed substantial
amounts of free haem than the other mutant line - PM2, implying that the cleaved haemoglobin
transformed successfully into free haem. When we analysed the HZ concentration of these parasites at
32 hours, we identified that the hybrid PM3-1 parasites possessed the lowest amount of HZ. PM2
parasites had the highest concentration of HZ, superseding the other parasites.

Furthermore, general comparison of parasites at 32 hour revealed higher amounts of free haem
and HZ than parasites at O hour, this is understandable since at 32 hours trophozoites are more

metabolically active than early ring forms.

Haemoglobin Free Haem Hemozoin

A

S

Absorbance normalized
to Time 0 (a.u.)
Absorbance normalized
to Time 0 (a.u.)
Absorbance normalized
to Time 0 (a.u.)

Figure 26: Graphical Analysis of Haem fractionation assay showing ratio of haemoglobin, free haem and HZ between different

parasite lines at 32 hours.
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5.1 Phenotyping infected red blood cells through relaxometry spectroscopy

Malaria is the leading cause of morbidity globally, particularly in tropical and subtropical regions,
where asymptomatic and low parasitaemia infections are prevalent. In these regions, many individuals
carry the infections without presenting symptoms due to acquired immunity. These types of infections
cannot be detected by current standard field diagnostics such as optical microscopy (limit of detection -
50 parasites/L) and rapid diagnostic test (limit of detection - 100-200 parasites/jL) since in many cases
the parasites are at a lower density. Nevertheless, infections like this cause malaria to thrive, as uninfected
mosquitos get the parasite’s gametocyte from infected carriers and pass it on to uninfected individuals
[18]. Thus, instigating further transmission of the disease, and if left untreated may progress to severe
complications. Moreover, these carriers without developing any symptoms of the infection, may cause
imported malaria, or transmit the infection through blood transfusion, or organ transplant [136-140].

Effective diagnostic tools, that can identify these cases are critically needed as this facilitates the
prevention of malaria transmission in endemic regions as well as internationally. Such infections can then
be treated early, thus bringing us a step closer to global malaria elimination. In addition to this, a system
that is capable of immediately identifying a parasite strain is crucial to stop the spread of drug resistance,
an essential goal of this research. The NMR, however, has proven to be a reliable and sensitive tool for
the detection of low-density malaria infections. In fact, our group has previously explored the potential of
NMR for malaria diagnosis and obtained a sensitivity level of as few as 10 parasites/uL of iRBCs [124].

MRR is a diagnostic tool that measures the relaxation rate of the water content of cells/tissues
by obtaining spin-echoes of the water content within their environment. It incorporates conventional NMR
spectroscopy along with an MRI system. By using MRR, two-dimensional T. and T. relaxation readings
provide visualization and identification, of the intermediate redox states and transient dynamic pathways
of the blood specimen.

This strategy was applied to categorize diabetic patients into different oxidative sub-groups (in
association with their glycaemic index) using whole blood samples. Redox homeostasis is a vital
physiological phenomenon needed in regulating the balance between surrounding antioxidant and
oxidative stress-inducing activities. Before oxidative stress occurs, there is a transfer of electrons leading
to the creation of oxidized products. This oxidized product is more stable and can be easily measured by
proton NMR relaxometry. Different techniques have been used to identify the redox properties of blood
utilizing either optical or magnetic properties of Fez present in haemoglobin. In this study, detection of
reactive oxygen species (ROS) was done by quantifying the combined redox state of Hb/plasma by direct

characterization of the H! relaxation states of the water content in blood samples using MRR. This method
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proved successful in obtaining crucial clinical information on the oxidative stress levels of the patients; as
haemoglobin in the blood exists in different redox states including Fe*, Fe* (as seen in malaria) and Fe*.
Free haem (Fe* protoporphyrin IX) is a major contributor of oxidative stress also present in malaria
infections and has lethal effects on both DNA/protein and iRBCs.

Considering this study, we applied the same principle to malaria. We utilized a low-cost benchtop
NMR spectrometer system, to further explore the intra-erythrocytic cycle of the malaria parasite using the
HZ formation pathway as a target. HZ is a paramagnetic biomarker that elicits specific signals with
changes in parasite concentration and physiology. This magnetic change is mediated greatly by the
transfer of electrons and a change in the redox state of RBCs from a low-spin diamagnetic state of haem
(Fe#) into a high-spin paramagnetic state of HZ (Fe*)-

With this, we are able to create a proof of concept by matching certain signals to certain
parameters of the parasite, be it the stage or concentration level of the parasite. HZ crystals are also
known to display unique intrinsic magnetic and optical properties, making them a more attractive target
for developing novel diagnostic tools.

The intra-cellular stage of P. falciparum s characterized by increased haemoglobin concentration
at the ring stage in comparison to other stages. However, as the parasites mature haemoglobin reduces
and there is an increase in free haem and HZ crystals, this makes the ratio of haemoglobin: free haem:
HZ change as the parasite life cycle progresses. Due to these changes, we can see a characteristic
phenotype for each of the stages using the NMR.

e Herein, we used both slack synchronized and tightly synchronized P. falciparum WT parasites
cultured in RBCs. Proton measurements of T. and T.relaxation times based on the bulk water
present in the samples were made, while A-ratio values expressed the dynamic change between
T: and T. values. Several samples of slack synchronized cultures were measured at each
morphological stage to identify phenotypic and physiological differences across each stage. First,
we time-tracked triplicates of each stage to detect specific differences along time (8-16 hours).
Next, we compared time-tracked measurements of all the stages to determine the phenotypic
differences across time and between each developmental stage.

e For synchronized parasites, measurements were performed at specific points to study the relative
dynamic changes that occur through each intracellular stage.

Several research studies have exploited the large paramagnetic susceptibility of the HZ to study
the maturation stages of the malaria parasite [124,127]. This was done by examining changes in the

transverse relaxation rate constant (R:=1/T.) of 'H-water resonance [109,124]. One of such study was by
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Di Gregorio et al [109], where they utilized both transverse and longitudinal relaxation rate constant
(Ri=1/T:) of *H-water resonance. Using four different stages of parasite infection (rings, early trophozoites,
late trophozoites and schizonts) they characterized the changes that occurred as the parasites progressed
from one stage to another. Here, they identified low R: values as the cycle progressed from ring to early
trophozoite stage, however upon passing to the late morphological stages R: values were seen to increase.
R: values were also seen to increase with increased parasite maturation. This occurred because of
changes in the water exchange rate across cellular membranes.

Comparing this finding to that from the DM study [129], T: and T. relaxation times were seen to
reduce with increasing protein oxidative damage. This is due to restricted mobility of bulk water proton
as oxidative damage increased (in the DM patients). Although these two studies used different parameters
the DM study validates the findings from Gregorio ef a/. This is because R: and R: are inversely related to
T: and T.respectively, therefore Gregorio efal. [109] detected an increase in the relaxation rate constants
with increasing parasite maturity, whereas findings from the DM study showed decreased relaxation times
[109,129].

Bringing this knowledge back home, we identified very few similarities between these two studies
and the results we obtained from our slack synchronized cultures. This is expected as Gregorio et a/. used
highly synchronized parasite cultures. However, with the use of synchronized cultures we identified more
similar measurement patterns. To further exploit the sensitivity of the NMR at different dilutions of each
stage we analysed T, T. readings of ring cultures at 0.01%, 0.1% and 1% parasitaemia.

Here we obtained similar readings with Peng et a/., where different dilutions of iRBCs were used
to determine the limit of detection of the MRR. This technique was performed by measuring the transverse
relaxation rate constant (R.) across ascending parasite concentrations. Findings from this study showed
a spike in R: values with an increase in parasite concentration, similar to some of our findings [124]. At
the ring stage, we identified reduced T. and T. readings when parasitaemia levels increased attesting to
the sensitive nature of the NMR. Furthermore, Gregorio ef a/. identified an increase in T: and T. relaxation
times at different parasitaemia in late ring and trophozoite stages. This is because the water exchange
rate across the RBC membrane decreases by 50% 24-28 hours post invasion in RBCs. Although we had
similar findings with this study at the ring stage, when the parasites passed onto the trophozoite stage
we identified inconsistent T,, T. readings across parasitaemia, this may be due to technical faults or the
need for more samples to be characterized at the trophozoite stage. In addition, Gregorio et a/. suggested

that essential changes that occur in the water exchange rate across membranes of iRBCs have a
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characteristic behaviour for each intracellular stage of the malaria parasite. This was seen when we
characterized slack synchronized parasite cultures of all morphological stages across time using A-ratio.

With each sample having a total of 8-12 measurements (about 8-12 hours), we noticed a plateau
at the beginning of the ring stage, a slight decrease as we progressed and then a spike as rings passed
to early trophozoites, late trophozoites and schizont, however toward the end of the schizont stage we
saw another fall in A-ratio which may be an indication of the initiation of a new cycle of early rings.

To further understand why this occurs we need to get back to the basis by which NMR identifies
iRBCs, which is due to the presence of HZ. T: and T. measurements deliver essential information on the
presence of HZ in iRBCs and the intra-erythrocytic stage of the parasite. With increased parasite
concentration we saw a decrease in T: and T.readings (rings). This is essential since only ring stages are
seen under the microscope in the field. Reason being that, in most cases only ring forms flow in blood
vessels, iRBCs containing the later stages are sequestered to the walls of the vessels hindering them from
flowing freely. This implies that with the NMR we can determine the concentration of the infection due to
the rise in the amount of HZ present in the iRBCs. When we analysed T: and T. readings of tight
synchronized cultures across parasite maturation we also identified a reduction between rings and
trophozoite stages at 0.01 and 0.1 percent parasitaemia, due to increase in the amount of HZ. However,
as trophozoite matured into schizonts we identified a slight increase in T, T. readings and a slight
decrease in A-ratio values. This may be due to a reduction in the concentration of HZ as schizonts start
to form new merozoites, setting the stage for a new cycle of early rings. Furthermore, as the iRBCs lyse,
they release HZ extra-cellularly contributing to a reduced intra-cellular content of HZ and consequently a
reduction in the Hibulk paramagnetic susceptibility of the cells. So, although, we see an increase in A-
ratio at the start of the schizont stage, towards the final hours of its characterization we see a drop in A-
ratio values, this therefore contributes to a fall in the mean value of schizonts in relation to trophozoites.
Since HZ possess high paramagnetic susceptibility, we see the NMR detects this reduction in HZ
concentration as a result of a new invasion and the formation of a new cycle. In our study overall, we
identified an inversely proportional relationship between high T: and T. readings with applied magnetic
field.

Reliable diagnostic tools are necessary to identify early infections and administer the right
prescription of drugs for treatment. Over-prescription and mis-prescription of antimalarial drugs is avoided
with the use of proper and effective diagnostic tools. Furthermore, detection of early infections is important

to curtail the transmission of parasites to other individuals in the community.
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5.2 Understanding the role PAVIDR2 in the physiology of P. falciparum parasites

Since we were unable to obtain A#MDR2 mutant parasites by pSLI selection system, we may be
successful if we change the genetic engineering strategy. Most of the molecular cloning procedures in
our laboratory utilized this system, however presently the CRISPR-Cas 9 system is being integrated in
some of our laboratory procedures to optimize these procedures. Therefore, using the CRISPR-Cas 9
system may improve the success rate of getting gene edited parasites. If proven successful, future work
with these recombinant lines may contribute to the understanding of AMDR2 natural function and their
role in drug response. Furthermore, we will be able to characterize any other distinctive phenotype in
these mutant lines using several invitro techniques. Since it was shown in a particular study [107] that
mutations in 473, in the 3D7 strain is connected to a strong set of molecular markers such as
nonsynonymous mutations in ZMDR2 on chromosome 14, we may be able to identify these distinctive
features utilizing these /nvitro techniques. In another study [141], it was identified that mutations in
pfmadr2 gene on chromosome 13 was associated with [142] sulphadoxine resistance. This implies that
PMDR2 may be involved in the transport of organic anions such as folates as identified for PMRP1[142].
Therefore, we can determine the function of pfmadr2 mutations in sulphadoxine resistance using drug
susceptibility assays or other /nvitro techniques.

After performing these /invifro experiments, we can characterize PMDR2 parasites using time
domain (T: and T.) NMR to identify distinct phenotypic features from the WT strains we characterized
earlier. This will help us determine specific functions the PMDR2 protein play at specific stages in the
parasite life cycle owing to its ability to transport heavy metals from the food vacuole. Interestingly we
may identify distinct T: and T relaxation readings due to higher/lower paramagnetic susceptibility of these

parasites.

5.3 Plasmepsins impact into the balance of the haem species

Plasmepsins I, Il and Ill have been identified to play an essential role in cleaving haemoglobin
moieties of intracellular parasites into peptides. However, a gain of an extra copy of the plasmepsin gene
have been shown to generate PPQ resistance. In this research, we performed the haem fractionation
assay to determine what occurs at early rings and late trophozoites stages in plasmepsin overexpressed
and WT parasites. Here we saw that the WT lines cleaved more haemoglobin than mutant lines at the
late trophozoite stage. This was unexpected, since an extra gain in the copy number of the plasmepsin
gene would make the protein cleave far higher amounts of haemoglobin than usual. Consequently, we

obtained increased concentrations of free haem, formed as by product in comparison to mutant parasites.
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In general, haemoglobin concentrations were much lower at 32 hours than at 0 hour. This is because,
as the rings develops into trophozoites more haemoglobin is ingested [50]. In an earlier study, it was
detected that the highest amount of degradation occurred at the trophozoite stage, of which we identified
in this assay. Additionally, among the proteases, the aspartic proteases accounted for 60-80% of globin
degradation activity [143]. Although PM3-1 and PM2 parasites had high concentrations of haemoglobin
and free haem, when we analysed HZ at 32 hours, we saw PM2 parasites had high concentrations of HZ
than WT and PM3-1 parasites. Conclusively, mutant parasites cleaved less haemoglobin than the WT,
interestingly, we extracted higher amounts of HZ (PM2) at 32 hours than WT parasites at 32 hours.
However, these results should be taken with caution, as more assays need to be performed to obtain
more accurate data.

Relating this finding to the results we obtained from NMR measurements of WT parasites, we see
some similarities between. In early ring forms and low parasite concentrations, where haemoglobin
concentrations are higher, we see a reduced paramagnetic susceptibility demonstrated in relatively lower
A-ratio. However, in the trophozoite stage and at relatively higher concentration of parasites, we saw a
rise in A-ratio value, although the case was different in schizonts where we saw a fall. This was due to a
dynamic reduction in the paramagnetic susceptibility of the samples due to the formation of early ring
forms at the terminal hours of measurement. This in turn increased the mean of A-ratio. This was further
confirmed when we performed time-tracking NMR characterization across the whole cycle, where we saw
a peak at the schizont stage and then a fall at the 10th-12th hours of measurements.

With this understanding, time domain NMR could be used to characterize plasmepsin mutant
parasites. Further studies using this technique, will shed light into possible novel phenotypic features that
could detect these changes in the parasite. These phenotypic features in comparison to control WT
parasites could be studied and hopefully distinct phenotypic patterns along the developmental stages can
be identified. Hypothesizing from haem fractionation results, we may see higher A-ratio values at
trophozoite and schizonts stages in comparison to their WT counterparts. This will be due to the high
paramagnetic susceptibility conferred by higher concentrations of free haem and HZ crystals. With these
results we can create a more robust proof of concept that can be implemented in the future for diagnosing

specific resistant parasite strains such as PPQ mutant strains, from susceptible ones.
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CHAPTER 6

FINAL REMARKS AND FUTURE PERSPECTIVES
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Despite the milestones we seem to have crossed in the field of malaria, there are still myriads of
questions to explore that may bring lasting solutions to the problems we are facing in malaria diagnosis
and treatment. Taking the essential natural biomarker - HZ for example, it has been studied at the
microscopic level and has been utilized as an attractive target for treatment. Apart from its optic
characteristic, it has magnetic, photo-acoustic, electrical properties to name just a few. These properties
can be further exploited and adopted for field diagnostics, providing more specific and sensitive
information than the current field diagnostics. In this research, we exploited further the magnetic property
of HZ in studying the dynamic changes in the IDC stages. With this knowledge we were able to predict or
validate what transpires in the maturing parasite in respect to its physiological condition, growth, and
metabolism along a life cycle. This reveals that an in-depth study of the magnetic property of HZ, using
different strains, species and parasite concentration can provide a standard phenotypic pattern that can
be channelled into diagnosis and treatment at POC. In our study, we characterized the Dd2 WT strains
along the IDC stages at 0.01, 0.1 and 1% using T1, T2 and A-ratio. In the future we hope to characterize
antimalarial drugs that block specific processes in the parasites to better understand the haemoglobin to
HZ formation pathways.

Additionally, drug resistant strains can be studied, and comparisons can be made with WT strains.
We attempted to go deep into this using a controlled genetic background for PMDR2 KO parasites and
plasmepsin gene copy number amplification parasites. Although, during the time of this thesis, we were
not able to characterize these parasites with the NMR to determine their specific behavioural patterns in
comparison to WT parasites, we know it will be an interesting subject to explore. The phenotypic patterns
obtained from studying these mutant parasites can be used on the field in the future to diagnose a
resistant parasite strain to an anti-malarial drug, of which an alternative anti-malarial drug can be
prescribed, thus fostering effective treatment and a proof of concept towards precision malaria medicine.

Mutant lines of understudied parasite genes and proteins that have been hypothesized to be
involved in drug resistance, targeting the haemoglobin - HZ formation pathway can be exposed for its role
into drug modulation. These mutant lines can then be NMR characterized to identify changes in their
paramagnetic properties. Gregorio ef al. was successful in doing this using WT parasite strains [109]. The
mode of action of these drugs can be investigated in WT strains and mutant lines to determine their
underlying mechanism of resistance. Fluctuations in temperature and the need for a stable power source
are major limitations of the NMR that can be adapted to field settings however, it is an excellent research
tool that can be adopted for malaria studies to solve the problems the world is facing in malaria diagnosis

and drug therapy, thereby taking us a step closer to global malaria elimination.
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