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Chapter | - Introduction to malaria

Malaria is annually responsible for ~400.000 deaths, making it one of the most
prevalent diseases of our time 1. The causative agents of the disease are eukaryotic
parasites with a very complex life cycle including the liver and bloodstream of a
vertebrate host and a mosquito 2. Among the numerous members of the Plasmodium
genus, 5 species are capable of infecting humans as hosts, the P. falciparum, P. vivax, P.
ovale, P. malariae, and P. knowlesi. The geographic distribution of these parasites is
uneven. The two most prominent parasites are P. falciparum, mostly found in Africa, and
P. vivax, the main cause of malaria in the Asia-Pacific region and South America *. P.
malariae and P. ovale are present in all the malaria-endemic territories >°. The P. knowlesi
had been considered a primate parasite for a long time, but due to regular reports of human
infections in Asian regions, it is now officially recognized as the fifth human malaria

parasite ’.

1. The life cycle of malaria parasites

The life cycle of Plasmodia is very complex, requiring an insect vector and a
vertebrate host (Figure 1). The vectors of human infections are the female specimens of
Anopheles mosquitoes. Of the ~400 Anopheles species, only ~60 are capable of
Plasmodium transmission 8. Once an infected mosquito takes a blood meal, sporozoites
are injected into the skin of the human host, where they can spend as long as 1-3 hours
before entering the bloodstream to target the liver. After the recognition and infection of
liver cells, the parasites undergo a several days (2-16) long asexual transformation,
resulting in the production of up to 40.000 merozoites inside each hepatocyte. These
merozoites aim for the invasion of red blood cells, initiating the first intraerythrocytic
cycle. Depending on parasite species, this may last from 24 to 72 hours. Since both P.
falciparum and P. vivax have 48-hour cycles, the following timeline corresponds to these
infections °.

Young parasites are usually referred to as rings during their initial ~20 hours. The
initial focus is the increase of cell volume, which stretches into the following trophozoite
stage. Accordingly, these phases are coupled with intense metabolic processes and can be
viewed as the G1 phase of the cell cycle °. The parasites feed on nutrients transported
from the plasma and the red blood cell cytoplasm. During the digestion of hemoglobin

molecules, the parasites crystalize heme into needle-shaped compounds the size of ~1



um, called hemozoin 8. Properties of these crystals are discussed later in detail. By the
end of the trophozoite stage at ~30 hours, the S phase is initiated and the DNA synthesis
proceeds into their final developmental state °2. The metabolism slows down to a
minimal level in schizonts, the asexual replication ends and the new genetic material is
packed into numerous (~10-30) daughter merozoites. By the eruption of the mature
schizonts, the new merozoites enter the circulation to begin a new intraerythrocytic cycle
813 This cycle is constantly repeated in the circulation, resulting in an increasing number

of parasites.
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Figure 1 — The life cycle of human Plasmodium parasites. The figure is taken from Molnar et
al. 2018 4.

A small portion of the asexual blood stage parasites develops into sexual forms
called gametocytes. Gametocytogenesis is induced by many factors, such as the
increasing number of parasites, host anemia, drug exposure, immune responses, absence
or presence of vectors, etc. >, The process lasts for 10-12 days in the case of P.
falciparum, resulting in cells of characteristic elongated shapes with somewhat larger
sizes than the sexual forms &¢. The average time of gametocyte circulation in the case of
P. falciparum was found to be ~6 days, however, these forms may be present in the
bloodstream even for 3-6 weeks °. When a mosquito takes a blood meal from an infected

individual, gametocytes are transported to the mosquito midgut, where the sexual stage



of Plasmodia, the sporogony begins. For the successful vector infection, both male and
female gametocytes must be injected by the mosquito. Inside the midgut, the
macrogametocytes  (female) develop into  macrogametes, while  males
(microgametocytes) produce 8 flagellated microgametes. By the fusion of micro-and
macrogametes a zygote is created, which develops into an ookinete capable of penetrating
a midgut epithelium cell to continue its transformation into an oocyst. The maturation of
the oocysts is the longest among the several developmental phases of Plasmodia, taking
7-30 days depending on species and environmental factors, finally resulting in the
formation of thousands of sporozoites. After the rupture of the mature oocyst, about 25%
of all sporozoites reach the salivary gland of the mosquito, waiting for the next blood

meal to continue the cycle in the human host &°.

2. Properties of hemozoin crystals

A diagnostic method based on the detection of hemozoin was developed by our
research group and is widely utilized in this study®’, therefore, the structure of hemozoin
crystals is introduced in a detailed manner. During the intraerythrocytic development of
Plasmodia, the parasites digest the protein parts of hemoglobin molecules and crystalize
the leftover heme compounds (Figure 2) into insoluble hemozoin crystals. Hemoglobin
digestion, on the one hand, serves as a source of amino acids for the biosynthetic
requirements of the parasites, and on the other hand, provides physical space for the
growth of parasites. The process covers the entire cycle, however, the exact onset of
hemozoin production is not entirely clear. Altogether 65-75% of hemoglobin of the host

cells are utilized in the acidic digestive vacuoles 819,

Figure 2 - Structure of heme. The figure is taken from Butykai et al. 2013 7.



Hemoglobin digestion is driven by cysteine and aspartic proteases. The resulting
monomeric heme is further degraded by heme oxygenases in the human body, however,
parasites do not have such enzymes °. The accumulating free heme poses high oxidative
stress for the parasites, therefore the production of hemozoin crystals is an essential
coping mechanism. Hemozoin production is proportional to intraerythrocytic
development, resulting in an increasing amount of crystals over the progression of the
cycle. By the rupture of schizonts, hemozoin is released into the bloodstream, triggering
the elements of the immune system. Phagocytized crystals are eventually deposited in the
spleen, liver, and bone marrow %,

The exact mechanism of crystallization is not clear, theories about enzymatic and
spontaneous chemical reactions have been around for a while **?°, The involvement of
certain parasitic proteins, such as the heme detoxification protein, the histidine rich
protein, and different lipids is highly likely 2°-22, Artificial synthesis of hemozoin is also
possible and given their overall similarities to their naturally produced counterparts, they
serve as important models 226, The first step of synthesis is the dimerization of heme
monomers, driven by the formation of an iron-carboxylate bond between the central ferric
ion of one heme and the propionate side chain of the other heme, and vice-versa. These
dimers are connected and stabilized by hydrogen bonds (Figure 3) 120,

Figure 3 - Process of hemozoin formation. a) Dimerization of heme monomers. b) The

polymerization of dimers results in elongated structures. The figure is taken from Butykai et al.
201317

Hemozoin crystals are ~ 300nm-1um long, needle-like structures. Their triclinic
structure, namely their three unequal crystallographic axes form oblique angles result in
a low crystal symmetry 2’. During crystal formation, by the oxidation of low-spin

diamagnetic Fe?* ions, paramagnetic Fe* ions will be present in hemozoin 2620,



3. Symptoms of malaria

Many factors may affect the variety and severity of disease manifestation, such as
the general health and previous exposure of the host to malaria and the type of parasite
responsible for the infection. Since most of the serious outcomes are a result of P.
falciparum infections, a more detailed analysis of symptoms is only presented related to
this parasite. The possible outcomes of P. falciparum infections can be categorized as
uncomplicated and complicated malaria. The incubation period is usually between 9 and
14 days. After the rupture of mature parasites, new merozoites, hemozoin, and the
remnants of red blood cells are released, promoting immune response 3. At first, the
fevers are irregular, but after a week or so, a periodic occurrence of febrile periods is
observable as a result of the synchronized manner of parasite development 32, General
symptoms are very much flu-like and include fever, dizziness, headache, joint aches,
nausea, vomiting, diarrhea, chilling, and respiratory symptoms. The condition of patients
may turn to the worse very quickly, especially in the case of individuals who have not
experienced malaria previously 3. Complicated malaria often manifests in severe anemia,
convulsions, metabolic acidosis, renal failure, and the collapse of the circulatory system.
Parasites are capable of reaching the brain, resulting in cerebral malaria often leading to
coma. A very high risk group are pregnant women, since parasites may sequester in the
placenta, threatening both the baby and the mother 8. Severe malaria also occurs in the
case of P. vivax and —very rarely- P. ovale, but the vast majority of severe cases are
attributable to P. falciparum. 94% of all malaria-related fatalities occurred in Africa in
2018, where P. falciparum is the most prominent causative agent .

4. The genome architecture of Plasmodium parasites

The parasites have a unique genome structure and metabolism strongly connected
to both drug resistance and their overall virulence and infection characteristics. Different
Plasmodia have approximately 20-35 Mb genomes ordered into 14 linear chromosomes,
copies of a notably small 6 kb mitochondrial DNA, and an approximately 35 kb circular
genome located in the apicoplast ®3. The presence of an apicoplast is unique, only
members of the Apicomplexa phylum possess these organelles. The most intriguing
characteristic of many Plasmodia is the ratio of A:T base pairs in their genomes compared
to the G:C base pairs. In the case of many organisms, a ratio closer to 60:40 is expected

3 for example, Trypanosoma brucei, Toxoplasma gondii, and the Homo sapiens have



53.2%; 47.7% and 58.9% A:T content, respectively . Variation exists among the
different malaria parasite species, however, many of them are known as exceptionally
A:T rich organisms, with avian Plasmodia having the most A:T rich genomes ever
recorded as of now 6. The A:T content of rodent Plasmodia is ~75%, for the human
parasites, P. vivax and P. knowlesi have ~60% while P. falciparum has an overall 80.6%
A:T percentage and 86.5% for non-coding regions 3. It must be noted that a generally
lower G:C content is observed among many obligate intracellular symbionts, simply
because of the higher energy requirements of cytosine and guanine biosynthesis and their
poorer intracellular availability *°, nevertheless, the general ratios of malaria parasites are
still outstanding and cannot be solely implemented as consequences of these
characteristics.

As a result of the A:T-G:C ratio, the genome of P. falciparum contains many
microsatellites, simple sequence repeats, polymorphisms, and a very high number of low-
complexity regions . The highly repetitive low-complexity regions can be described as
dynamic structures showing rapid changes throughout the genome. Driving forces of
repetitive sequence occurrences include DNA strand slippages and uneven crossing over
events. These repeats seem to be especially prone to insertion-deletion mutations,
corroborated by the observation that even between 3 strains of P. falciparum, repetitive
sequences of variable sizes can be found in 9% of their genes *'. The ratio of function-
affecting and non-affecting repetitive sequences is not known, however, in some cases,
their regulatory roles are evident, like repetitive sequences in open-reading frames of
sequences coding the key elements of protein action or binding, and are often related to
drug resistance *’.

The extreme base-pair composition is mostly driven by a mutation bias described
by Hamilton et al 3%, who showed that the occurrence of insertion-deletion mutations that
favor G:C—A: T substitutions is 10-fold greater than base-pair substitutions, opposing the
general trend of mutation frequencies of eukaryotes. Generally, the ratio of base-pair
substitutions to indel mutations is ~20 in the case of bacteria and ~10 in the case of
primates *°. The main contributor to the low GC content is the vulnerability of cytosines
to oxidative deamination ®, a process frequently observable in the case of other
organisms as well, resulting in the presence of uracils in the DNA *°. The parasites may
be especially vulnerable to this effect since the hemoglobin metabolism of the parasites
results in the high prevalence of reactive nitrogen and oxygen species and nitric oxide

radicals %. The extreme levels of A:T base pairs combined with the high indel mutation

6



rates contribute to the alterations of gene expression, copy number variations, and a high
number of low-complexity repetitive sequences *. Collectively, they may act as selection
factors and therefore drive the adaptive evolution of the parasites %. Moreover, CNVs
and mutations show a strong correlation with the drug resistance characteristics,
especially when genes encoding membrane-transport proteins are involved 340,
Mutations of DNA repair-related genes may promote drug resistance by the existence of
a so-called hypermutator phenotype that facilitates the adaptation of parasites “*3. The
idea was refuted by Brown et al. in 2015 %4, but the existence of a mild mutator phenotype
was corroborated later by Fidock et. al in 2016 “°. Recrudescent cases are often
observable for many antimalarials, for example, it has been shown that 33% of
atovaquone-treated cases re-emerge as drug-resistant infections “6. The driving forces are,

unquestionably, mutations 46,
4.1.  DNA repair mechanisms of P. falciparum compared to mammals

Eukaryotes typically have delicate mechanisms to deal with numerous mutation
types (Figure 4). The two main categories of repair mechanisms include the excision-

based and end-joining-based pathways.
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Figure 4 - Sources of different mutations and related eukaryotic DNA repair mechanisms.

The figure is taken from Dexheimer et al. 2014 #'.

The excision-based pathways include the base excision repair (BER), the
mismatch repair (MMR), and the nucleotide excision repair (NER). The base excision
7



repair is responsible for the removal and correction of errors usually affecting one
nucleotide, such as errors promoted by oxidative stress 8, The BER has two types in
mammals, the short-and the long-patch versions, which remove one or 2-12 nucleotides,

49 The mismatch repair pathway corrects the replication-related

respectively
misplacement of bases and a larger section of the error-containing DNA strand is
replaced, while the nucleotide excision repair pathway is responsible for UV-induced
mutations %°°, End-joining pathways deal with effects threatening with much more
serious consequences, including the breakage of both DNA strands. Whenever available,
cells rely on the homologous recombination-based end joining, during which a homolog
of the injured strain is used as a template for the repair, preventing information loss *2.
The nonhomologous end-joining, on the other hand, is also called the “quick and dirty”,
since the ends of the free strands are excised to form sticky ends ligated together as
quickly as possible, often resulting in deletions or insertions 53,

Interestingly, there are many differences between the repair mechanisms of
Plasmodia and mammals. First of all, it has been proposed that P. falciparum relies on
the long patch BER mechanism instead of the short patch pathway seen most commonly
in mammals °. This is further examined in Chapter V/1.5. Regarding the MMR, most of
the expected enzyme orthologues have been identified, however, the RecJ seems to be
missing, and the parasites utilize a helicase that is present in E. coli but not present in
humans °. RecJ is utilized in mammals as an exonuclease *°, while helicases facilitate
the separation of the double stranded DNA structure, making it available for the other
elements of the repair machinery. Regarding the parasitic NER, orthologues of the XPC
and p62 proteins were not identified °, although XPC has an important role in the
recognition of repair-sites in mammals and the p62 protein is a component of a 10-
member complex called TFIIH, which acts as a helicase °*. The parasites primarily rely
on the homolog recombination-based end-joining (HR) when it comes to double strand
breaks, since components of the nonhomologous end-joining were not found 1%, Given
that P. falciparum is mostly haploid during its complete life cycle, not surprisingly, an
alternative pathway has been identified (MMEJ), utilizing local microhomologies created
by a non-processive DNA polymerase °.

Given the complexity of the parasite life cycle and the oxidative environment of
the intraerythrocytic cycle, the malaria parasites are under significant external and
internal stress. Differences in their DNA repair pathways may also contribute to their

genome architecture and facilitate adaptation capabilities.



Chapter ll. — Tools of malaria elimination

Many factors make elimination goals very challenging. Some of these hindering
factors are region-specific socio-cultural aspects, such as the lack of availability of proper
diagnosis, treatment, and prevention; and the general mistrust towards western
medication practices. However, the biggest issues are well-known from past elimination

attempts, namely resistance against insecticides and antimalarials.

1. Vector control

Vector control measures are designed to prevent mosquito bites and come in the
form of bednets and sprays. The infamous chemical, DDT was discovered in 1939 and
quickly became an important tool and a new hope in malaria eradication 6. By the
spreading mosquito resistance and increasing concerns related to the negative effects of
DDT led to its gradual ban from 1972 and eventually a complete ban in 2001 %", Despite
the development of many new chemicals, insecticide resistance is still a major problem
in most of the malaria-affected regions *°. Nevertheless, the prevention of mosquito bites
is a huge contributor to malaria control efforts. Bhatt et al. 8 estimated that more than
600 million clinical cases had been prevented by malaria control measures in Africa
between 2000 and 2015, 68% of which is attributable to insecticide-treated bed nets.
Some argue, that most of these products are planned for indoor use, but many mosquitoes
participating in transmission rather bite and rest outdoors, and changes in behavioral

patterns have also been observed that help them avoid contact with insecticides >°°.

2. Vaccine development

Vaccine development started in the late 1960s and has not been a very successful
area of malaria research as of now. The first attempts focused on sporozoite antigens since
the inhibition of the liver stage was the initial goal ®2. This approach faced complications
early on, and later attempts shifted towards targeting blood-stage parasites and a focus on
protecting children under the age of 5 8. Mixed results and complications followed the
path of all vaccine candidates, and only a few of them reached phase 3 clinical trials ever
since, with little luck so far ®4-%’. Among the more successful alternatives, for the RTS,S
vaccine partial protection was achieved . Even though far from an ideal single-shot and
complete protection for all ages scheme, the lack of other promising candidates promoted

a new, ongoing pilot study coordinated by the WHO 6870 Some evidence suggests that
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specific B-cells - that normally provide long-term protection against infectious agents —
are often short-lived in the case of malaria infections and vaccines, which would explain
the lack of success "*. Given the advances in malaria and immunology research, for now,
a universal and highly efficient vaccine seems like a long term, but hopefully not out of

reach goal.

3. Antimalarial chemotherapy

Antimalarial chemotherapy usually targets the stages of the intraerythrocytic cycle
of the parasites, with some exceptions targeting dormant hepatocyte stages specific to P.
vivax infections, called hypnozoites 2". Characteristics of the main groups of

antimalarial drugs are introduced in this section 47>,
3.1.  4-aminoquinoline compounds

Compounds of this group are among the historically most important antimalarials,
the prime example being chloroquine "2. Since for my experimental work, chloroquine

and piperaquine were used, further details on those drugs are provided in this section.
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Figure 5 - Structure of chloroquine. The figure is taken from the Medicinal Chemical

Structures collection of the University of Michigan 6.

3.1.1.  Chloroquine
For several decades, chloroquine was the main antimalarial of choice, because it

was effective, well tolerable, safe, and low-cost. Nowadays the World Health
Organization (WHO) advises the use of artemisinin-based combination therapy (ACT)
for all P. falciparum infections, but chloroquine is still in use for the treatment of P. vivax

infections in some regions of the world 7. None of the current first-line antimalarials,
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however, match the favorable efficacy, safety, and affordability properties once held by
chloroquine 8.

Chloroquine (Figure 5) is effective against parasites undergoing the
intraerythrocytic cycle, however, not all developmental stages are equally susceptible to
drug effect. The drug does not affect merozoite invasion, only parasitic forms residing
inside the red blood cells. Younger parasites are much more susceptible to chloroquine
treatment, while drug administration during the schizont stage is barely effective ’°. The
exact molecular and biochemical modes of action remain to be fully understood, but it is
now widely accepted that the drug disrupts the hemoglobin digestion process of the
parasite . Hemoglobin is deposited in the digestive vacuole (DV), an acidic
compartment where the globin molecules undergo proteolysis, leaving free Fe(ll) heme
behind, which quickly oxidizes to Fe(lll) state hematin %2 Chloroquine also
accumulates in the DV of the parasites in millimolar concentrations, it is capable of
binding to the surface of hematin molecules, preventing nucleation, therefore, inhibiting
crystal growth "4, By arresting the detoxification process, free hematin causes lipid
peroxidation, damaging the membranes of Plasmodia 8. By the prevention of hematin
formation, the ratio of free hemin increases and free hemin was shown to be a potent

inhibitor of different cysteine proteases aka. the enzymes responsible for the digestion of

80,83

the globin molecules
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Figure 6 — Path of chloroquine resistance between 1957 and 1990. The figure is taken from
Roberts et al. 2016 .
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Chloroquine resistance was first noticed in P. falciparum in Venezuela and
Cambodia in the late 1950s, and since then it has already spread to the vast majority of
malaria-endemic countries (Figure 6) , and affects P. vivax and P. malariae infections
as well 8. The key aspect of chloroquine resistance is the decreased level of drug
accumulation in the DV compared to that of the sensitive strains. Two genes are closely
associated with mutant phenotypes, the Pfcrt and the Pfmdrl 8788, The Plasmodium
falciparum chloroquine resistance transporter (Pfcrt) gene is an integral membrane
protein belonging to a drug/metabolite transporter superfamily. The protein is located on
the DV membrane and is participating in the active transport of chloroquine from the DV
8. The resistant strains express an increased PfCRT activity, resulting in a decrease in the
accumulation of chloroquine inside the DV #. The Plasmodium falciparum multidrug
resistance gene (Pfmdrl) encodes a homolog of the mammalian multidrug resistance
gene, the P-glycoprotein homolog 1. Its function and location are very similar to those of
the Pfcrt and it has been associated with resistant characteristics against a range of

antimalarials, making it a widely studied gene of interest 8%

3.1.2. Piperaquine
Piperaquine was introduced in the 1980s. The bisquinoline drug was created to

overcome resistance by attaching two 4-aminoquinoline molecules, resulting in a
molecule with a bulky structure and 4 positive charges, having better chances of
accumulating in the acidic DV 2. The mechanism of action is believed to be very similar
to that of chloroquine, with similar stage specificity "% Piperaquine is nowadays used
in combination therapy coupled with dihydroartemisinin. Escalating increase in the
clearance rates of artemisinins poses a threat to their partner drugs as well since those
drugs are under increased selective pressure. Accordingly, a coupled
dihydroartemisinin-piperaquine resistance has emerged in Cambodia and other
countries of the region, where the dihydroartemisinin-piperaquine combination is

considered the first-line treatment %2.
3.2. Antifolate compounds

Antifolate compounds have a different mechanism of action compared to the
quinine group. The de novo folate biosynthesis pathway is essential for the pyrimidine
synthesis, therefore DNA synthesis of parasites, and is not present in human cells *3. Such
biochemical pathways make great drug targets, and the antifolate compounds are acting

on this pathway by the competitive inhibition of its key enzymes. The combination
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therapy named Fansidar (sulfadoxine-pyrimethamine) is still used for the prevention of
malaria in pregnant women %, Fansidar is known to act primarily on later parasite stages,
making it an ideal partner for quinines with a preference towards younger parasites or the
fast-acting artemisinin  compounds showing uniform efficiency against all
intraerythrocytic stages %. Resistance for pyrimethamine is attributed to certain point
mutations in one of the key enzymes of the folate pathway (details introduced in Chapter
V/1.7.) 8.

3.3.  Artemisinin derivatives

The re-discovery of artemisinins during Project 523 in China was a serious
achievement and became the solution for the emerging chloroquine resistance.
Artemisinin, artesunate, artemether, and dihydroartemisinin took over the role of front
line treatment worldwide by the millennium, and the discovery was awarded a Nobel
Prize for Youyou Tu in 2015 %97, These compounds are known for their extremely rapid
effect and short plasma elimination half-life compared to other antimalarials, high safety,
and tolerability, and a uniform and wide range of efficacy against all asexual
intraerythrocytic stages %.

In the body, all artemisinin compounds are metabolized to dihydroartemisinin, a
sesquiterpene lactone. The efficiency of artemisinins originates from a structural element,
the peroxide bridge (Figure 7) °, which undergoes a reductive scission in a Fenton-type
reaction, for which the Fe(ll) iron from the digestion of hemoglobin acts as a catalyzer.
Therefore, the drug is only activated in the DV of the parasites. Products of the reaction
include several reactive oxygen species (ROS), such as superoxide anions and hydroxyl
and carbon-centered radicals, which are believed to be the mediators of parasite
elimination 9100,

The mechanism of action of artemisinins is very complex, and many theories
emerged about the possible targets. Nowadays it is clear that the mode of action of these
drugs relies on multiple targets, and many have been identified 1. The reactive oxygen
species originating from the cleavage of the peroxide bond target proteins, membrane
components, and lipids 12, Considering the widespread distribution of the affected
molecules inside the parasite, the damage caused by artemisinins is -not surprisingly-
extensive. Affected proteins can be found in the cytoplasm, DV, and ER. Moreover, an
inhibitory effect towards the proteasomes has also been shown, a protein complex

responsible for the degradation of damaged proteins %8102,
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Figure 7 - Structure of artemisinin. The figure is taken from the Medicinal Chemical Structures

collection of the University of Michigan 6.

Dihydroartemisinin is not only accumulating in the DV but has been detected in
other cellular compartments, such as mitochondria. Loss of mitochondrial membrane
potential after dihydroartemisinin treatment have been reported in the rodent malaria
parasite, P. berghei. 1% It has been hypothesized that artemisinins also have a ROS-
mediated effect on the parasitic DNA integrity, contributing to parasite death 1®°. Heme
was also a proposed target, but that hypothesis now seems unlikely 04,

The first sign of treatment inefficiency in the case of artemisinins was a
characteristic prolonged clearance time. Some parasites are less affected by drug pressure
during the beginning of their ring stages, displaying an elongation of the first half of their
intraerythrocytic cycle %8, Reports of treatment failures on artemisinin-resistant parasite
strains are already emerging from India, Cambodia, Vietnam, Bangladesh, Myanmar, and
Thailand %, The first relevant mutation associated with artemisinin resistance was first
observed in vitro. The whole-genome sequencing of resistant parasites revealed single
point mutations in the Kelch-like protein K13. PfK13 is an essential gene for the
intraerythrocytic development of P. falciparum, but its function is not completely
understood. It has been proposed to play a role in the regulation of DNA repair
mechanisms, stress response, and ubiquitin-dependent protein degradation 106107,
Mutations of the K13 protein in resistant parasite strains have been shown in Southeast
Asia and Africa as well (Figure 8) and is considered the main source of artemisinin

resistance 1%,

14



' Naypyitaw/
b .\ m

(

3 \
Prevalence of /%\\

o

K13 mutations

| 10% or more
W Lessthan 5%

Andaman
Sea

B‘/" : {( South China
) | Sea

—
(]t
7‘0"[ LIS
Phnom Pen ol
: L
For a complete interactive map visit: 5 ﬁ";’ﬁ:;d 0 400
http://www.wwarn.org/molecular-surveyor-k13 \§ y Km

Figure 8 - Percentage of K13 mutant parasites in the Mekong region since 2010. The figure is
taken from Roberts et al. 2016 84,

Another proposedly relevant mutation is observable in the previously
mentioned P. falciparum multidrug resistance-1 gene pfmdrl, affecting both
artemisinins and their partner drugs such as amodiaquine, mefloquine, lumefantrine.
Besides diminishing the long-lasting effect, mutations of pfmdrl also seem to decrease

the artemisinin susceptibility of trophozoite stage parasites 92:1%°,
3.4.  Antimicrobials

There are several antimicrobial agents in use for the treatment of malaria, usually
acting as parts of combination therapies. The most well-known of such antimicrobials
belong to the group of tetracyclines or macrolides. Tetracyclines are derivatives of a
naturally occurring molecule produced by Streptomyces species and have been proposed
to affect mitochondrial and apicoplast related gene transcription by binding to the small
ribosomal subunits 1°. They are known to be effective against all intraerythrocytic stages,
however, they demonstrated an increased efficiency on late trophozoite and schizont
stages. Tetracyclines have a mild effect against hepatocyte-stages and no effect on
gametocytogenesis or sporogony 1%, Macrolides target the 70S ribosomal subunit of the
apical complex, resulting in a nonfunctional apicoplast . However, the effect of the
drug is only visible after the first erythrocytic cycle is completed and the new cycle begins

with merozoite invasion 11, This phenomenon is referred to as delayed death. Resistance
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has not been reported specifically against macrolides in vivo yet 1, Besides these two
groups, several new molecules are also tested for antimalarial potencies, such as co-

trimoxazole, ketolides, tigecycline, fusidic acid, mirincamycin, and thiopeptides ’°.

4. Diagnosis

The efficient, fast, and reliable diagnosis of malaria is a key component in both
treatment and elimination efforts. By assuring that a patient indeed suffers from malaria,
the incorrect use of antimalarials can be prevented, and effective treatment can be
addressed for those in need. Since malaria is considered a medical emergency, fast,

sensitive, and reliable methods are needed 2.
4.1.  Clinical diagnosis

The often limited supplies and lack of access to other methods make the clinical
diagnosis the cheapest and often only available method in many endemic regions. This
method is very challenging since many symptoms overlap with those of bacterial or viral
infections and febrile illnesses, and lacks the possibility of identifying the exact causative
agent or the number of parasites. If misdiagnosed, incorrect clinical diagnosis may lead
to mistreatment threatening the life of patients, or a possible overuse of antimalarials

promoting the spreading resistance of parasites 2.
4.2.  Microscopic diagnosis

The microscopic evaluation of stained blood smears is still considered the gold
standard in the diagnosis of malaria. Stains used for such a purpose consist of eosin and
methylene blue or azure components. Traditional Giemsa-staining methods require ~20
minutes of staining time, but other, faster, multi-component dye kits are also available,
potentially reducing the staining times to a few minutes **3, The procedure requires blood
sampling from a fingertip, and two types of smears are generally used. Thick smears are
used to detect the presence of parasites, while thin smears can provide more details once
the infection is confirmed 2. For the visualization and detailed analysis, a 100x oil
immersion objective is used. By the examination of thin smears, the number, age, and
species of parasites can be determined by an experienced microscopist. One of the
standard numbers describing the level of infection can be expressed in a value called
parasitemia:

p temiq infected RBCs < 100
arastemia = uninfected RBCs
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Another way to characterize disease burden is the calculation of parasite density, the
number of parasites relative to a blood volume (e.g. microliter) or a percentage of white
blood cells (WBCs) 4. This method has many advantages, such as parasite burden
estimation, relative simplicity, and low cost. However, many of these advantages can only
be realized by experts, such as species-specific identification, especially in the case of
mixed infections. Furthermore, the whole process is labor-intensive and time-consuming,
with a sensitivity greatly depending on the examiner. Detection limits are 5-10
parasites/ul of blood in the case of experts and closer to 50-100 parasites/ul of blood in

the case of average microscopists 2.
4.3. Rapid diagnostic tests (RDTs)

Rapid diagnostic tests for malaria were first introduced in the 1990s, and their
popularity has been increasing ever since '°. Given the simplicity, low cost, and high
speed, these techniques belong to the most promising diagnostic approaches, confirmed
by the fact that over 1 billion RDTs have been sold so far 11, They offer a convenience
that no other routinely used methods can compete with as of now since RDTs eliminate
the need for electricity, specific, expensive equipment, and professional expertise. These
qualities allowed malaria diagnosis even in remote areas such as Sub-Saharan Africa,
where even clinical diagnosis was not always available . These lateral flow
immunochromatographic tests are based on the detection of parasitic antigens %',

The tests rely on two major targets. The basis of P. falciparum detection is the
Histidine-rich protein 2 (HRP2), while variants of parasite lactate dehydrogenases
(pLDH) are indicators of both falciparum and vivax infections. Generally, the level of
detection for standard RDTs is 50—200 parasites/ul. The sensitivity of pLDH based assays
in the detection of falciparum infections is generally lower than that of the HRP2 based
versions. Interests in developing ultrasensitive versions (detection threshold of <10
parasites/pl) are increasing, and given the better performance of HRP2-based assays, they
are the main focus of such efforts *1°. However, an alarming trend started with the first
reports of HRP2 deficient P. falciparum field isolates in 2008 in Peru, and many other
regions since. The deletions of the most important target gene of RDTs results in false-

negative diagnosis, threatening the future of the promising new diagnostic tools 16118,
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4.4. PCR

The development of the polymerase chain reaction (PCR) has revolutionized the
field of molecular biology and was rewarded with a Nobel Prize in 1993. Among the wide
scale of applicability of the technique, PCR is often used as a diagnostic tool. In malaria,
PCR is one of the most sensitive and specific methods even in the case of low-parasitemia
samples. It is capable of identifying mixed infections, infective species, and drug-resistant
parasites as well 1*2, The limit of detection for classic PCR is 0.05-5 parasites/ul of blood
119 However, the technique is labor-intensive, requires specific, expensive instruments,
laboratory background, and well-trained personnel. Therefore, despite the many
advantages and outstanding performance, the routine use of PCR is not possible in many

endemic areas 112,
4.5. The RMOD method

The chemical structure of hemozoin described in Chapter 1/2. forms the basis of
some unique physical properties of the crystals that are exploitable for the detection of
malaria 1’. For a better understanding of the upcoming description of the RMOD method,

these properties are explained here.
4.5.1. Magnetic anisotropy of hemozoin crystals

One of the aforementioned characteristics is magnetic anisotropy. Due to the low
triclinic symmetry of the hemozoin crystals, in principle they can exhibit different
magnetic susceptibility values along the different crystallographic axes. However, the
magnetic properties of hemozoin are governed by the unpaired electrons of the Fe* ions
located in the center of the porphyrin rings ’. Since the local symmetry of Fe** ions is nearly
tetragonal, with a 4-fold rotational axis perpendicular to the plane of the porphyrin unit, the

magnetic susceptibility of hemozoin crystals obeys this higher symmetry 282°,

4.5.2. Optical anisotropy of hemozoin crystals

Besides its magnetic susceptibility, the optical properties of hemozoin are also highly
anisotropic. Similar to the magnetic anisotropy, the optical anisotropy of individual
hemozoin crystals are also determined by the local (nearly tetragonal) symmetry of the
Fe** ions 7. Accordingly, their refraction index is different for light beams polarized
parallel or perpendicularly to the plane of the porphyrin rings. Or in other words, the

crystals exhibit linear dichroism and birefringence. If such crystals are exposed to linearly
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polarized light — whose polarization is neither parallel nor perpendicular to the the plane
of the porphyrin rings — they will rotate the polarization of the transmitted light beam.

4.5.3. The RMOD setup

The RMOD method was developed based on the magnetic and optical properties of
the crystals. Given that the method aims at the detection of hemozoin crystals floating in
blood samples, their behavior is described in a liquid environment to demonstrate the

principles of their optical detection.

Paramagnetic crystals with easy-plane magnetic anisotropy, like the hemozoin
crystals, gain energy if they are oriented in such a way that the applied magnetic field lies
in their magnetic easy plane. Correspondingly, when the crystals floating in blood are
exposed to a magnetic field, the magnetic anisotropy energy can overcome the energy of
the thermal fluctuations, and lead to a coalignment of the crystals with originally random
orientations, as visualized in Figure 9. Our research group reported that magnetic fields
in the range of 0.4-0.6 T can lead to the complete alignment of synthetic hemozoin

crystals in the size range of ~700 nm 17.
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Figure 9 - Orientation of hemozoin crystals depending on the applied magnetic field. (a) No
magnetic field is applied: crystals in the suspension are randomly oriented. Magnetic hard-axes are
represented by the axes of cylinders, while easy planes correspond to their circular cross-sections.
(b) A low magnetic field is applied: Crystal orientation begins by the alignment of their easy-planes
parallel to the magnetic field vector B. (c) High magnetic field is applied: the two-dimensional
alignment is completed, the easy planes of all crystals are parallel to the field vector. The figure is
taken from Butykai et al. 2013 V7.

19



Since the same symmetry governs their optical and magnetic anisotropy, the

magnetically coaligned ensemble of crystals exhibits macroscopic linear dichroism and

birefringence, i.e. act as an optical polarizer (see Figure 10) 7.
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Figure 10 - Magnetic and optical anisotropy of hemozoin crystals in a suspension 7. By the
magnetic co-alignment of crystals in a liquid environment, the polarization changes of the
linearly polarized light beam generated by the individual crystals can be amplified to a detectable

level. The figure is taken from Butykai et al. 2013 7.

4.5.4. The design of the RMOD prototype

Figure 11 introduces the schematic design of the prototype. The 650 nm wavelength

beam is provided by a laser diode. The light beam is first polarized by a linear polarizer.

Upon passing through a quarter-wave plate the beam becomes circularly polarized.
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Figure 11 — Representative setup of the RMOD. The incident beam of a laser diode (1) passes

through a linear polarizer (2) followed by a quarter-wave plate (3). The beam passes through a
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sample holder (4) placed inside the bore of a Halbach-ring (5) which is rotated by a motor. The
rotation frequency of the motor (f) is monitored by a diode (6) and serves as a reference signal. The
exiting beam is then split by a Rochon-prism (7) to two orthogonally polarized beams. Intensity

differences of the beams are detected by a balanced photodiode bridge (8) *'.

The circular polarization is employed in order to suppress the Faraday-effect. As
demonstrated previously by our research group, the Faraday effect can be eliminated by
using circularly polarized light, instead of linearly polarized one. Following the quarter-
wave plate, the beam enters the sample which is placed into the bore of a Halbach-
cylinder. The ring-shaped magnet produces a homogenous magnetic field within the bore
of the ring, which is perpendicular to the axis of the cylinder. An electric motor is rotating
the Halbach-ring, with a frequency range variable between 1 and 50 Hertz, which leads
to a magnetic field rotating in the plane perpendicular to the light beam. The rotation
frequency of the magnet is monitored by a diode and serves as a reference signal. The
sample is inserted into the bore of the rotating magnet. The crystals in the sample co-
rotate with the magnetic field and thus modulate the polarization of the transmitted light
beam in a periodic fashion. Following the sample, the light beam passes through a beam-
splitter, which separates the horizontal and perpendicular components of the beam,
therefore, the intensities of the two polarization components can be measured separately
by a pair of photodiodes . The MO signal is the difference of the intensities of these two
beams (dT) divided by the sum of their intensities (T). Their ratio, dT/T is a fundamental
physical property of hemozoin suspensions and allows a quantitative measure of the
crystal concentration. In practice, the MO signal is measured in mV/V units. The
conversion factor to dT/T [%] depends on the amplification factors of the detectors and
was determined to be approx. 1200 for the setup used in my studies. In our publications
where the primary focus was the introduction of the principals of the method, we used
dT/T in % unit for the representation of the MO signal, since it is the fundamental physical
quantity. On the other hand, the MO signal when given in mV/V, can help the
reproduction of our results better, if a similar type of experimental setup is used. Besides
the flow chart of the detection scheme, the realization of the RMOD device is shown in

Figure 12.
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Figure 12 - The prototype of the RMOD device.

For an RMOD measurement, 20-50 ul of blood is taken from the fingertip of the
patients. The blood is diluted with a lysis solution (for composition, see Chapter \V/2.4.3.).
The sample is loaded into a sample holder manually, which does increase the overall time
of sample preparation. However, the measurement is completely automated after inserting
the sample into the device, and the collective time of the sample preparation and the
measurement still only takes a couple of minutes. The device relies on electricity, but it
can also be operated by using a portable power source. Based on our experiences, during
6 years of usage, the amortization of our prototype was minimal. Further development
plans include the design of a microfluidic sample handling system, which would reduce

the need of manual sample handling.

4.6. Emerging diagnostic techniques

Given the numerous disadvantages of currently used diagnostic techniques, there
are many attempts to create faster, cheaper, simpler methods while maintaining high
sensitivity and specificity. Figure 13 presents the detection limits of some well-known
and some relatively new diagnostic techniques **°. By the constant improvements of
molecular biological technigues, many advances have been made in targeting parasite
DNA, such as the CQB, LAMP, and microarrays techniques *2°122, Different techniques
somehow exploit the physical properties of the hemozoin crystals produced by the
parasites besides the RMOD method 2% such as magnetic field enriched Raman
spectroscopy 24, magnetic purification of infected cells >27 and magnetic deposition
microscopy 28, A method has been developed by Maria Rebelo and Thomas Hinscheid
for the detection of malaria based on the presence of hemozoin crystals %1%, The
method utilizes a flow cytometer that has been adjusted for the detection of depolarization
resulting from the birefringent property of hemozoin crystals. The analysis of

depolarizing events detected by the device can be used to interpret parasite maturation.
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Figure 13 — Limit of detection values of some prominent diagnostic techniques. The figure

is taken from Zimmerman et al. 2015 11°.

Another new approach that could revolutionize the field of malaria diagnostics is
the development of noninvasive methods, such as the breath analyzer, which holds the
potential of a setup similar to commercially available alcohol analyzers based on malaria-
associated biomarkers in the breath of infected individuals **X. A similarly interesting idea

is the ultrasound detection of hemozoin crystals in the host bloodstream 32,
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Chapter lll. - Role of basic research in the fight against

malaria

Besides diagnosing and treating those in need, other efforts are also necessary to
roll back malaria. Drug resistance is seriously hindering currently existing treatment
strategies and elimination plans. There are two procedures focusing on resistance. On the
one hand, it is important to screen for new drug candidates and on the other hand, to keep
the scientific community up-to-date regarding the efficacy of currently applied treatments
133 To determine the competence of currently existing drugs, 4 approaches may be
applied. These include pharmacokinetic studies for the assessment of drug concentration
levels in the bloodstream, the identification of resistance-related molecular markers, in

vitro drug susceptibility assays, and in vivo therapeutic efficacy studies **.

1. In vitro cultivation of P. falciparum

Trager and Jensen managed to develop a technique that allowed the continuous
cultivation of the intraerythrocytic forms of P. falciparum under laboratory conditions
135 forming the basis of the modern culturing techniques. This allowed scientists to
explore parasite organelles, the process of gametocytogenesis, important biochemical
pathways, and drug-resistant parasites *. The composition of the cultures is designed in
a manner that represents the natural environment of the blood stage, consisting of the host
cells and culture media. Since P. falciparum is a human malaria parasite, it requires
human red blood cells. From a culturing perspective, their lack of red blood cell type
preference is optimal, since the red blood cells of all maturation status can be exploited
for culturing purposes. It has been shown that they are most fond of O+ cells over A+
cells under laboratory conditions, and both types are favored over B and AB types **'.
Type O cells are also compatible with all serum types %,

The other component of the culture is the culture media, which serves as a source
of nutrients for the parasites. Many versions of culture media have been described, but
usually, they mostly consist of an RPMI 1640 base and supplementation such as serum
or serum replacement. The RPMI 1640 is utilized for a wide range of mammalian cell
lines *°. The main components of the media include glucose, various salts, amino acids,

and vitamins. Buffering is crucial, the parasites are very sensitive to pH changes and
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prefer an extracellular pH of 7.2-7.4 13, Hypoxanthine is also provided in the culture
media since Plasmodia are incapable of de novo purine biosynthesis and rely on salvage
from the red blood cell cytosol *°. Human plasma provides a favorable environment for
parasite growth but also has many disadvantages. The composition of some plasma
elements largely depends on the physical condition and dietary habits of its donor,
decreasing the reproducibility of in vitro experiments. It is also quite expensive, and in
endemic areas with frequent re-infections, the plasma may also contain antimalarial drugs
or immune factors possibly hindering in vitro growth. Other mammalian sera, such as
bovine, horse, and swine were shown to be significantly less suitable for cultivating
purposes 28, Serum supplements, such as Albumax (lipid-rich bovine serum albumin) are
easy to use, safer for the users, chemically well-defined, and usually applied in 0.5-4%

quantities as supplementation 1%,
1.1.  Routine maintenance

Parasites prefer higher CO: levels and are microaerophilic. Ideal gas compositions
vary from 3 to 18% Oy; 2 to 5% CO and N for the rest 13, They prefer the natural
temperature of the human body, and a uniform 37 °C can be provided by incubators
designed for culturing purposes. Plasmodium falciparum is listed as a Biosafety Level
I1l. organism in the EU, however, in certain regions, its cultivation is allowed under
Biosafety Level Il. conditions 14,

Parasites are generally kept in 2-5% hematocrit and <2% parasitemia cultures and
are monitored daily by the preparation and evaluation of smears as described in Chapter
11/4.2. If the parasitemia exceeds 2%, dilution is required to keep an optimal parasite-
nutrient ratio. Fresh medium must be provided every day in order to sustain parasite
maturation at a required pace. Cultures can be initiated using preserved stocks of
laboratory-adapted parasite strains or field isolates. Thawing can be aided with different
methods, mostly consisting of NaCl solutions of various concentrations added to the
culture in a stepwise manner. By the gradual addition of the solution, the osmotic relations
can be kept at an optimal level, preventing cell lysis. The varying concentration of NaCl
also helps to establish the appropriate ionic strength necessary for parasite well-being.
Parasite culture stocks can be prepared by the addition of freezing solutions and
considering that young parasites are more likely to survive the freezing protocols 4.
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1.2.  Synchronization

A very interesting, yet not completely understood trait of some malaria parasite
species is their synchronous development in the host. Several theories emerged trying to
explain the synchronicity. The huge number of parasites may overwhelm the immune
response of the host, facilitating the survival of merozoites 143144, The intraerythrocytic
forms are much more vulnerable to the immune response, and the schedule may simply
be the result of the necessity of development inside the red blood cells. It has also been
proposed that the parasites may follow the host's circadian rhythm 43144 Interestingly,
the laboratory-adapted parasites lose the ability or the necessity of this strict coordination,
and by every new cycle, the age range of parasites in the culture widens. There are many
approaches in malaria research that require the stage-specific analysis of parasites,

therefore several chemical, physical and biochemical methods have been developed to

achieve artificial synchronicity in vitro.
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Figure 14 — Result of the Percoll density gradient centrifugation. The figure is taken from
Miao et al. 2011 5

A method that is capable of providing merozoites and very young rings is based
on applying a highly specific protein kinase inhibitor to the culture during the schizont
stage. The inhibited enzyme plays a crucial role in the final stage of schizont
development, therefore parasite development is arrested ~15 minutes before rupture.
Upon the removal of the inhibitor, all schizonts will rupture in a very tight time-window
146 By the addition of a 5% sorbitol solution to the cultures, the trophozoite and schizont

parasites can be eliminated, leaving young, ring stages behind **7. Upon the infection of
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red blood cells, the growing parasites gradually increase the permeability of the red blood
cell membranes 148, Therefore, red blood cells containing older parasites are more prone
to osmotic lysis when the sorbitol solution is added to the culture. The other frequently
used method is a density gradient centrifugation technique utilizing a 70% Percoll
solution. The culture is carefully layered on top of the pre-warmed Percoll solution, then
centrifuged for 10 minutes at high RPM. The result is shown in Figure 14. Ring stage
parasites are collectible from the bottom of the tube, while mature schizonts can be

harvested by carefully pipetting the thick ring out of the upper region of the liquid 4°.

2. Drug susceptibility assays

The development of new antimalarials is a very costly and long procedure possibly
taking up to 15 years and a billion dollars *3'%, Thousands of molecules are screened
annually, requiring high-throughput, reliable, and fast methods that could increase the
number of tested molecules and significantly reduce the associated costs 1. The constant
monitoring of parasite resistance in endemic areas is another crucial part of the control
and elimination efforts relying on in vitro assays. The basic principle of such assays is to
incubate the parasites of either laboratory-adapted or field isolate lines with varying drug
concentrations for a given period **. The drug efficacy can be determined as the half-
maximal inhibitory concentration or IC50 value, which is the drug concentration
necessary for the inhibition of 50% of the population in vitro. In vitro drug assays can
provide information unrelated to host-effects, like drug metabolism and immune
reactions. They pose no threat to hosts and decrease the necessity of animal models,
making it ethically favorable 133134151,

2.1.  WHO microtest

The WHO microtest was one of the first in vitro methods introduced to test drug
efficacy, and its current version went through some modifications since its first
introduction dating back to 1968 °2153 The method is quite cheap and requires a
relatively small amount of blood (5ul whole blood/well). Blood samples are distributed
to drug-coated microtiter plates, then they are incubated for 24-48 hours. The evaluation
is based on the optical microscopic analysis of schizont maturation. The total number of
schizonts is defined against 500 leukocytes on thick films. Drug efficacy can be
determined considering the percentage of the total counted schizonts at each drug

concentration, compared to the total counted schizonts in drug-free controls. Despite the
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rather simple assay setup, the evaluation is a long and laborious process, with the results
highly affected by the capabilities and experience of the microscopist 13415,

2.2. Radioisotope assay

This setup exploits two important factors of parasite cultures. First, Plasmodia rely
on the salvage of purine precursors from the host cell environment, therefore changing
necessary molecules to radiolabeled versions is a simple way of monitoring parasite
development via their incorporation into parasite DNA. Second, DNA synthesis is absent
in human red blood cells, therefore the specificity of the method is ensured **°. The first
assay was developed with radiolabeled [*H] hypoxanthine, and became the new gold
standard for drug susceptibility testing *°. The incubation time is ~48-72 hours since the
parasitic DNA synthesis is initiated during the late trophozoite stage. Incorporation is
measured by a liquid scintillation counter. The method offers moderate reliability and
sensitivity 134, Disadvantages include the required high parasite density, strict rules of
handling of radioactive materials, the problematic waste-disposal, and the expensive
equipment required for performing these assays. Since the introduction of non-radioactive

methods, these assays became less and less popular 2,
2.3. plLDH based assays

Plasmodia predominantly rely on anaerobic glycolysis. Parasite lactate
dehydrogenase (pLDH) is a terminal enzyme in the pathway, converting lactate into
pyruvate while using NAD coenzyme. Given the structural differences between pLDH
and host LDH, the reaction is an ideal marker of parasite metabolism . Two different
assays are utilizing these characteristics. One of them is a colorimetric assay based on
following the activity of the enzyme by detecting the production of reduced APADH, an
NADH analog %8. There is a direct correlation between parasitemia and LDH activity
which is monitored by a plate reader. The other is an ELISA-based approach, the double-
site enzyme-linked lactate dehydrogenase immune-detection (DELI) assay °°. The assay
utilizes monoclonal antibodies specific for pLDH. Parasite cultures are incubated with
the required drug concentrations for 48 hours, followed by a freeze-thaw lysis process
repeated 3 times, resulting in the release of pLDH. The lysate is then diluted and
transferred to 96-well plates with immobilized monoclonal antibodies, followed by
spectrophotometric detection **3. The DELI assay offers high sensitivity, routine ELISA

equipment, and is capable of working with very low parasitemia (<0.005%) samples. The
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reason why its application is limited is the inadequate availability of specific antibodies
134

2.4. HRP 2 based assay

Another ELISA assay is utilizing the detection of Plasmodial histidine rich
proteins (HRP 2), providing an increased sensitivity reaching 10-fold %, The method
requires 72-hour incubation time, which may be beneficial for slow-acting drug
assessment. The availability of the method is much better than that of the pLDH assay’s
160 As a major shortcoming, the recently observed deletions in the Pfhrp2 genes affect

this technique, similarly to the effects described in Chapter 11/4.3.
2.5. Fluorometric assays

The desire of replacing radioisotopes as markers led to the utilization of different
fluorescent DNA-intercalating dyes. After excitation, the intensity of the generated
fluorescence is proportional to parasite maturation, since more and more dye molecules
come in contact with the increasing amount of parasite DNA during their maturation. The
detection of the fluorescent signal can be performed by using a flow cytometer (FACS),
fluorescent spectrophotometer, or plate reader. For FACS measurement, the samples are
fixated and can be measured in an automated manner on 96-well plates 1. Many dyes
have been tested with success for drug susceptibility assays, such as PicoGreen 162,
CyQUANT GR '3 and DAPI 1%, For some dyes, additional lysis steps may be necessary,
although there are alternatives, such as SYBR Green I, which eliminate the necessity of
lysis and washing. The method has been shown to offer similar capabilities and results as
the radioisotopic methods %°. These techniques are highly sensitive and offer a fast and
high-throughput analysis. Furthermore, these methods are non-radioactive, therefore
safer, and easy to perform. Their limiting factors include their generally high price and
the expertise required to perform the assays 3. For patient isolates, DNA containing cells
must be removed to avoid signal interference, increasing the sample preparation time and

complexity 1%°,
2.6.  Utilization of transgenic parasites

The capability of creating transgenic parasites can facilitate the identification of
gene functions, a better understanding of resistance mechanisms and allows the creation
of reporter-expressing parasite lines 134, Marker expressing parasite assays represent a

new platform of very high sensitivity, no background luminescence, and can eliminate
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the necessity of control samples. P. falciparum cell lines capable of luciferase and GFP
expression were created for luminometer and flow cytometer platforms %6167 The
luciferase assay can provide reliable results for both synchronized and unsynchronized
cultures, and the assay can be performed in 12 hours, a huge advancement compared to
the usually applied 24-72 hour incubation times. The short assay time makes the method
an ideal candidate for the quick assessment of fast-acting drugs. Moreover, by applying
a 384-well system, the method is ideal for high-throughput purposes €. However, the
creation of such parasite lines can be difficult, time-consuming, and requires a high level

of expertise, limiting the availability of these otherwise outstanding techniques.
2.7. Flow cytomeftric hemozoin detection assay

The alternative flow cytometer developed by Maria Rebelo and Thomas
Hanscheid (see Emerging diagnostic techniques section) can also be utilized as a drug
assay tool 1221 The method requires 0.3-1% parasitemia, parasite maturation was
shown to be detectable after 18 hours of assay setup, and IC50 determination was possible
after 24 hours of incubation. This assay allows the marker-free, relatively simple, and
real-time assessment of drug effect. However, it requires specific, expensive equipment,

and expertise.

3. Rodent models in malaria research

Animal models are ideal tools for gaining information that is not accessible via in
vitro studies, such as host-parasite interactions, disease development, pathogenesis,
immunology, pre-clinical drug efficacy, and vaccine testing 1°8. The in vivo evaluation of
drug candidates usually is performed by utilizing mice infected with rodent malaria
parasites. Four parasite species are generally used for this purpose, including P. berghei,
P. vinckei, P. yoelii, and P. chabaudi. Certain characteristics of these species vary greatly,

and their different traits resemble different human malaria parasites 1617,
3.1. Methodsinin vivo drug efficacy testing

Infection can be carried out via passage of red blood cells from an infected mouse
intravenously, the injection of sporozoites, or by mosquito bite. These experiments
require genetically defined model mouse strains. The compound of interest can also be
administered in several ways, including intravenous and oral methods. There are
numerous in vitro screening techniques that can be applied to examine different aspects

of drug efficacy. The initial evaluation of new candidates often starts with a 4-day
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suppressive test using P. berghei 1. The manifestation of disease and the effect of
treatment is monitored by following parasitemia values. The compound is considered
promising if its antimalarial activity results are at least 90% parasitemia reduction .
Promising molecules can undergo additional tests, including dose-ranging, which is
similar to in vitro assays in the sense that different drug concentrations and different drug
administration methods are tested . Prophylactic activity is determined by the
administration of the drug before infection. During the onset/recrudescence test, a single
dose of the drug is administered to mice with ongoing infections. This assay provides
information about the rapidity of effect and the timing of recrudescence via following the
changes in parasitemia. There are several other applications of in vitro assays, including
monitoring resistance, cross-resistance, combination therapy testing, etc.*6°.

In vivo drug screening is a very important step in drug development, and a crucial
checkpoint before clinical trials can begin. These assays are complex, time-consuming,
and labor-intensive. The progress of infection and the effect of treatment is often
monitored by the microscopic examination of blood smears or by the application of

fluorescent dyes or transgenic rodent parasites.
3.2.  Rodent parasite species

Despite the overall similarity of these four rodent malaria parasites, many of their
biological traits show some variance, including their sizes, cycle lengths, morphologies,
and even iso-enzymes (Table 1) %171 These factors all affect important aspects of the
infections, such as virulence, outcomes for the host, host-parasite interactions, and also
influence the course of the disease. Some of these parasites are capable of synchronous
blood stage development, similarly to the human malaria parasites, namely P. chabaudi
and P. vinckei 1. These two species are also similar in terms of their red blood cell
preferences, and they also invade reticulocytes and mature red blood cells, generally
reaching higher parasitemia levels compared to P. berghei and P. yoelii, which have a
strong inclination towards the immature red blood cells 1. It must be noted that variances
do occur even between different lines or isolates of the same species, and these must be
considered during experiment planning. When it comes to drug efficacy testing, these
parasites show a variable sensitivity towards different compounds. For example, P. yoelii
XNL is known for its inherent partial resistance to chloroquine, and P. vinckei and P.

chabaudi are more sensitive to lipid biosynthesis inhibitors than the others °.
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Characteristics P. berghei P.yoelii  P. chabaudi P. vinckei

Hepatic cycle (hours) 48-52 43-48 50-58 60-72

Erythrocytic cycle (hours) 22-24 18 24 24

Reticulocyte preference yes yes no no

Synchronous infection no no yes yes

Outcome of disease lethal non-lethal lethal non-lethal
severe ) antigenic

Used for the study of _ liver stage o recrudescence
malaria variation

Table 1 - Important characteristics of the four, routinely used rodent malaria parasite species
171

The four species are generally used to model somewhat different aspects of human
infections. P. berghei is a very important parasite since it is usually applied in studies
focusing on symptoms associated with severe malaria. These include cerebral, pregnancy-
associated, and pathological conditions of the lungs 172 P. yoelii is mostly known as a
liver stage model, including the analysis of immunity against liver stages and the
inspection of liver stage parasite biology *’2. P. chabaudi is usually utilized in studies
focusing on antigenic variation and immune evasion 2. P. vinckei is utilized to examine

parasite recrudescence and resistance mechanisms 13,
3.3. The interpretation of results obtained with rodent malaria parasites

Considering the availability of the laboratory culturing of human malaria
parasites, the question may arise if it is necessary to continue the use of rodent models for
the study of malaria. Besides the ethical aspect, it must also be noted that the rodent
malaria parasites have diverged from their human relatives and many of their traits are
very different compared to that of the human Plasmodia. However, despite the numerous
dissimilarities, many crucial traits of these parasites are very similar or identical to their
human-infecting counterparts. First of all, basic biology is very similar for both rodent
and human Plasmodia. The organization of their genomes and their housekeeping genes
are conserved, and genetically modified parasites are also available "X, Their biochemical
pathways and their underlying molecular biological traits and processes resulting in drug
sensitivity loss are also very much alike. Rodent infections can be managed safely and
simply 1%, Nevertheless, the interpretation of data obtained based on rodent infections

must always be treated with caution, especially considering the differences in drug
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sensitivity traits even among different rodent species %°. The diverse nature of rodent
parasites and their defining traits provides a great chance to study a wide range of
mechanisms, and by choosing the right model system for our goals, the results can be

utilized to better understand the common traits of rodent and human malaria infections
170
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Chapter IV. - Aims of my dissertation

During my doctoral studies, | examined a wide range of issues related to malaria
in hopes of providing a better understanding of the genome metabolism of the parasites,
and to evaluate our method, the RMOD, as a tool for a variety of important malaria
research areas. My interests and aims are summarized in the following points:

1. Examining a certain mutation in the genome of different parasite stages

During their blood cycle, parasites are exposed to high levels of oxidative stress,
which may facilitate the appearance of uracil moieties in their genome . In case of most
organisms, the presence of genomic uracil is not well tolerated, and sophisticated repair

mechanism ensure the fast cleavage of this non-DNA building base from the genome *°.
However, Plasmodia are associated with a unique genome architecture and high mutation
frequencies 3. Mutations, such as elevated levels of genomic uracil, may contribute to
the adaptation capabilities and resistance characteristics of parasites %2, Therefore,
during a section of my work, | wanted to focus on quantifying the amount of these non-
DNA building nucleotides in the different developmental stages of Plasmodium
falciparum human parasites in in vitro cultures.

2. A new method for the assessment of in vitro antimalarial drug efficacy

The rotating magneto-optical diagnostic method (RMOD) was developed by our
research group. It utilizes unique crystals that are the metabolic byproduct of all known
Plasmodia 11417 There are many in vitro assay methods available for the monitoring
of antimalarial drug efficacy, however, they are frequently associated with long
incubation times, complex sample preparation, and often require significant expertise 1%,
I aimed at the examination of the RMOD’s in vitro applicability as a faster and simpler
method utilizing well-known antimalarials, different parasite strains, and different
parasite densities.

3. The RMOD as a tool for in vivo studies of rodent malaria

In vivo techniques are significant contributors to the better understanding of host-
parasite interactions, pathology and immunology, and they can facilitate vaccine
development efforts 176, Four rodent-infecting Plasmodia are widely used as models of
different human malaria infections 2. The RMOD method could offer a fast, reliable,
marker-free approach for the study of rodent infections, and the in vivo evaluation of the

device is also an important step for future human trials. Therefore, | wanted to test the
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RMOD as a tool for the diagnosis of rodent malaria infections and for the study of
hemozoin kinetics in vivo. | aimed at utilizing multiple rodent malaria parasites with
different characteristics, and wanted to compared the capabilities of the RMOD to

frequently used diagnostic methods.
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Chapter V. - Results and discussion

1. Examining the genomic uracil levels of P. falciparum during
its infraerythrocytic cycle

1.1. My participation in the project

This chapter introduces the results and utilizes the figures of the publication
Molnar et al. 2018 177, All experiments, data analyses, figure preparations were performed
by myself and Dr. Livia Marton. All conclusions and were drawn collaboratively with
Dr. Livia Marton. The expression data of P. falciparum BER enzyme orthologues were
collected by Richard Izrael. Dot blot measurements and associated data evaluation were
performed by myself and Dr. Livia Marton with the assistance of Hajnalka L. Palinkas.

The whole project was carried out under the supervision of Dr. Beata G. Vértessy.

1.2. Motivation

The unique properties of the genome of P. falciparum are described in Chapter
I/4. and have great importance since they define the responses and adaptability of the
parasites to extrinsic factors. Therefore, by a deeper understanding of the underlying
mechanisms of mutations and the repair mechanisms of the parasites, we can understand
drug resistance better and find potential target pathways.

During the blood stage, parasites are periodically exposed to the stressful effect of
the immune system, are largely dependent on the nutrients of the host, and it is also the
venue of antimalarial drug treatment. The presence of drugs imposes a selective pressure
on the parasites, which manifests in the occurrence of genetic mutations '8, By comparing
the probability of the occurrence of resistance between the hepatic merozoite, the
sporozoite, and the asexual blood stages, a research group concluded that the asexual
parasites were most likely to develop resistance under selective drug pressure 7°.
Approximately two-thirds of all plasmodial genes are crucial for the normal blood stage
development of parasites . The occurrence of mutations is, therefore, more likely to
affect the blood-stage related genes than ones related to other life stages, possibly
facilitating the development of traits beneficial for the survival of antimalarials.

However, if we take a closer look at the parasite environment and genetic

composition, the parasites are likely to be prone to certain types of mutations even without
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the presence of drugs. The extreme A:T richness of the parasites promotes polymerase
slippages, and poses a high demand for thymidines. In contrast with mammals, parasites
can only synthesize thymidine molecules from uridine precursors °. Under certain
circumstances, polymerases can incorporate uridine instead of thymidine into the DNA,
and the requirements of P. falciparum inherently involves elevated uridine levels
compared to organisms with a more balanced G:C-A:T ratio.

Furthermore, it must be noted that the parasite DNA synthesis proceeds in an
environment of high oxidative stress related to their hemoglobin metabolism. The S phase
of the intraerythrocytic stages is initiated during the late trophozoite stage, which is still
in the range of an intense hemozoin production period, as described in Chapter V/2.4.
This notable level of oxidative stress promotes the oxidative deamination of cytosine,
which leaves uracil moieties in the DNA 82,

Considering the factors possibly promoting uracil incorporation into parasite
DNA, the uracil content of ring, trophozoite, and schizont stage parasites was determined
utilizing a dot blot based method developed by our research group 2. The assay utilizes
a catalytically inactive uracil-DNA glycosylase (UNG) for the recognition and binding to
uracil moieties in the DNA without the cleavage of the bases 82. The presence of the
UNG is then detected by antibodies reaching a limit of detection of femtomolar
concentrations comparable to mass spectrometry-based methods developed for the same
purpose 82,

Given the factors promoting the presence of uracil, the question arises: how do the
parasites cope with that? Do they have similar mechanisms as mammals? To provide an
answer to these questions, numerous enzyme orthologues of the uracil-repair present in
Homo sapiens and P. falciparum were compared by in silico analysis, followed by the
assessment of expression levels throughout the developmental stages of parasites utilizing

transcriptome databases.

1.3. Materials and methods
1.3.1. Maintenance of parasite cultures

For experiments described in this chapter, P. falciparum 3D7 parasites were used.

The parasites were kindly provided by Dr. Kai Wengelnik, University of Montpellier,
Montpellier, France. Erythrocytes (A+ or O+) not older than a month were purchased
from the National Blood Services of Hungary in the form of red blood cell concentrate
lacking all other blood particles, therefore further processing was not necessary. The
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culture media was prepared according to the recommendations of the Malaria Research
and Reference Reagent Resource Center (MR4, Bei Resources). 18 Briefly, liquid RPMI
1640 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) was supplemented with
Albumax . (Thermo Fisher Scientific, Waltham, MA, USA), hypoxanthine and
gentamicin (VWR International, Radnor, PA, USA), then sterile filtered before use. The

formulation of the complete media (CM) is presented in Table 2.

NaHCOs 23.8 mM
L-Glutamine 2mM
Hepes 25 mM
D-Glucose 11.1 mM
NaCl 85.6 mM
KCI 54 mM
Hypoxanthine 37 uM
Gentamicin 0.05 mg/ml
Albumax | 1.25 g/l

Table 2 — The formulation of the complete medium utilized during experiments detailed in this
chapter.

Cultures were kept in a New Brunswick Eppendorf 170R incubator at 37°C in an
atmosphere of 5% O, 5% CO2, and 90% N>. During routine maintenance, cultures were
kept at a 5% hematocrit value with a parasitemia lower than 2%.

Cultures were synchronized utilizing both the sorbitol and the density gradient
centrifugation methods. Briefly, for the sorbitol method, 5% sorbitol was added to the
cultures and kept at 37 °C for 10 minutes. Afterward, the culture was mixed with
RPMI1640 and centrifuged, then the supernatant was removed. This step will be referred
to as ‘washing’ further on. Three washing steps were applied, then the cultures were set
to 5% hematocrit. For the density gradient method, 70% Percoll was layered on top of
centrifuged red blood cells, and centrifuged for 10 minutes. Layers presented in Figure
13 were separated and washed. Cultures were then set to 5% hematocrit. Right before the
collection of ring and schizont stage parasites, sorbitol and Percoll treatment was applied,
respectively. Trophozoite stage parasites were collected after entering the early

trophozoite stage based on the optical microscopic evaluation of smears.
1.3.2. Genomic DNA isolation

Tightly synchronized parasites of different developmental stages were collected

from two independent cultures. Samples were lysed as described in the literature®.
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Briefly, 5% saponin (Sigma, Merck Group, Darmstadt, Germany) in PBS was applied for
the lysis of red blood cells. Afterward, the following lysis solution was applied: 40 mM
Tris-HCI; 80 mM EDTA; 2% SDS; 0,1 mg/ml proteinase K. This step was performed to
disrupt parasite membranes at 37 °C for 3 hours. Genomic DNA extraction was performed

using the QuickDNA Miniprep Plus kit obtained from Zymo Research.
1.3.3. Dot blot measurement and analysis

For dot blot measurements, four independent replicates were used from the
samples obtained by DNA extraction correspond to the different developmental stages
based on the method described by Rona et al. 182, Briefly, a catalitically inactive UNG
construct is utilized for the detection of uracil in the samples. The presence of the UNG
is then detected by a specific primary antibody and a horseradish-peroxidase conjugated
secondary antibody. By the addition of a chromogenic substate, the samples can be
visualized via chemiluminescence. The principle of the method is visualized on Figure
15.
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Figure 15 — The schematic representation of the dot blot method utilized for the detection
of genomic uracil in P. falciparum. Figure taken from Rona et al. 18,

As uracil standard 15 ng of DNA isolated from CJ236 E. coli strain [dut—,ung—]
was diluted into 1 pg of ultrapure salmon sperm DNA by 'z serial dilution. For the P.
falciparum samples, 2/3 serial dilution was applied starting from 1 pg of DNA. The
spotting of samples onto a wetted positively charged nylon membrane (Amersham
Hybond-Ny+; GE Healthcare, Little Chalfont, UK) was performed by a vacuum
microfiltration device (Bio-Dot, Bio-Rad, Hercules, CA, USA). After DNA
immobilization and membrane blocking, the membrane was incubated with the UNG
construct described by Roéna et al. #2. Incubation was followed by numerous washing
steps and the addition of primary and secondary antibodies. An enhanced
chemiluminescence reagent (Millipore, Western Chemiluminescent HRP substrate) was

applied to visualize immunoreactive bands. Imaging was performed by a ChemiDocTM
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MPImaging system and densitometry by ImageJ 1.48p software (National Institutes of
Health, Bethesda, MD, USA). The amount of deoxyuridine nucleotides was calculated as
introduced elsewhere 182, A calibration curve was prepared from the standard dilution and
fitted with a second-order polynomial resulting in an R? > 0.98 fit. Uracil content was
determined as the number of uracil/million bases by the interpolation of their normalized
intensities in the calibration plot considering the amount of DNA applied.

1.3.4. Statistical analysis

Statistical analysis was performed using OriginPro 8.6 (OriginLab Corporation,
Northampton, MA, USA). Homogeneity of variance was determined based on Levene’s
test, and the Kolmogorov—Smirnov test was applied to assess normal distribution.
Afterward, one-way ANOVA was performed. Differences were declared statistically

significant at P < 0.05.
1.3.5. Transcriptome analysis

Transcriptome analysis was performed by the Transcriptomics function of the
PlasmoDB database, which is the is the official database of the Plasmodium falciparum
genome sequencing consortium, and integrates computational and experimental data 8°.
Gene expression levels of each protein of interest were assessed by RNA-Seq data for the
different intraerythrocytic developmental stages of the parasites 8618’ The RNA-Seq
method relies on the extraction of the total mMRNA from parasites, which is then used for
the creation of a cDNA library. After the sequence analysis of the cDNA library, the
results are aligned to the genome of P. falciparum. Four stages were considered during

data plotting: ring, early and late trophozoite, and schizont.

1.4. Genomic uracil levels of P. falciparum during the infraerythrocytic

cycle

I continuously synchronized P. falciparum 3D7 cultures for ~5 cycles to achieve
a small age window at any time point during the intraerythrocytic developmental stage. |
harvested the parasites upon reaching either the ring, the trophozoite, or the schizont
stages for genomic DNA extraction. The number of uracil moieties/million bases of
genomic DNA was determined for each developmental stage based on a dot-blot method
developed by our research group and published by Rona et al. 182 (for details, see Chapter
V/1.3.3.). Figure 16 serves as a representative picture of the results of two dot blot

measurements.
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Figure 16 - Representative dot blot assay results measuring the genomic uracil levels of P.

falciparum 3D7. (A) The standard of the assays was CJ236 [dut—, ung—] E. coli genomic DNA

applied in Y serial dilution. (B) Blots corresponding to genomic uracil levels are presented from

three intraerythrocytic developmental stages of P. falciparum 3D7. The figure is taken from

Molnar et al. 2018 2.

| found the uracil content to be 9.6+2.8 uracil/million bases for ring stage
parasites, 6.7+2.4 for trophozoite stages, and 7.6+3.8 in the case of schizonts. Based on
one-way ANOVA analysis, the uracil levels during the intraerythrocytic developmental
stages show no significant difference (P=0.618). The presence and quantity of uracil in
the genome of several different organisms was investigated, including species ranging
from bacteria to mammals 18218818 \jld type organisms and normal cell lines were
shown to generally possess levels of 0.1-1, or even less uracil/million bases, which are
considered very low values 8%, This is not surprising given the fact that the removal
of uracil from the DNA is an important part of the DNA repair mechanisms. Increased
uracil levels are usually observable in correlation with genotoxic stress or inefficient
repair mechanisms %. Organisms engineered to lack uracil-DNA glycosylases also show
elevated levels of uracil 2. Some known exceptions do exist, however, where genomic
uracil seems to be a naturally occurring and not a pathological phenomenon. One example
are the Drosophila S2 cells with remarkable levels of 15-16 uracil/million bases 18219,
This is, however, well-explainable, since these developmental stages lack the UNG
protein, which is the most prominent uracil-DNA glycosylase °*.
Uracil may appear in the DNA as a result of two mechanisms (Figure 17). If the

dUTP/dTTP ratio is shifted towards a dUTP surplus, dUMP moieties are readily
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incorporated by the polymerases. The balance of dUTP/dTTP ratio is maintained by the
family of dUTPases by keeping the levels of dUTP at bay and thus avoiding thymine-
replacing incorporations 3. Even though the uracil resulting from this process does not
pose a threat of a stable mutation, the accumulation of the non-DNA building base could
result in an overly active repair mechanism, eventually leading to a phenomenon called
thymine-less cell death 3. Considering the extreme AT richness of the P. falciparum
genome, the thymine-replacing uracil incorporation may occur at higher frequencies

compared to organisms with a more balanced nucleobase ratio.
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Figure 17 - Possible ways of uracil appearance in DNA. Processes directly leading to uracil
presence are indicated by dark green. Pathways existing in mammals but not in Plasmodia are
marked by light grey. ROS indicates reactive oxygen species; while RNS indicates reactive nitrogen
species. The figure is taken from Molnar et al. 2018 2,

Uracil can also appear in the DNA via the oxidative deamination of cytosine. This
process may be regarded as more harmful, given that the resulting G:U pair determines
the base composition of the next replication round %2, Opposite of the U, adenosine
will be incorporated, which if not repaired, will result in a GC—> AT substitution. The P.
falciparum is known to be exposed to high levels of oxidative stress during the formation

of hemozoin crystals *°%. The released reactive oxygen and nitrogen species probably
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facilitate the oxidative deamination of cytosine, which on the one hand increase the
presence of uracil in the parasite DNA, and in the longer term, may contribute to an
elevated level of GC>AT substitutions *. Even in the case of cells lacking the extra
oxidative stress imposed by free heme, cytosine deamination is considered a very frequent
event on the scale of 100 to 500 U/cell/day 9,

1.5.The uracil repair mechanism of P. falciparum

Not surprisingly, most organisms have efficient mechanisms to avoid the possible
negative effects of uracil incorporation. Mammalian cells rely on the enzymes of the base-
excision repair (BER) pathway for the elimination of relatively small DNA lesions
resulting from oxidation, deamination, or alkylation events *¢, Two sub-pathways perform
the process from recognition to repair. Single nucleotide replacements are coordinated by
the proteins of the short-patch BER, also being the primary way of uracil-removal in
mammals. The long-patch BER, on the other hand, replaces 2-10 consecutive nucleotides
and is applied less frequently “8.

| methodically examined and compared the participating proteins of the
aforementioned pathways in the case of mammals and P. falciparum looking for a
possible lack of key enzymes. Members of the plasmodial BER pathway were initially
identified utilizing the KEGG pathway database %°. Manual curation and hit verification
was applied for this analysis. The relevance and probable functionality based on the
presence of activity-related residues of the hits were verified by sequence alignment. To
further evaluate the characteristics of the hits, | also studied corresponding publications
related to the proteins. Table 3 contains the summary of my observations, and sheds light
on two differences between the BER pathway of mammals and P. falciparum, possibly

related to the elevated genomic uracil levels of the parasites.
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Table 3 - Comparing the short- and long-patch base-excision repair pathway composition of mammals and P. falciparum (cf “x” marks) 2. DNA glycosylases
were categorized considering their functionality as mono- (M) or bifunctional (B). Substrate names are abbreviated accordingly: uracil (U), 5-fluorouracil (5-FU), 5-
hydroxymethyluracil (5-hmU), thymine glycol (Tg), formamidopyrimidine lesions (FapyA or G), 5-hydroxycytosine (5-hC), 5-hydroxyuracil (5-hU), 7,8-dihydro-8-
oxoguanine (8-0xoG), 3-methyladenine (3meA), 7-methylguanine (7meG), 3-methylguanine (3meG), hypoxanthine (Hx) and dihydrouracil (DHU). Enzymes are
abbreviated as follows: uracil-DNA glycosylase 1/2 (UNG1/2); thymine-DNA glycosylase (TDG); single-strand selective monofunctional uracil DNA glycosylase
(SMUG1); methyl-CpG-binding domain protein 4 (MBMD4); endonuclease Ill-like protein 1 (NTHL1); 8-oxoguanine glycosylase 1 (OGG1); mutY homolog
(MUTYH); DNA-3-methyladenine glycosylase (MPG); endonuclease VIII like enzyme 1/2/3 (NEIL 1/2/3); apurinic/apyrimidinic endonuclease 1 (APE1);
apurinic/apyrimidinic lyase (AP lyase); DNA polymerase /8/e (Pol p/8/¢); flap endonuclease 1 (FEN 1); DNA ligase 1/3 (LIG 1/3); polynucleotide kinase/phosphatase
(PNKP); X-ray repair cross-complementing protein 1 (XRCC1); proliferating cell nuclear antigen (PCNA); replication factor C (RFC).. DNA polymerase § was marked
with a question mark in the case of P. falciparum, since a similar enzyme was described, however the respective gene is not annotated. Table taken from Molnar et al.

2018 2,

Mammalian®

UNG1/2
TDG

SMUG1
MBD4

NTHL1

DNA N-
glycosylase

0GG1
MUTYH

MPG

NEIL1

NEIL2
NEIL3

Functionality
M
M
M
M

B

M/B
M

M

M/B

Substrates

U, 5-FU, U:A, U:G
U:G>T:G
U:G>U:A, 5-FU, 5-
hmuU
U:G, T:G
Tg, FapyG, 5-hC,
5-hU
8-0x0G:C, FapyG
A opposite 8-0x0G
3meA, 7meG, 3meg,
Hx
Tg, FapyG, FapyA,
8-0x0G, 5-hU, DHU
Tg, FapyG, FapyA,
8-0x0G, 5-hU, DHU
FapyA, FapyG

SP
BER

LP BER

Plasmodium orthologue

uracil-DNA glycosylase
not found

not found

not found

endonuclease Il homologue

N-glycosylase/DNA lyase
A/G-specific adenine glycosylase

DNA-3-methyladenine glycosylase

not found

not found

not found

UniProt/
PlasmoDB ID

Q8ILU6 / PF14_0148

C6KSY9 / PFFO715¢

Q8I2Y2 / PFI0835c¢
Q81168 / PF11_0306

Q8IKG6 / PF14_0639

Ref.

197

197

197

197
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One of the observable differences is in relation to the enzyme sets of the short-
patch vs long-patch BER pathways of mammals and Plasmodium falciparum. The P.
falciparum was previously reported to mostly rely on the long-patch BER pathway 22,
Accordingly, my findings show that many enzymes associated with the short-patch
pathway were not identified in the parasites so far (Table 3). DNA ligase 3 seems to be
lacking, and so is its scaffold protein, the XRCC1, which is responsible for stabilizing the
ligase-DNA complex during the final step of the repair. DNA polymerase f is the key
polymerase of the short-patch, but can also participate in the long-patch BER in the case
of mammals among other polymerases. A polymerase B-like enzyme was identified in P.
falciparum, but its role was not clearly identified 1. However, given the fact that it has
been shown to repair regions of 3-5 nucleotides, it is logical to assume that its
involvement in the long-patch pathway is more likely **°, and a role in an alternative end-
joining process was also suggested for this protein 213, My findings, therefore, corroborate
the previously proposed BER mechanism of P. falciparum, namely that the related
enzyme set of the parasites is deficient for the short-patch pathway, while sufficient
orthologues of the long-patch pathway are present.

The other observation that can be associated with the elevated uracil levels of the
parasites was the sole presence of one uracil-DNA glycosylase, namely the archetypical
UNG enzyme in the case of P. falciparum. By contrast, there is a wide variety of uracil-
DNA glycosylases possessing different substrate specificities belonging to several
enzyme families. In a diverse set of organisms, uracil-DNA glycosylases of four enzyme
families (UNG, TDG, SMUG, MBD4) are generally present, all fulfilling specific roles
39214 This high level of representation highlights the significance of efficient uracil
removal. The P. falciparum’s only enzyme projects a sharp contrast, either rendering the
removal of uracil less important for the parasite or placing a larger pressure on the one
enzyme to perform the process. Since plasmodial dUTPase inhibition is considered an
important drug target against malaria by many, the mechanism of uracil removal is
probably of high importance 2527, Nevertheless, the elevated levels of uracil moieties
in the genome of P. falciparum may very well result from these uncovered peculiarities.

By utilizing the information collected about the BER-related enzyme set of the
parasites, | created a proposed model of the elimination of genomic uracil of P.
falciparum (Figure 18). The first step of the process is performed by the UNG, which
recognizes and excises the uracil from the DNA. To make the insertion of the correct base

possible, a nick is created in the backbone of the DNA by the Apnl’s cleaving
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mechanism. The proliferating cell nuclear antigen (PCNA) and the orthologue of
replication factor C (RFC) help the stable binding of DNA polymerase & (or €). The
polymerase exhibits its exonuclease activity and removes the 5> DNA end downstream
of the nick and in the meantime synthesizes nucleotides throughout a region of 8-10 base
pairs. Despite the disruption of the H-bonds between the bases of the removed nucleotides
and the complemented strand, the removed region is connected to the DNA backbone,
creating a so-called flap structure. The flap-endonuclease 1 (FEN1) removes this flanking
region, however, a nick is still present in the backbone, which is eventually ligated by
DNA Ligase | 28,

UNG |
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Figure 18 - A proposed scheme of uracil repair in P. falciparum utilizing the corresponding
enzymes identified in Table 3. For abbreviations, see the legend of Table 3. The figure is taken
from Molnar et al. 2018 2.

1.6. Uracil-repair is mostly active during the late trophozoite stage

Afterward, | checked the expression levels of the enzyme orthologues related to
the proposed uracil-removal pathway in the parasites during the ring, early trophozoite,
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late trophozoite, and schizont stages of the intraerythrocytic development. Additionally,
| analyzed the transcriptome levels of the dUTPase enzyme in relation to its crucial role
in the regulation of the dUTP/dTTP ratio and therefore the thymine-replacing uracil

incorporation *°.
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Figure 19 - Transcriptome analysis of uracil-related enzymes in P. falciparum utilizing the
corresponding enzymes identified in Table 3. (A) Changes in chromosome content in the different
stages. (B) Genomic uracil levels of ring, trophozoite, and schizont P. falciparum developmental
stages based on our dot blot measurements. (C) Expression levels of the enzymes in the proposed
long-patch BER pathway of P. falciparum and the dUTPase (DUT). FPKM means the Transcript
levels of fragments per kilobase of exon model per million mapped reads. All abbreviations are
listed previously (Table 3). The figure is taken from Molnar et al. 2018 *2.

The transcriptome levels indicate that the onset of the BER pathway can probably
be placed during the late trophozoite stage (Figure 19). The parasitic DNA metabolism
corroborates this theory since the DNA replication is initiated during the late trophozoite
stage starting approximately 30 hours after the invasion and stretches into the early
schizont period, followed by the packaging of the newly produced genetic material of up
to 24n sister chromatids into new daughter merozoites by the end of the cycle 219220,
Accordingly, a drop in the expression levels of UNG and polymerase 6 is indicated during
the schizont stage. The Apnl, FEN1, and DNA Ligase | are also mostly transcribed during
the late trophozoite stage, but they are still observable over the end of the cycle, indicating

some level of BER activity. Regarding the expression of dUTPase, a very intense
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transcription is presented during the late trophozoite stage, further underlining its crucial

role in the maintenance of genome integrity.

1.7.Summary and future prospects

In this chapter, | introduced my experiments exploring the genomic uracil
metabolism of the malaria parasite. | determined the uracil levels of the ring, trophozoite,
and schizont stages and found that an average of 7-10 uracil/million bases is present in
their genome. Since the average uracil content of a wide range of organisms and normal
cell lines falls way below that range, the underlying mechanisms of uracil incorporation
ways and repair mechanisms were examined. | compared the mammalian vs. plasmodial
uracil repair enzyme orthologues, and the results are in good agreement with a previous
theory, namely that the parasites rely solely on the long-patch BER pathway, while
mammals mostly but not solely utilize the short-patch version. Uracil-DNA glycosylases
are responsible for the removal of incorporated uracil molecules from the DNA, and their
significance is well emphasized by the presence of several different uracil-DNA
glycosylases in mammals. However, only one UNG protein is present in P. falciparum.

Based on my observations | propose that the genomic uracil content of the
parasites is attributable to the collective effect of four factors:

1) The parasite lacks the short-patch BER, which is the primary uracil-repair
mechanism of mammals and instead rely on the less specific long-patch pathway 2.

i) As my analysis reveals, only one uracil-DNA glycosylase was identified in the
parasite, while a wide range of organisms utilize many variants with different
substrate specificities.

iii) The parasite genome contains an unusually high ratio of A:T base pairs reaching ~80
% and solely relies on the dUMP — dTMP conversion to produce the necessary dTTP
bases for the incorporation of T 3. The high prevalence of this process requires the
presence of dUTP and dTTP molecules in large quantities, therefore the maintenance
of the dUTP/dTTP ratio for the avoidance of thymine-replacing uracil incorporation
is probably more difficult.

Iv) The parasites are under a significant level of oxidative stress resulting from the free
heme released during their hemoglobin metabolism 1%, possibly resulting in an

increased frequency of cytosine deamination events.
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High mutation rates are often associated with the P. falciparum genome, which is
characterized by a unique architecture. Its extreme A:T richness manifests in low
complexity regions and repetitive sequences. High mutation rates have been observed in
both intronic and exonic regions, and insertion-deletion type mutations were present with
a frequency 10 fold higher compared to base-pair substitutions 3. The structure of the
genome promotes polymerase slippages and unequal crossing-over events %. This level
of mutagenicity, which probably advantageously serves the parasites by the facilitation
of adaptive evolution, may provide an extended antigenic variance, and likely has a
crucial role in the fast adaptation of the parasites to antimalarials *. Non-coding regions
are often associated with enhancer or repressor roles, therefore mutations affecting such
region may result in changes of gene regulation 322,

Given the significantly elevated uracil levels of P. falciparum compared to a
variety of other organisms, this phenomenon probably also contributes to the mutation-
related traits and mechanisms of the malaria parasites. It would be interesting to see if the
elevated uracil levels are already manifested in the dNTP pool of the parasites. This
analysis may also help the identification of the mechanism that primarily drives the uracil
content of the parasite DNA. If the main mechanism is due to the thymine-replacing uracil
incorporation pathway, the suboptimal dUTP/dTTP ratio should be reflected during some
or all developmental stages of the intraerythrocytic cycle.

Uracil levels could be checked under drug pressure, too. Quinines interact with
the hemozoin metabolism of the parasites; therefore, | would expect even more elevated
levels of oxidative stress that may manifest in even higher uracil levels. As for
artemisinins, it has been proposed that their mechanism of action leads to direct DNA
damage, possibly contributing to the death of parasites '®°. Furthermore, a report
described numerous single nucleotide polymorphisms affecting the mismatch repair
genes as a result of artemisinin treatment, so the involvement of other DNA repair
pathways may be worth looking into 222,

Certain antimalarials target the folate biosynthesis pathway of the parasites. The
folate biosynthesis pathway is an important antimalarial target since it is essential for the
DNA synthesis of parasites. Fansidar is a combination drug consisting of sulfadoxine and
pyrimethamine, both competitively inhibiting important enzymes of the folate pathway.
Sulfadoxine targets the dihydropteroate synthase (DHPS), while pyrimethamine inhibits
the dihydrofolate reductase (DHFR) (Figure 20) 223, Both drugs interrupt the pathway

leading to the formation of 5,10-methylenetetrahydrofolate, which is the methyl donor of
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the dUMP-dTMP conversion. If the methyl donor is not available, the dUMP
accumulation results in the previously described imbalance of the deoxyribonucleotide
pool, and, consequently, elevated uracil levels are expected 224, Other DHFR inhibitors
include cycloguanil, which is the metabolite of the antimalarial Proguanil ?°; and the

cancer drug methotrexate 22°.
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Figure 20 - Folate biosynthesis pathway and dTMP conversion of the malaria parasite. The
figure is taken from Anderson et al. 2005 2?7,

Another drug of interest would be the 5-fluorodeoxyuridine, a pyrimidine analog,
and 5-fluoroorothate, which act as thymidylate synthase inhibitors 22822 It would be
interesting to see how the uracil levels change under drug pressure resulting from various
concentrations of these drugs. To further extend the scope of experiments, expression
levels of the proposed uracil-repair enzymes of the parasite could be measured at different
developmental stages to see if the induction of uracil increase activates the mechanism
during the ring or early trophozoite stages.

Finally, the uracil level changes could also be monitored in the case of folate-
inhibitor resistant isolates and during the artificial induction of resistance by a constant
drug pressure of low drug concentrations over several cycles. By monitoring mutation
rates and the occurrence of high-frequency SNPs in the case of different cultures, possible

resistance-related mechanisms or genes could be identified, linking the unusually high
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prevalence of uracils in the genome of P. falciparum to its remarkable adaptation
capabilities towards antimalarials.
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2. Utilization of the RMOD as a drug efficacy testing tool in
vitro

2.1.My participation in the project

This section introduces the results and utilizes all the graphs of Molnar et al. 2020
230 Figure 25 was prepared specifically for this dissertation and is not published
elsewhere. All experiments and procedures detailed in this chapter were planned and
carried out by myself or Réka Babai under my supervision, with the help of Dr. Livia
Marton. Procedures described in the ‘Optical Microscopy and Smear Evaluation’ section
of Chapter V/2.3.5. were performed by myself and Richard Izrael. The analysis described
in Chapter V/2.3.6. happened as follows: Analysis and plotting of the corresponding
RMOD data were done by Dr. Agnes Orban. Experimental design, assay setup, and
measurements of the corresponding RMOD samples were carried out by myself, or by
Réka Babai under my supervision. The microscopic analysis and the final figure was
prepared by myself, and the conclusions established based on these results were drawn
collaboratively by Dr. Agnes Orban and me. Figure 21 was prepared by Richard lzrael
and myself, and all other figures were prepared by myself. The whole project was carried

out under the supervision of Dr. Beata Vértessy and Dr. Istvdn Kézsmarki.

2.2. Motivation

The lack of an effective vaccine means that malaria control efforts largely rely on
chemotherapeutic agents. As a result of the fast adaptation of parasites, the development
of new drug candidates is a widely studied area of malaria research, and it also relies on
the fast and sensitive assessment of drug efficacy. Numerous methods are available for
this purpose (for details, see Chapter 111/2.), however many of them possess disadvantages
that hinder their wide-scale use. Most commonly these disadvantages include the need
for dyes making the sample preparation complicated, the need for special equipment, and
laboratory expertise.

Efforts to provide results about drug efficacy after short incubation times are well-
known 21, still, for many methods, 48-72 hour incubation times are routinely applied.
The reduction of incubation time is not only beneficial in terms of decreasing labor and
providing faster results, but especially useful in the case of fast-acting drugs aiming at the
early stages of parasite development, and is beneficial for stage-specific drug action

studies as well. Another aspect of fast drug assessment could be the potential of
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personalized treatment, which would provide a better option for the patient and could also
decrease the overuse of antimalarials, contributing to slowing down the spread of

resistance.
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Figure 21 - Comparison of widely used drug assay technigues and the RMOD method. Blue
stripes indicate time intervals when the assays are usually performed compared to parasite
developmental stage. Black stripes represent marker production periods, utilized by the different
methods. The chart below the scale depicts the developmental stages of the intraerythrocytic cycle.
pLDH expression is most prominent during the first half of the cycle and recedes during the later
stages. HRP2 production is initiated a bit later 232-2%, Parasite DNA synthesis starts during the late
trophozoite stage and lasts till the schizont stage. The fluorescent SYBR Green dye is added to the
samples after the DNA synthesis occurs 26, Hemozoin production is continuous from an early age
and it falls back during the mature schizont stage 74237238 The figure is taken from Molnar et al.
2020 2%,

Incubation times are often determined by the availability of parasite maturation
markers. Figure 21 illustrates the marker production profiles of three, widely used drug
efficacy testing method in comparison with the RMOD method. As described previously
in Chapter 11/4. and the studies of my research group, the RMOD is a highly sensitive tool
for the quantification of synthetic and natural hemozoin crystals produced by malaria
parasites 17174175239 Sjince the production of hemozoin is continuous during most of the
intraerythrocytic cycle, the development of the parasites is expected to be detectable even
within a single cycle in vitro.

My aim was, first, to check whether it is possible to sensitively follow the

hemozoin production of the laboratory-adapted P. falciparum 3D7 over at least one
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intraerythrocytic cycle with high resolution and to explore the general hemozoin
production profile of the parasites under laboratory conditions. For the assessment of drug
efficacy, | chose well-known antimalarials, for which plenty of information is available
in the literature, allowing us to compare and check the validity of our results. Chloroquine
and piperaquine are ideal candidates since they affect the hemozoin production of the
parasites (as described in Chapter 11/3.) Dihydroartemisinin was chosen as a
representative of the current first-line treatment drug group, the artemisinins, and it is
characterized by a different and very fast mechanism of action.

A very important parameter to define is the earliest point after drug administration
when the drug effect is detectable by the RMOD method. The real onset of hemozoin
production after merozoite invasion is not exactly defined but is often associated with the
mid-to-late ring stages when parasites are ~ 12-24 hours old 2%, There have, however,
been reports of hemozoin-related observations in parasites of much younger ages. A
feeding apparatus and related endocytic mechanisms have been observed very early after
invasion 24242 and heme possibly resulting from the degradation of hemoglobin was
also reported in parasites as young as 1-7 hours 2. Either way, the detection of drug
effect even after 10-20 hours would be a major step towards the decrease of the necessary
incubation times. Another important aspect is the parasite load since on the one hand, the
naturally occurring infections are associated with a wide range of parasitemia values
approximately between 0.0001 and 10% (data obtained from Santa Maria Hospital,
Lisbon, Portugal, n=70). On the other hand, for laboratory assays, the culturing and
preparation of cultures above 1-2% parasitemia values is a long and labor-intensive
process. The RMOD method was tested with cultures of 0.01%; 0.1%; 0.5% and 1%
parasitemia to define its limitations and capabilities with a wide range of parasite load.
Furthermore, the chloroquine-resistant P. falciparum W2 strain was utilized in a set of
experiments to serve as a basis for comparison with results obtained from the sensitive
3D7 strain.

Many fast-acting antimalarials are effective shortly after administration, so the
limiting factor of fast drug efficacy assessment is the limitation of drug assay methods.
The possible sub-cycle sensitivity of the RMOD method is a promising aspect, possibly
resulting in much shorter experiment times combined with an easy-to-use, marker-free,
and cost-efficient setup. Therefore, this chapter focuses on the investigation of the
method’s applicability as a laboratory tool for in vitro drug efficacy studies by applying
a comprehensive approach regarding the set of parameters and experimental conditions.
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2.3. Materials and Methods
2.3.1. Maintenance of parasite cultures

Experiments were performed using Plasmodium falciparum chloroquine-resistant

(W2) and sensitive (3D7) strains. The strains were kindly provided by Dr. Kai Wengelnik,

University of Montpellier, Montpellier, France. Cultures were kept as described in

Chapter V/1.3.1. Cultures were synchronized in a continuous manner utilizing both the

sorbitol and the density gradient centrifugation methods described in Chapter 111/1.2.

Artificial synchronicity was established for three reasons as follows:

a) P. falciparum parasites have a synchronous intraerythrocytic developmental profile
in the human host. To provide the most accurate experimental setup for our
experiments it was important to ensure parasite synchronicity in the cultures.

b) To investigate the prospect of a sub-cycle resolution detection of parasite maturation
by the RMOD, the measurements ideally has to follow a whole developmental cycle,
starting from the very early parasite stages.

c) Parasites produce hemozoin crystals in increasing quantities during each
intraerythrocytic cycle, which is released to the culture medium after schizonts
rupture. By a tight synchronization schedule lasting over multiple cycles, the
accumulation of leftover hemozoin crystals in the culture can be minimized, thus the
initial hemozoin content of a sample mostly consists of crystals produced by the
parasites of the observed cycle.

After initiating the cultures, the sorbitol and the density gradient techniques were
repeated continuously for 4-5 cycles before assay setup to ensure tight synchronicity and

a small parasite age-window at any given point of the developmental cycle.
2.3.2. Drug solutions

Dihydroartemisinin and piperaquine were provided by Mangalam Drugs and
Organics Ltd., Mumbai, India, while chloroquine was purchased from Sigma-Aldrich.
Concentration ranges of the chosen antimalarials were decided based on their previously
observed IC50 values available in the literature 233236243251 The chosen doubling
concentration ranges are as follows: from 6 to 100 nM for chloroquine, and 6 to 486 nM
for piperaquine, 0.12 to 32 nM for dihydroartemisinin. Stock solutions of
dihydroartemisinin were prepared in pure methanol (Merck, Darmstadt, Germany), while
chloroquine and piperaquine were prepared in distilled water. The stocks were further

diluted using culture medium to reach the required concentrations.
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2.3.3. Assay setup

Parasite cultures were synchronized by the sorbitol method right before assay
setup, followed by three washing steps to ensure the maximal removal of leftover
hemozoin. Parasite cultures with drug solutions and control samples were distributed to
96-well plates. Two control types were used, the uninfected and drug-free samples. All
sample types, including drug-treated, drug-free, and uninfected were set to 5% hematocrit
values and were prepared in triplicates of 160 ul/well layouts. After assay setup, plates
were kept in the incubator at standard culturing conditions for assigned periods. The
initial parasitemia values of the cultures varied between 0.1 and 1%. In the case of the
1% parasitemia chloroquine and dihydroartemisinin assays, sampling was performed
after 6, 8, 10, 14, 18, 24, 32, 40, and 48 hours of incubation, for assays involving
piperaquine, the schedule of 6, 8, and 10 hours of incubation times were followed. A
higher time resolution was achieved for the 0.5% chloroquine assay by samplings at 8,
10, 12, 14, 16, 18, 20, 24, 32, 40, and 48 hours. The development of the W2 strain was
examined at 0, 24, and 48 hours after initiation. Sampling consisted of the addition of 320
ul lysis solution (13 mM NaOH and 0,5% Triton X-100 -both from VWR International,
Radnor, PA, USA- in distilled water) to release the hemozoin crystals produced by the
parasites during the incubation period. To ensure appropriate lysis, samples were mixed
by a laboratory vortex. Samples were measured immediately by the RMOD method as
described in Chapter 11/4. Furthermore, smears were also prepared at each time point from
a drug-free sample independent of the triplicates prepared for the RMOD measurements.
Microscopy was applied to identify the parasite developmental stages of the sampling

points.
2.3.4. Determination of IC50 values

IC50 values of the tested compounds were determined by fitting the optical signals
of corresponding samples with the following variable-slope sigmoidal dose-response

A2—-A1
1+10(log[1C50]—x)-p

formula (y = Al + ) 252 Data analysis was carried out using Origin Pro

9 software (OriginLab Corporation, Northampton, MA, USA).
2.3.5. Optical Microscopy and Smear Evaluation

Thin smears were prepared according to the method described in Chapter 11/4.
from the drug-free samples prepared for this purpose. For the visualization of parasites,
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the Kwik-Diff Stain Kit (Thermo Fisher Scientific, Waltham, MA, USA) was applied
according to product manual 8,

Ring stage

Figure 22 — Maturation map of Plasmodium falciparum during its intraerythrocytic development
230 Shaded areas present the main developmental stages including rings, trophozoites, and schizonts.
Striped areas mark transition phases.

Since the evaluation of parasite age is not an easy process, huge variations can
occur between microscopists and the cycle length of laboratory-adapted parasite strains
is also not completely uniform, | prepared a parasite maturation map (Figure 22). The
map covers the complete intraerythrocytic cycle of P. falciparum in 4-hour intervals,
based on images of assay smears described in this chapter. Parasite ages for the map were
determined by utilizing information available in the literature 232%’_ For all further drug
assay evaluations, this map was used by all microscopists, ensuring a common

nomenclature.
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Determination of the initial stage-distribution was an especially important step
since these experiments can lead to conclusions that may be specific to parasite
developmental stages. After scanning several microscopic fields from various areas of
each smear, 100 parasites were chosen for detailed evaluation. The chosen parasites were
examined and categorized based on the maturation map. For each smear, a weighted
average of parasite age was calculated. The age of parasites in later time points was
estimated based on the age of parasites at assay initiation plus the time of incubation.

To make sure the estimations are correctly representing the parasite development
even in later time points, a similar analysis was carried out using 18 hour and 32 hour
smears. All smears were examined by myself, and approximately half of them were
examined by Richard lzrael based on the map for accuracy testing. This approach
accommodates an estimated + 6-hour uncertainty for the determination of parasite ages
considering the stage distribution of the samples and the inherent inaccuracy of parasite
categorization. The generally defined + 6-hour uncertainty includes the + 2-hour
uncertainty of the primarily defined age category. If the primarily defined age category is
incorrect, the parasites are very likely to belong to a neighbouring category. Since each

category covers a 4-hour range, that is an additional = 4 hours of uncertainty.

2.3.6. Creation of the average hemozoin production curve

To determine an average characteristic hemozoin production profile for the
laboratory-adapted P. falciparum 3D7 strain, MO data of 9, independently performed
drug-free controls were utilized 23°. All assays were initiated at 1% parasitemia, and
sampling occurred at various, different time points covering the 48 hour intraerythrocytic
cycle. Among the 9 assays, three are presented and further analyzed in this thesis, while
others are not presented individually. Data points on the corresponding figure represent
the averages of 4 or 5 data points, depending on the sampling schedule of the
corresponding assays. Parasite age determination was carried out as described in the

‘Optical Microscopy and Smear Evaluation’ section of this chapter.

2.4. Monitoring sub-cycle parasite development

The average hemozoin production profile of P. falciparum 3D7 is introduced in
Figure 23, covering a time window of ~ 54 hours. Microscopic parasite age evaluation
revealed that the average parasite age at the earliest data point is ~ 6 + 6 hours. It is
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important to acknowledge that the initial hemozoin content of the cultures originates from
three different factors:

a. Young parasites of the cycle of interest start producing hemozoin crystals.

b. Despite the careful microscopic evaluation and regular synchronization, parasites
that are older than the average age at the beginning of the assays are probably
present in small numbers. Since the hemozoin production is proportional to parasite
growth, the crystal content of older parasites may increase the hemozoin
concentration.

c. Despite the thorough washing of the cultures before assay initiation, some amount
of hemozoin produced by the previous parasite cycles is still present.

The ratio of these contributors is unsure, however, based on the determined time-
window of parasite age, careful synchronization, and washing protocols, | believe it is
mostly attributed to younger parasites of the intraerythrocytic cycle.

The analysis of the curve reveals an intense crystal production period between 10 and
34 hours of parasite age. This observation coincides well with the biological functions of
these periods since both the corresponding ring and the early-to —mid trophozoite stages
represent the G1 phase of the cell cycle %177, The G1 is the phase of intense metabolic
procedures focusing on growth and preparation for DNA synthesis. During the late
trophozoite stages, however, parasites already enter the S phase, starting around 36-38 hours
after invasion. The S phase, the period of replication, lasts throughout most of the schizont
stage as well, and is characterized by a decreasing hemoglobin metabolism %177,

Correspondingly, the period between 38-50 hours reveals a stagnating profile.

The end of the schizont stage is dedicated to the packaging of replicated genetic
material into new, daughter merozoites. Based on my analysis, about 25% =+ 15% of the
sum amount of hemozoin is produced during the ring stage, while 65 + 15% is the product
of trophozoites, and only less than 10% can be attributed to schizonts. I conclude that our

observations are in good agreement with the main purposes of the developmental stages
12,220,238,254,258,259
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Figure 23 — Average hemozoin production profile of P. falciparum 3D7. Black circles correspond
to averaged MO values of 1% parasitemia, drug-free culture samples as a function of the parasite
age. The transparent white range represents the overall error rates resulting from the inherent
uncertainty of parasite age determination and the scatter of data points obtained by the RMOD from
different assays. Background shading indicates the approximate phase transitions of parasite
development 25325, The scale on the right side presents the rate of hemozoin production as
percentages corresponding to the first erythrocytic cycle. Microscopic images below the graph are
representative images of parasites observed during the cycle at time points of interest. The figure is
taken from Molnar et al. 2020 %°.

The cycle is finished when the schizonts rupture and the daughter merozoites look
for new red blood cells to invade. After the invasion, the first couple of hours of
maturation also show a stagnating profile, and the increasing production rate is observable
again starting at ~6-10 hours of parasite age. From this point on, the cycle is not plotted
on the graph, but a similar production profile is expected in every cycle as long as
parasites maintain synchronicity. To the best of my knowledge, such detailed and
systematic quantification of the intra-cycle hemozoin production has not been achieved

before this work.
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2.5. Quantifying antimalarial effect after short incubation times

| used piperaquine in an experimental setup where my goals included finding out
the lowest parasitemia where 1C50 determination is possible, and determining if the effect
of concentrations is differentiable after relatively short incubation times. | performed the
assay with three parasitemia levels: 0.01%; 0.1%, and 1%. | prepared three cultures from
one original culture using serial dilution, therefore the age of parasites was the same at
assay initiation. Based on the microscopic analysis of smears, | determined the initial
parasite age as ~8-hour + 6 hours old rings.

Sampling in the case of all cultures using piperaquine was carried out after 6, 8,
and 10 hours of incubation. In the case of the 0.01% experiment presented in Figure 24,
only the drug-free sample showed detectable hemozoin production throughout the
experiment. The method is therefore capable of detecting parasite growth even in the ring
stage of a low-parasitemia culture, indicating that the lack of parasite growth in the case
of the drug-treated samples is attributable to drug effect and not the lack of sensitivity.

Parasite age (h)

8 10 12 14 16 18
10 T T T T T T T T T T T

—o— Drug-free
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—0— 480 nM
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Figure 24 - Inhibitory effect of piperaquine on P. falciparum 3D7 cultures at 0.01%
parasitemia. The top axis determines the age of parasites based on optical microscopy. An
exemplary image of the initial culture composition is presented below the graphs. Each circle
represents the average of 3 biological replicates as a function of MO signal and incubation time.
Light to dark shades of the curves indicate increasing drug concentrations. Empty, black circles
correspond to the drug-free control samples. Each circle is the average of data obtained from three
biological replicates.
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In the case of the 0.1 and 1% parasitemia cultures, the drug effect was already
detectable after 6 hours of incubation (Figure 25). This is supported by statistical analysis,
which verified a significant difference (p<0.001) between the detected signal of drug-free
and mid-range concentrations. The tendency of drug efficacy observable at 6 hours was
essentially the same at 8 and 10 hours as well, corroborating the validity of my earliest
results. Namely, in the case of the two highest concentrations, aka. the 270 nM and 480
nM samples, no change in the MO signal was detected compared to the initial MO value.
Therefore, these concentrations achieved complete maturation inhibition. The effect of
25, 50, and 100 nM concentrations show corresponding inhibition rates, with 25 nM being
the least efficient and 100 nM being the most efficient.

| performed 3 more assays with 0.1 and 1% parasitemia cultures with the same
experimental setup to verify the results. IC50 values of all experiments are presented on
panel C of Figure 23. The IC50 values show very small variance at a given parasitemia
level regardless of incubation length even for independent assays, making a strong
argument for the good reproducibility of the method, and presents a promising picture of

the validity of early IC50 determination.
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Figure 25 — Inhibitory effect of piperaquine on P. falciparum 3D7 cultures at different
parasitemia levels. Panels A and B: Growth curves representing MO values as a function of
incubation time for the cultures with 0.1% and 1% parasitemia, respectively. The top axis
determines the age of parasites based on optical microscopy. An exemplary image of the initial
culture composition is presented below the graphs. Light to dark shades of the curves indicate
increasing drug concentrations. Empty, black circles correspond to the drug-free control samples.
Each circle is the average of data obtained from three biological replicates. Panel C: IC50 values
determined after 6, 8 and 10 hours of incubation for both 0.1 and 1% parasitemia samples.
Red circles show the IC50 values originating from the 0.1% parasitemia assay (panel A), while pink
circles correspond to 1C50 values of another independent assay (growth curve not presented).
Similarly, black and grey squares show IC50 values of the 1% parasitemia assay on panel A, and
another independent assay, respectively. The blue background shading marks the range of 1C50
values presented in the literature (see Supplementary Table 1.) 236:244.246248.251 A dose-response curve
is included in the top right corner of panel C to serve as an example. The curve corresponds to the
10 h time point of 1% assay. The figure is taken from Molnar et al. 2020 %°.

The average 1C50 for the 0.1% parasitemia cultures is 30.61 + 4.01 nM, which is

in great agreement with the 1C50 range determined based on data available in the

literature (Table 4). Most of these assays were performed at 0.1 or 0.5% parasitemia.

However, the average 1C50 for the 1% parasitemia cultures is significantly higher (IC50

=72.9 £ 1.59 nM) than values obtained for the 0.1% assays, and are also higher than the

range determined based on data available in the literature. 236:244246:248,251260.261 ' Thjg

phenomenon might be accredited to a so-called inoculum effect, namely that the 1C50
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values show parasitemia dependence. Other research groups have previously described a
similar effect both in vitro and ex vivo 22,

| applied chloroquine in experiments with two parasitemia levels, and monitored
the drug effect for a complete intraerythrocytic cycle, aka 48 hours. For the first assay, |
set the parasitemia to 0.5%, and the majority of parasites were ~ 6 hour + 6 hours old at
assay initiation. Similar to my observations described in the previous section, the effect
of the drug was visible already at the first sampling point, in this case after 8 hours of
incubation (Figure 26 Panel A).

The production of hemozoin was most active between the 6 and 24 h measurement
points, which covers the parasite ages of 12 to 32 hours based on smear analysis. As
expected, based on the general hemozoin production profile, a rather stagnating trend is
observable during the later time points of the assay.

My optical microscopic evaluation revealed that in the case of the 48-hour
sampling point, 0-4 hour rings of a new intraerythrocytic cycle were also present in the
culture, however, most of the parasites were still the mature schizonts of the original
population. Drug effect was visible at the first sampling point; in this case it was 8 hours
after assay setup. The highest applied drug concentration, aka the 100 nM solution
resulted in the inhibition of the entire parasite population throughout the whole assay. In
the case of the other drug solutions, the drug effect was proportional to the concentration.
No inhibition was observable when cultures were treated with lower concentrations,
namely 6.25 nM and 12.5 nM of chloroquine. Interestingly, these low concentrations
resulted in higher MO values during the second half of the assay, cultures treated with
lower drug doses overgrew the drug-free control samples.

| performed another assay utilizing a culture of 1% parasitemia, containing mostly
~10-hour old ring stage parasites at initiation (Figure 26 Panel B). The first sampling was
done after 6 hours of incubation, and the inhibitory effect of the different drug
concentrations was already distinguishable. Moreover, the difference of the MO signals
corresponding to samples incubated with mid-range drug doses and the signals of the
drug-free control is also significant at this very early time point (p<0.01). Similar to the
previously described assay, the highest chloroquine concentration resulted in complete
growth inhibition. The lowest drug dose had no inhibitory effect and the growth-

enhancement is also observable after longer incubation times.
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Figure 26 - Growth inhibition of P. falciparum 3D7 and W2 by chloroquine measured with the
RMOD method. Panels A and B: Growth curves representing MO values as a function of incubation
time for the cultures of P. falciparum 3D7 with 0.5% and 1% parasitemia, respectively. The top axis
determines the age of parasites based on optical microscopy. An exemplary image of the initial culture
composition is presented below the graphs. Light to dark shades of the curves indicate increasing drug
concentrations. Empty, black circles correspond to the drug-free control samples. Each circle is the
average of data obtained from three biological replicates. Panel C: 1C50 values determined for both
0.5 and 1% parasitemia samples. Grey squares show the 1C50 values originating from the 0.5 %
parasitemia assay (panel A), while black squares correspond to 1C50 values of the 1% parasitemia assay
(panel B). The blue background shading marks the range of 1C50 values presented in the literature (see
Supplementary Table 1.) 130233:236,244-248251.263 ' A (ose-response curve is included in the top right corner
of panel C to serve as an example. The curve corresponds to the 20 h time point of 1% assay. Panel D:
Growth curves representing MO values as a function of incubation time for the cultures of the resistant
P. falciparum W2 with 1% parasitemia. Light to dark shades of the curves indicate increasing drug
concentrations. Empty, black circles correspond to the drug-free controls and samples treated with an
ineffective drug dose (30 - 600 nM). Each circle is the average of data obtained from three biological
replicates. The figure is taken from Molnar et al. 2020 2%,

| calculated the IC50 values for both assays at every measurement point, and the

results are presented in Figure 26 Panel C. The IC50 values show no characteristic time

dependence despite the various incubation times. In the case of both assays, the average

of all values is equal within their margin of error, with an average IC50 of 29.15 + 2.71

nM for the 0.5% parasitemia assay, and 34.68 + 5.28 nM for the 1% parasitemia assay.
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These values correspond well with the range published utilizing different assays (Table
4) 236246250 often after 48-72 hours of incubation.

For a similar assay, | used chloroquine-resistant P. falciparum W2 strain with 1%
parasitemia (Figure 26 Panel D). To find an effective concentration range, | chose the
first drug doses based on the 1C50 values of my previous measurements. | chose 30 nM
as the lowest concentration, and 600 nM as the highest in the first assay setup. As
expected, none of these drug doses had an inhibitory effect after 24 and 48 hours of
incubation. By further increasing the concentration range, an IC50 of 1207.5 + 240.5 nM
was determined.

As a next step, | tested the member of the novel antimalarial family of
artemisinins, the dihydroartemisinin. Besides its clinical relevance, dihydroartemisinin

has a different mechanism of action than that of the previously tested compounds
99,102,104,264.

Parasite age (h)
6 10 14 18 22 26 30 34 38 42 46 50 54

7 S120f
; s
e 05nM 6k E 80
1on ] L Bl 32h
S See 58 8 2g; R*=0.99
S = g o
[ g - log(nM)
© £ 48 [
o o -
()} 0 =
@ O 3 _
O L
10F 1 o
: | :
L rm ¥ s
1 1 !
1 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 4 8 12 16 20 24 28 32 36 40 44 4 0 10 20 30 40 50
Incubation time (h) Incubation time (h)

Figure 27 - Growth inhibition of P. falciparum 3D7 by dihydroartemisinin measured with the
RMOD method. Panel A: Growth curves representing MO values as a function of incubation time
for the cultures of P. falciparum 3D7 with 1% parasitemia. The top axis determines the age of
parasites based on optical microscopy. An exemplary image of the initial culture composition is
presented below the graphs. Light to dark shades of the curves indicate increasing drug
concentrations. Empty, black circles correspond to the drug-free control samples. Each circle is the
average of data obtained from three biological replicates. Panel B: 1C50 values determined for
1% parasitemia samples. Black squares show the IC50 values originating from the Mo values. The
blue background shading marks the range of 1C50 values presented in the literature (Table 4) 236244~
246248251 A dose-response curve is included in the top right corner of panel C to serve as an example.
The curve corresponds to the 20 h time point of 1% assay. The figure is taken from Molnar et al.
2020 %0,

| set the initial culture for the dihydroartemisinin assay to 1% parasitemia and it
mostly consisted of ~ 6-hour + 6 hours old ring stage parasites (Figure 27). The most
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intense hemozoin production is observable between the 6 and 18-hour sampling points,
aka the period between 12 and 24 hours of parasite age. The MO values show a stagnating
trend afterward, and the microscopic analysis of smears revealed that parasites reached
the schizont stage a bit earlier than expected, around the 32-hour sampling point. The
later time points, therefore, already include young parasites of the second
intraerythrocytic cycle. The stagnation is therefore not surprising since it covers parasite
maturation stages associated with the least prominent hemozoin production, the late
schizont, and the early ring stages.

An inhibition profile similar to the previously described assays was achieved with
the dihydroartemisinin, with the highest applied concentration having a complete
inhibitory effect, and the lowest not affecting parasite growth. Inhibition profiles of the

mid-range concentrations are proportional. The IC50 values fall within the range obtained

from the literature (Table 4) 236:244:246,248

SYBR Green

HRP2 ELISA

0.5%: 8,1 nM 23
1%: 15,11 nM 248
0.5%: 16,8 nM 2

0.5%: 11,54 nM
249

0.5%: 7,5 nM 2%
0.5%: 21,91 nM %3¢
0.5%: 9,68 nM 24°

0.5%: 22 nM 20

1%: 18 nM 1

1%: 14,88 nM 248
0.5%: 18,5 nM 2%
46,3 nM %1

0.5%: 21,0 nM 236
1%: 29 nM %t

[sH]-Hypoxanthine
RMOD? _ _
incorporation
0.5%: 6,5 nM 24
0.5%:29.15 £2.71
IC50 " 0.5%: 15,7 nM 245
n
CQN: 0.5%: 29,6 nM 246
1%: 34.68 £5.28 nM
0.5%: 9,73 nM 247
0.5%: 27 nM 24
IC50 | 0.1%:30.61+4.01 nM
0.5%:16,9 nM 246
PPQ: 1%: 72.£1.59 nM
1%: 36,9 nM 260
0.5%: 2,0 nM 24
IC50
1%: 2.13+0.87 nM 0.5%: 5,27 nM 25
DHA:
0.5%: 4,2 nM 24

1%: 2,11 nM %8
0.5%: 2,97 nM 236

0.5%: 6,00 nM 2%
1%: 6 nM 25!

Table 4 — 1C50 values for chloroquine (CQN), piperaquine (PPQ), and dihydroartemisinin
(DHA) obtained by different methods. Parasitemia values of the assays are also included. The

table is taken from Molnar et al. 2020 2%,

2.6.Summary and future prospects

In this chapter, | summarized the result of a series of experiments designed to test

the applicability of the RMOD method as a drug susceptibility assay tool. By the
monitoring hemozoin production of the laboratory-adapted P. falciparum 3D7 parasite

strain in several independent experiments, we created a general hemozoin production
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profile. Based on our analysis, we concluded that the onset of hemozoin production occurs
already during the early ring stage of the intraerythrocytic cycle, corresponding to parasite
ages of 6-10 hours. The sensitivity of the device allows the sub-cycle resolution analysis
of the intraerythrocytic development of parasites, making it an ideal candidate for drug
susceptibility assays.

Building on these findings, | designed and performed several assays using three
antimalarials and two parasite strains. All drugs were tested utilizing the laboratory-
adapted P. falciparum 3D7, while chloroquine was also utilized for the study of the
chloroquine-resistant P. falciparum W2 strain. The effect of piperaquine was analyzed
during short-term studies with cultures of three parasitemia levels. Chloroquine was used
to monitor the drug effect throughout the complete intraerythrocytic cycle at two
parasitemia levels. The new line treatment, dihydroartemisinin was also applied over 48
hours. IC50 values of the drugs were determined at every sampling point, covering a
wide range of parasite development.

All drugs were effective against the sensitive strain, and the drug effect was
already detectable and 1C50 values were obtained after 6-10 hours of incubation. The
thorough comparison of IC50 data obtained by the RMOD method revealed that our
results are in an overall good agreement with the 1C50 values reported based on other
drug susceptibility assay methods after much longer incubation times. The relevance of
these results is further corroborated by the observation that 1C50 values covering the
whole intraerythrocytic cycle showed no significant time-dependence. In the case of the
chloroquine assays, the values obtained throughout the complete erythrocytic cycle
showed very little variance, corroborating that the assessment of drug efficacy at the
earliest time points is indeed relevant. A slight increase is observable in the case of the
dihydroartemisinin assay, which | believe is attributable to the increased sensitivity of
early stage parasites towards the drug 2. Nevertheless, the efficiency of the drug in the
case of a sensitive strain was clearly observable during the early detection time points as
well. The method was tested at a range of parasitemia values, ranging from 0.01 to 1%.
In the case of the 0.01% experiment, the growth of the drug-free sample was detected by
the RMOD method even after 6 hours of incubation, however, IC50 values were not
possible to determine. In the case of 0.1, 0.5, and 1% parasitemia cultures, the RMOD
showed excellent sensitivity, and relevant IC50 values were obtained at all applied

parasitemia levels.
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Based on the results summarized in this chapter, | conclude that the RMOD
method can be an ideal candidate for the assessment of antimalarial drug activity by
significantly reducing the necessary incubation times and the complexity of the assay
procedure, which have been long-standing goals of the field 25267, The sub-cycle
resolution allows the detection of drug effect even within a single cycle, and the excellent
sensitivity of the device makes it possible to obtain relevant results after very short
incubation times compared to the offerings of the generally applied techniques. Even
though high-throughput screening of numerous samples is not possible by the current
device prototype, further optimization is possible, and even now, the duration of a single
sample analysis is approximately 30 seconds.

The method’s applicability should be further evaluated for a wider range of
antimalarials including new combinations of drugs, new drug candidates, and for ex vivo
assays as well. It could also be an ideal tool for the assessment of the stage-specific nature
of different drugs. However, for that purpose, the actual onset of hemozoin production
should be defined more clearly, which is also a great task for the RMOD. A very tight
synchronization can be achieved by the combination of the Percoll and Sorbitol methods,
especially if the highly specific protein kinase is added to the culture during the late
schizont stage. As described in Chapter 111/1. the addition of this compound results in the
arrest of parasite development upon reaching the most mature stage, and by the removal
of the compound, merozoite egress can be achieved in a very short time frame, providing
numerous, very young parasites 2%, By following the MO signal of such parasites, the
onset of hemozoin production could be estimated. The following paragraph provides a
good insight into the importance of this procedure and the determination of the stage-
specificity of antimalarials.

The recently observed resistance against the group of artemisinins poses a real
challenge on many assay techniques, and this effect led to the development of assay
protocols specifically designed for the assessment of artemisinin resistance 2%°. This
phenomenon manifested in prolonged clearance rates in patients. This effect is not visible
during standard assays, since during dormancy, no DNA or protein synthesis was
detected, therefore there is no incorporation of radiolabeled or other DNA-intercalating
dyes, and no LDH activity to detect, and dormant parasites are also very hard to recognize
under the microscope 27°27, Under standard assay conditions, the activity of artemisinins
can easily be overestimated if dormant parasites are present 2°. Artemisinins are most

effective against the ring stages of the parasites, but the resistant parasites are capable of
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entering a phase of dormancy after drug exposure, followed by a recovery afterward 272,
It has been shown that only ring stages enter an arrested phase after exposure 23, Ring
stage survival assays were therefore created, where very young parasites of 0-3 hours of
age are exposed to a single high dose of artemisinin for a relatively short period of time
(~6 hours), then survival rates are determined after long incubation (66 hours) using
microscopic of flow cytometric methods #12%°, The proposed reason for the increased
sensitivity of these very early stages is the lack of heme and ferrous iron in the parasite
food vacuole. The hemoglobin endocytosis at this stage supposedly occurs only at a very
small pace, and the products of hemoglobin digestion are necessary for the action of
artemisinins 27°,

As this phenomenon is an utmost concern in the fight against malaria, it would be
worthwhile to test the RMOD method by using artemisinin-resistant strains. The
capability of dormancy is explained by the lack of hemoglobin metabolism, and dormant
parasites have been shown to downregulate the expression of several key enzymes of
different metabolic pathways 2*. Therefore, the capability of the RMOD method to
identify dormant parasites is unlikely even during later time points of the classic, 48-hour
assay setup. However, given the sensitivity of the device and considering our observations
of detectable amounts of hemozoin even in relatively young parasites, it is possible that
the hemozoin production of the recovering parasites could be detected earlier than the
time required for levels of DNA and enzyme activity to reach the detection limit of the

other routinely used methods.
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3. Utilization of the RMOD for investigating in vivo hemozoin
production and clearance characteristics in mice

3.1. My participation in the project

Experiments with P. yoelii and P. vinckei: This section introduces the results of
the publication Pukancsik et al. 2019 2*°. All figures of this publication were prepared by
myself, and are presented here with slight modifications. All experiments including mice
were performed by Dr. Maria Pukancsik with the help of Dr. Ahmed Aly and his team at
Tulane University in New Orleans, Louisiana, USA. The analysis of smears for all
experiments was performed at the TTK in Budapest, Hungary. All smears were analyzed
by myself and Dr. Pukancsik independently. All data analysis was performed in Hungary
by myself with the help of Dr. Agnes Orban and Dr. Livia Marton. All figures and the
published article based on the aforementioned measurements were written by myself with
the help of Dr. Agnes Orban. The whole project was carried out under the supervision of
Dr. Beata Vértessy and Dr. Istvan Kézsmarki.

Experiments with P. berghei: This section introduces part of the results of the
publication Orban et al. 2016., including two figures that are presented here, after slight
modifications 1. All experimental procedures requiring the treatment of mice, including
infection with P. berghei parasites and sampling; and flow cytometry measurements were
performed by Maria Rebelo and myself at the Instituto de Medicina Molecular, Lisbon,
Portugal (IMM). All related RMOD experiments summarized in this thesis were
performed by myself at IMM. All data analysis was performed by myself in Hungary
under the supervision of Dr. Agnes Orban. The whole project was carried out under the
supervision of Dr. Thomas Hanscheid and Dr. Istvan Kézsmarki. Data used for
comparison with results from Tulane University were originally obtained by Dr. Agnes
Orban, but the plots and the conclusions of the comparison were prepared and drawn by

myself with the assistance of Dr. Agnes Orban.

3.2. Motivation

In the previous chapter, the RMOD method was tested as a laboratory tool for the
assessment of drug efficacy in vitro. It is clear that the hemozoin production of the
parasites can be sensitively monitored even at a sub-cycle resolution in the case of

artificially synchronized parasite cultures.
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In their natural hosts, the parasites are prone to develop synchronously during the
blood stage, resulting in the release of a significant amount of hemozoin crystals after
every cycle. In the case of in vitro cultures, the free crystals are continuously
accumulating in the medium unless cleared out by washing. In the body of the hosts,
however, the fate of hemozoin is different, since they act as triggering factors for the
immune system along with the remnants of infected red blood cells 27427, Crystals are
collected by macrophages and monocytes which can carry them for a relatively long time
214276278 FEinally, hemozoin is accumulating in the liver, spleen, and bone marrow.

Previously, we concluded that the hemozoin content shows a strong correlation
with parasitemia levels in vitro 4, however, the relation of the clearance and production
of hemozoin in vivo may have a significant impact on the magneto-optical evaluation of
malaria infections. It is important to decipher the dynamics of hemozoin removal and the
production rates of the parasites since these effects determine the amount of detectable
crystals in the blood stream. Given the wide range of rodent parasite traits, huge
differences in these relations may be expected based on the synchronicity, achievable
parasitemia levels, and multiplication rates of the parasites. Another important question
Is how the application of treatment changes these processes, and if the RMOD method is
capable of detecting them.

Therefore, the motivation of the experiments presented in this chapter is the
evaluation of the RMOD method as a tool for in vivo malaria studies. Three rodent malaria
parasites were utilized for this purpose, namely P. vinckei lentum, P. yoelii 17X-NL and
P. berghei ANKA. The P. vinckei lentum causes a non-lethal infection and is
characterized by synchronous blood stage. The P. yoelii 17X-NL is also the causative
agent of a self-resolving infection, however, it does not develop synchronously. Infection
with P. berghei ANKA parasites results in a lethal disease and these parasites are also
characterized by asynchronous development.

| examined the relation of the MO signal and parasitemia by the comparison of
the infection courses of all three parasite strains. | also analyzed the course of infection
for the different species in comparison with other methods frequently used for the
investigation of rodent models, such as microscopy and flow cytometry. For the
evaluation of the diagnostic capabilities of the device, different infection methods were
applied before the determination of the earliest possible detection of infections, namely
the injection of parasitized red blood cells, the injection of sporozoites, and infection by

mosquito bites.
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To further widen the scope of the RMOD method’s applicability, chloroquine
treatment was applied in a P. vinckei experiment series. Since chloroquine affects the
hemozoin production capability of the parasites 27°, it is important to see how the RMOD
method can monitor changes in vivo. During treatment, parasitemia and hemozoin content

were monitored by the RMOD method and optical microscopy.

3.3. Materials and Methods
3.3.1. Ethics statement

All animals were treated and all animal-related experiments were performed in
accord with the approved protocols of the Institutional Animal Care and Use Committee
(IACUC) and the Institutional Biosafety Committee (IBC) of Tulane University, New
Orleans, Louisiana, USA, and of the Ethical Committee of the Faculty of Medicine,

University of Lisbon.
3.3.2. Mice and parasites

For the experiments, female BALB/c and Swiss Webster mice were used and were
purchased from Envigo Research Models and Services (Indianapolis, Indiana) or Charles
River, Spain. Mice were 6 to 8 weeks old at the beginning of the experiments. For
infection, non-lethal P. vinckei lentum and lethal Pyp230p(-) GFP expressing P. yoelii
17X-NL intraerythrocytic stage parasites or GFP-expressing P. berghei ANKA (259cl2)
sporozoites strains were used. Sporozoites were collected into DMEM (Dulbecco’s
Modified Eagle Medium from GIBCO) from the salivary glands of Anopheles stephensi
mosquitoes bred and infected at the insect facility of the Instituto de Medicina Molecular.
Mice were infected by tail vein injection of 10.000 infected red blood cells using P.
vinckei or P. yoelii, or by the retroorbital injection of 50.000 P. berghei sporozoites. For
experiments aiming to determine the first detectable time of infection, sampling was
performed in either 6-12 or 5-hour intervals during the first 36, 40, or 80 hours of
infection. Later on, sampling was performed every 8 hours in the case of experiments
with P. vinckei, and every 24 hours for other experiments. In the case of treatment studies,
chloroquine diphosphate salt (Sigma) was provided at a 300 mg/L concentration in

drinking water, supplemented with 1% sucrose at a pH 3.5.
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3.3.3. Light microscopic analysis

Thin smears were made and dyed with 10% Giemsa solution in PBS at every
sampling point for all experiments. Smears of P. vinckei and P. yoelii experiments were
analyzed by myself and Dr. Maria Pukancsik independently. 30 fields were analyzed on
each smear adding up to ~ 9, 000-12, 000 RBCs to determine parasitemia and parasite
age composition. Parasitemia was determined as described in Chapter V/2.3.5., and the
averages of the two counts are presented on the graphs in this thesis. For the smears of P.
berghei experiments before 90 hours post-infection, 20-40 fields (7-14.000 red blood
cells); while for later time points, 5-10 fields (approx. 1800-3600 RBCs) were analyzed
for each smear by two microscopists independently.

3.3.4. Flow cytometric analysis

1 ul of blood was collected from the tail vein of mice infected with the GFP-
expressing P. yoelii p230p(-) parasites at every sampling point, followed by a 2000%
dilution in RPMI medium. 5 pl of blood was collected from the tail vein of each mouse
infected with GFP-expressing P. berghei ANKA (259cl2), and pipetted into 1 ml of PBS
1X at each sampling point. Samples were analyzed using CyFlow® Blue instrument
(Partec, Munster, Germany), equipped with a 488 nm excitation laser. Parasitemia was
determined based on the green fluorescence events detected using the photomultiplier
tube voltage set to maximal sensitivity and a filter of 530 nm in the case of P. yoelii and
P. vinckei experiments, while FL1 detector (bandpass filter 535/35 nm) was used for the
P. berghei experiments. For the P. berghei experiments, a modified setup was applied as
described in Chapter 11/4. 26°, Depolarizing events were analyzed by plots of side scatter
(SSC) vs. depolarized side scatter (DSS). Flow cytometry data analysis was performed
using FlowJo software (version 9.0.2, Tree Star Inc., Oregon, USA). The limit of
detection was determined as the average plus three times the standard deviation of the
positive events detected in 4 uninfected mice.

3.3.5. Rotating Magneto-Optical Measurements

For the RMOD experiments, 30 pl of blood was taken from the tail vein of mice.
In the case of P. vinckei and P. yoelii experiments, samples were pipetted into 2 ul of 1x
heparin sodium salt (Sigma Aldrich; St Louis, Mo, USA). The mixture was then 20x
diluted with a lysis solution consisting of 0.066 V/V% Triton X-100 in 11 mM NaOH
(Sigma Aldrich; St Louis, Mo, USA). For the measurements, 350 pl/lysed samples were
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used. Samples were measured immediately by the RMOD method as described in Chapter
[1/4. In the case of P. berghei experiments, pipetted into 570 pl of lysis solution (0.066
VIV% Triton X-100 in 3 mM NaOH, all purchased from Sigma Aldrich (St Louis, Mo,
USA). For the measurements, 450 pl/lysed samples were used. Samples were measured
after 5 minutes’ lysis time by the RMOD method. For the determination of the detection
limit of the device, data of ~20 uninfected rodent samples were used. The limit was
defined as the mean plus two times the standard deviation (95%) of all MO values of the
uninfected set and is represented on all corresponding graphs as a straight black line for

the mean and a dashed black line for the detection limit.

3.4.Exploring the connection between parasitemia and hemozoin
production

For a better understanding of the relation of hemozoin production and parasitemia
values in vivo, RMOD measurements were carried out throughout multiple
intraerythrocytic cycles of the non-lethal, unsynchronized P. yoelii 17XNL strain and the
P. vinckei lentum, which is responsible for self-resolving infections and it shows
synchronized characteristics. For a broader insight, | analyzed data sets obtained
previously utilizing P. berghei ANKA lethal strain in comparison with the newer data
sets 170,

For the analysis of the relation of hemozoin production and the parasitemia levels,
| plotted the MO signals as a function of parasitemia. The proportionality is clearly visible
in the case of parasitemia levels exceeding 0.01%, which means the same level of
sensitivity as for light microscopy. This limit, however, may not reflect the diagnostic
capabilities of the RMOD method and is rather limited by the capabilities of the methods
used to define parasitemia. Indeed, the determination of parasitemia levels below the limit
was not possible by microscopy or flow cytometry, therefore further analysis of the
relation of hemozoin production and parasitemia below 0.01% is not possible. In the
higher parasitemia regions, ~ one order of magnitude ambiguity is observable at any given
parasitemia, which is represented by the dashed lines on Figure 28 Panel A. However,
when considering the parasitemia-hemozoin content relation, we must take the biology

of parasites into account as well.
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Figure 28 - Exploring the connection between hemozoin production and parasitemia levels,
and the hemozoin production characteristics of different rodent Plasmodia 2. 1A: The MO
values presented as a function of parasitemia. Each symbol represents a data point obtained from
one mouse at a given time point. P. vinckei lentum data is shown as orange, while P. yoelii 17X-NL
as magenta circles. Blue squares, both empty and filled present display two independent P. berghei
ANKA infection assays. The two dashed lines are guides for the evaluation of the ambiguity of the
MO signal in relation to parasitemia values. Parasitemia was determined by optical microscopy or
flow cytometry as described in the Materials and Methods section of this chapter. 1B: Hemozoin
production of P. vinckei lentum and P. yoelii 17X-NL species followed by the RMOD method during
the course of in vivo infections. P. vinckei lentum is represented as orange, while P. yoelii 17X-NL
is represented as magenta circles, and each symbol is the average value of data obtained from 5 mice
at the same sampling point. 1C: Hemozoin production of P. berghei ANKA followed by the RMOD
method during the course of in vivo infections. Each symbol is the average value of data obtained
from 3 mice at the same sampling point. For all three graphs, the black line represents the detection
limit of the RMOD method as described in the ‘Rotating Magneto-Optical Measurements’ section
of this chapter. Figure reproduced from Pukéncsik et al. 2019 23,

During a single intraerythrocytic cycle, the hemozoin production is proportional
to parasite development, resulting in an increasing hemozoin content inside the parasites
over time, while the parasitemia remains constant. The order of magnitude range accounts
for the difference of hemozoin content of the early and late stage parasites. A more
accurate estimation may be possible if the age of the majority of the parasite population
is known at a given sampling point, however, the limitations of microscopy must also be
taken into account when performing age analysis. Nevertheless, a good correlation exists

between the MO values and parasitemia levels (Pearson’s correlation coefficient =
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0.8743, P < 0.05). Based on this observation, the crystal concentration mainly depends
on the parasitemia levels in the case of in vivo infections, allowing the quantitative
interpretation of RMOD data.

Another important factor to consider is that at the end of every cycle, hemozoin is
released into the blood stream. The generally observed clearance time of the crystals after
no viable parasites are detectable is ~ 48-72 hours 17277218281 By analyzing Figure 28
panel A, a linear relation is observable for over 4 orders of parasitemia magnitude. Based
on that observation the accumulation of hemozoin in the bloodstream over longer periods
of time is unlikely, instead, the hemozoin production of the parasites and the hemozoin
clearance by the immune system is in a state of dynamic equilibrium. Therefore, the
hemozoin released after every cycle is comparable in amount to the hemozoin being
cleared out of the blood stream by the immune system between the intraerythrocytic
cycles.

The linear trend is observable in each of the four experimental series, however,
hemozoin production rates are different among them. This is also observable between the
two experimental series utilizing the same, P. berghei parasite strains, which suggests
that the differences are probably attributable to the initial parasite age composition of the
mice, and the widening of the age composition over time, and are less likely the result of
species-specific characteristics.

For an analysis from a different point of view, | re-visualized data of Figure 28
panel A as a function of time in Figure 28 panels B and C for the evaluation of diagnostic
capabilities. In the case of the P. yoelii experiments, the infection was first detected after
30 hours of infection. Considering that the duration of the intraerythrocytic cycle in the
case of this parasite species is only 18 hours 22, the detection was possible during the
second cycle of the experimental series. In the case of P. vinckei, the cycle length is 24
hours 282, and the first positive signal was measured at the 65-hour sampling point. That
means the method was capable of identifying the infection during the third
intraerythrocytic cycle. The two curves plotted on Figure 28 panel B also project a
different slope, which describes the average multiplication rates of the different parasite
species. A probable explanation behind this observation is that the amount of merozoites
produced by a P. yoelii schizont is ~ three times more than the average daughter
merozoites of a P. vinckei parasite 1’*. This may also be the cause of the slightly delayed

detection time of the onset of the blood stage in the case of the P. vinckei experiments.
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To provide complete and wider-scale information about our findings, | briefly
wish to present results that were obtained by Dr. Agnes Orban. The P. berghei
experiments were conducted differently, namely by the injection of sporozoites into the
blood stream of experimental mice. Therefore, the liver stage (~48 hours 22) also
preceded the onset of the intraerythrocytic stage. The method was capable of detecting
the infection 18 hours after the proposed onset of the intraerythrocytic stage, which
corresponds to the first cycle. It has been shown that the experimental settings and
infection methods have a great influence on the speed of detection in the case of P.
berghei 172284285 ‘and | believe that is the reason of the observed initial synchronicity of
these otherwise non-synchronized parasites.

By comparing the results of the P. berghei and P. yoelii experiments, a similar
time-dependence of the MO values is detected, which is supported by the similarities of
the multiplication rates of these parasite species. Accordingly, their hemozoin production

and clearance characteristics are much alike.

3.5.Characterization of self-resolving infections

To investigate how the manifestation of the disease can be monitored via the
hemozoin production of parasites in vivo, two non-lethal parasite strains, the P. vinckeli
lentum and GFP expressing P. yoelii 17XNL were used to infect experimental mice. After
initiating the experiment by injecting parasitizes red blood cells into the tail vein of the
mice, sampling was carried out in 24-hour periods covering a multiple-day period 2.

I summarized the results of the P. yoelii 17XNL experiments in Figure 29. At every
sampling point, blood was taken for three methods. For the assessment of parasitemia
thin blood smears; and given the GFP-expressing characteristics of this strain, flow
cytometry was used. The course of infection follows a very similar overall trend based on
all three methods, starting with an intense progression during the first five days. The first
positive signal was detected by the RMOD method after 30 hours, while 36 for
microscopy and 48 for flow cytometry. After reaching a peak at day 5, a period of
stagnation was observable in the hemozoin production rates, corroborated by the same
trend in parasitemia. The last two days of the experiment represented a new wave of
increase in both parasitemia and hemozoin content. A final parasitemia of 21% was

reached by the end of the experiment on day 9.
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Figure 29 - Comparison of parasitemia and hemozoin production of P. yoelii 17X-NL infection
in mice. Parasitemia values are indicated as green triangles for data obtained by flow cytometry and
purple squares for microscopy results. The MO signals are shown as magenta circles. Empty
symbols of flow cytometry and microscopy results show the data points tested negative by these
methods. The black line represents the detection limit of the RMOD method which was defined as
described in the ‘Rotating Magneto-Optical Measurements’ section of this chapter. Figure
reproduced from Pukancsik et al. 2019 2%,

Alternating multiplication and stagnation periods are a distinctive feature of P.
yoelii 17XNL infections, eventually resolved by the host immune system manifesting in
a final decrease after longer periods of time 28”289 The duration of increasing and
stagnating intervals detected by the RMOD method are on the one hand corroborated by
the parasitemia values obtained by microscopy and flow cytometry, and on the other hand
are also described in the literature, placing the period covered by our experiment to the
first half of the complete infection course.

P. vinckei lentum infections followed a different infection profile with a gradually
achieved peak period followed by a gradual decrease. The data | presented in Figure 30
describes about two-thirds of the complete infection. The initial decrease in parasitemia
was closely followed by the MO signal, and the peak parasitemia of ~35% was reached
by day 8. Considering the parasitemia, the P. vinckei infections lead to a higher peak,
which is a phenomenon described in the literature as well. This characteristic is probably
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due to the P. vinckei's preference of infecting mature red blood cells, which allows for a
greater number of merozoite invasion compared to P. yoelii, which has a reticulocyte

preference 287:288.290,
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Figure 30 - Comparison of parasitemia and hemozoin content during the course of P. vinckei
lentum blood-stage infection. Parasitemia values obtained by microscopy are represented as purple
squares. Negative samples are indicated by empty squares. The MO signals are presented as orange
circles. The black line represents the detection limit of the RMOD method which was defined as
described in the ‘Rotating Magneto-Optical Measurements’ section of this chapter. Figure
reproduced from Pukancsik et al. 2019 2%,

P. vinckei parasites were further utilized in a different assay setup, where the aim
was to monitor the influence of treatment on the parasitemia and the corresponding
hemozoin concentration decrease. After the infection of mice, the onset of the infection
was monitored by the RMOD method and optical microscopy for 112 hours post-infection
(Figure 31), followed by orally administered chloroquine treatment performed as
described in Chapter V/3.3.2. section.

After the steady increase in both parasitemia and MO signal during the first 5
days, a decreasing trend is observable for both values afterward. Regarding the
parasitemia, the first sampling point after treatment - aka. 24 hours after treatment - shows

a stagnating profile, while the hemozoin content is already declining. Therefore, treatment
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efficiency in the case of sensitive strains is detectable by the RMOD method even after

24 hours of administration in vivo, contrary to the routinely used optical microscopy,

which was only able to reflect the changes another day later.
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Figure 31 - Comparison of parasitemia and hemozoin content during the course of P. vinckei
lentum blood-stage infection with chloroquine treatment. Parasitemia values obtained by
microscopy are represented as purple squares. Negative samples are indicated by empty squares.
The MO signals are presented as orange circles. Chloroguine administration started after the 112-
hour sampling point, marked by the black arrow. The black line represents the detection limit of the
RMOD method which was defined as described in the ‘Rotating Magneto-Optical Measurements’
section of this chapter. Figure reproduced from Pukéncsik et al. 2019 2%,

The course of parasite clearance was similar to the hemozoin clearance during

days 7 to 8. Parasites were already absent from the smears on day 9, while the samples

were still detected positive by the RMOD method. Therefore, the elimination of

detectable hemozoin levels from the host blood stream takes at least 24 hours more than

the elimination of viable parasites. Considering the overall similarities of parasitemia and

hemozoin content over the course of infection and treatment presented by this experiment,

the previously hypothesized dynamic equilibrium between the hemozoin clearance of the

immune system and the hemozoin production of parasites is further corroborated.

82



3.6.Characterization of lethal infections

In a different experimental series, | tested the sensitivity of the MO method by
comparing the earliest possible detection times and the characterization of disease
development of three methods following infection. Mice in this series were infected by

the exposure to mosquito bites, as described in V/3.3.2. related to Figures 32 and 33.
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Figure 32 - Monitoring the progression of disease in mice infected with P. berghei ANKA by
mosquito bites using microscopy and the RMOD method. (A) Results of the microscopic analysis
of thin blood smears. + signals represent the points of evaluation where at least one parasite was
present during the examination of 20-40 fields and — symbols indicate that no parasites were found
at the given smear. (B) Results of the magneto-optical measurements. Differently colored triangles
represent data corresponding to the three different mice, therefore each triangle corresponds to one
mouse at a given sampling point. The background shading indicates the proposed duration of the
intraerythrocytic cycles determined based on the biological properties of the P. berghei ANKA
parasites. The black line represents the detection limit of the RMOD method, as described in the

‘Rotating Magneto-Optical Measurements’ section of this chapter. Figure reproduced from Orban
etal. 2016 175,

Sampling was performed in 5-hour intervals starting from the onset of the blood
stage, lasting from 56 to 166 hours. Samples were evaluated by optical microscopy, two
setups of flow cytometry, and the RMOD method. Considering the results of microscopy,
parasites were first detected in the range of 61-76 hours post-infection, however in smears
prepared before the 76 hours sampling point, only single parasites were detected. The first
mouse to be declared positive was mouse #1, and mouse #2 was the latest to develop a
detectable amount of parasites (Figure 32). The MO signals also project this delayed
detection trend. A positive signal was measured for mouse #1 at the 71-hour sampling

point, the second mouse showed a positive signal at 76 hours, however, the signal
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decreased at the next time point and became positive again at 96 hours post-infection.
The third mouse was also detected as positive at 96 hours post-infection. In the three
cases, the infection was detected either during the first, or during the second
intraerythrocytic cycle post-infection by the RMOD method, and during the first by
optical microscopy.

Flow cytometry was also applied to monitor the infection, and the measurements
were carried out by the simultaneous measurement of two parameters, namely the
fluorescence property and the hemozoin content of the parasitized red blood cells?8%2%!,
The assessment of parasitemia is possible by both methods. Fluorescence can be detected
in all parasite stages 2% since the applied strain expresses GFP constitutively during the
complete cycle. On the other hand, the depolarization reveals cells that contain relatively
large amounts of hemozoin crystals 2°!, therefore, there is an expected quantitative
difference between the two signal types. Signals of both GFP and DSS were detected as

positive during the third intraerythrocytic cycle post-infection, in the range of 95-120

hours.
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Figure 33 - Monitoring the progression of parasitemia in mice infected with P. berghei ANKA
by mosquito bites by using flow cytometry 5. (A) Results of the detection of depolarizing events.
Differently colored triangles represent percentages of DSS positive events corresponding to the three
mice. (B) Results of the detection of fluorescent events. Differently colored triangles represent
percentages of GFP positive events corresponding to the three mice. The background shading
indicates the proposed duration of the intraerythrocytic cycles determined based on the biological
properties of the P. berghei ANKA parasites. The black lines represent the detection limit of the
flow cytometry methods, described in the ‘Flow Cytometric Analysis/ Measurements in Portugal’
section of this chapter. Figure reproduced from Orban et al. 2016 17,
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Regarding the onset of infection, flow cytometry data also show similar
characteristics as the microscopy and MO data, namely the onset of infection was slightly
different for the three mice (Figure 33). Parasitemia values of the first positive
measurement points were determined as 0.04% by flow cytometry.

Results of all three methods confirmed a somewhat differently progressing
infection in the case of the three mice, which is attributable to the unknown and
uncontrolled amount of sporozoites injected into the mice by the bite of mosquitoes.
Based on these results, the sensitivity of the RMOD method was slightly behind optical
microscopy and was better than any of the applied flow cytometry detection techniques.
Besides the determination of the first positive detection points, | followed the further
development and course of the infection for 7 days post-infection by all three methods.
Parasitemia values of 0.1-0.5 were achieved by day 5, which shows a bit of a delay
compared to similar experiments performed by our research group and Ploemen et. al.
with the same parasite strain, however, both experiments were performed by the injection
of controlled, higher initial sporozoite load and not mosquito bite.*">2%

P. berghei parasites usually initiate the blood stage after 48-52 hours of
reproduction in hepatocytes 28329, The length of an intraerythrocytic developmental cycle
is ~22-24 h %3, A peak at 76 hours is observable in the case of all three mice, which
corresponds to the expectations about the end of the first erythrocytic cycle, which should
occur between 72-76 hours post-infection considering the biological characteristics of
the parasites. The expected multiplication rate of the parasites during the first couple of
cycles is ~ 10 fold 292% which is corroborated by the increasing rate of the MO signals
of mice #1 and #2 between 76 and 96 hours, aka. during the shift of the first and second
intraerythrocytic cycles. A similar increase is observable for mice #3 between 96 and 120
hours, corresponding to the shift between the second and third cycles. The slight stepwise
manner of the RMOD curves during the course of days corresponds with the proposed
cycle changes and is attributable to the collective effects of hemozoin clearance and
production rates. Schizont rupture results in a large amount of hemozoin in the blood
stream, and phagocytosis of the free hemozoin begins immediately, resulting in
decreasing amounts of free crystals. In the meantime, young parasites of the next cycle
do not produce hemozoin intensely for a couple of hours into their development.
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3.7.Tracing of hemozoin clearance with a high temporal resolution

P. vinckei lentum parasites were once again utilized for a different assay series,
aiming to explore the possibility of sub-cyclic hemozoin content analysis by the RMOD
method. The P. vinckei lentum is an ideal candidate for this experiment since it shows
synchronous blood stage developmental characteristics, therefore the production of
hemozoin in all parasites follows a very similar pace within a single cycle. Mice were
infected by the injection of trophozoite stage parasitized red blood cells as described in
V/3.3.2r.

Considering the parasitemia values of this experiment, a step-like growth is
observable (Figure 34). | also analyzed parasite ages at every sampling point, and they

first reached the schizont stage at 48 hours, which marks the end of the second cycle post-

infection.
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Figure 34 - Hemozoin production and parasitemia of P. vinckei lentum infections with sub-
cycle resolution. Parasitemia values obtained by optical microscopy are represented by purple
squares. MO signal values are displayed as orange circles. The background shading indicates the
duration of the intraerythrocytic cycles determined based on the age of parasites observed by
microscopy. The magnifying glass shows images of representative smears of the given time-points,
reflecting the age of the majority of the parasites at the given sampling points. The black line
represents the detection limit of the RMOD method, as described in the ‘Rotating Magneto-Optical
Measurements’ section of this chapter. Figure reproduced from Pukancsik et al. 2019 2.
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The stepwise manner is present further along with the experiment, namely
between 48 and 60, 72 and 84, and between 96 and 108 hours, where parasites transition
from schizont to ring stages, resulting in a steep increase in parasitemia.

The curve of the MO signal has similar characteristics, however, local minima are
present at time points where ring stage parasites were described, namely at 60 h, 84, and
108 h. This shift is a result of the synchronized intraerythrocytic developmental property
of the parasites. The hemozoin content of the parasites is maximal during the schizont
stage and minimal during the early ring stage. Since all parasites develop at a very similar
pace in the case of synchronized species, the schizont rupture results in the release of
hemozoin into the blood stream at approximately the same time. This hemozoin is
removed from the blood stream by the immune system of the host, resulting in a slight
decrease of MO signal. The young rings of the new cycle do not produce detectable
amounts of crystals for ~ 6 hours after red blood cell invasion. The combination of these
two effects results in the shifted manner of the MO curve compared to the parasitemia
curve, since where parasitemia increases by the initiation of the new cycle, the hemozoin
production follows in a bit slower manner. Changes in the hemozoin content of parasites
within each examined cycle were clearly detected by the RMOD method.

For comparison, | replotted and analysed data sets obtained by Dr. Agnes Orban
in a different manner (Figure 35). For those experiments, the lethal, non-synchronous P.
berghei ANKA strain was used. The similar, step-wise characteristics of the infections
further corroborate my observations. For this experiment, mice were infected with
sporozoites as described in Chapter V/3.3.2 section, and as a result, the onset of the
infection was monitored from the very first intraerythrocytic cycle, starting after the
merozoites first left the hepatocytes. Even though P. berghei parasites show an
asynchronous profile, the first cycle is initiated by numerous merozoites at approximately
the same time, and this synchronicity is still present during the second cycle before

gradually ceasing.
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Figure 35 - Hemozoin production and parasitemia of P. berghei ANKA infections with sub-
cycle resolution analysis?®. Parasitemia values obtained by flow cytometry are represented by
green triangles. MO signal values are displayed as blue circles. The background shading indicates
the estimated duration of the intraerythrocytic cycles. The black line represents the detection limit
of the RMOD method, as described in the ‘Rotating Magneto-Optical Measurements’ section of this
chapter. Figure reproduced from Pukancsik et al. 2019 29,

3.8. Summary and future prospects

In this chapter, | evaluated the RMOD method as a diagnostic and analytic method
to monitor the blood stage of rodent Plasmodia in vivo. The three utilized parasite strains
serve as ideal models for the characterization of human infections, given the wide variety
of their traits 2°7.

| examined the relation of hemozoin production and parasitemia values and found
that there is a good correlation between the two traits, however, the MO signals
corresponding to a given parasitemia value have an order of magnitude ambiguity. This
is well explained by the biological traits of the parasites, namely that the hemozoin
production is continuous within a single intraerythrocytic cycle, while parasitemia is
constant. The good correlation also supports the idea that the hemozoin content mostly
depends on the level of parasitemia, allowing me to conclude that the hemozoin is an

ideal marker of parasite development in vivo.

88



The course of infection in the case of the self-resolving P. yoelii 17X-NL strain
and the P. vinckei lentum strain was followed by different diagnostic methods to compare
the relations of parasitemia and hemozoin content over longer periods of times. The MO
value reflected changes in parasitemia very well, including ranges of intense
multiplication and the following decline. Moreover, the multiplication rate variances of
the two species were also detected over the course of days. Different methods of
infections were applied, the P. vinckei and P. yoelii parasites were injected into the tail
vein of mice. The detection of the P. yoelii infection was possible during the 2"
intraerythrocytic cycle post-infection by the RMOD method, similar to microscopy and
flow cytometry. The P. vinckei infection was first detected during the 3™ intraerythrocytic
cycle both by microscopy and the RMOD method. In a different experimental setup, mice
were infected with the lethal P. berghei ANKA parasite strain by mosquito bites,
modeling the natural course of infection. Detection of the infection, in this case, was
possible during the 1% or 2" cycle, similar to microscopy, and sooner compared to results
achieved by two settings of flow cytometry.

Monitoring the effect of treatment was also successful, moreover, the decline of
hemozoin content was observed one cycle sooner by the RMOD method than the decline
of parasitemia by optical microscopy. The rapidly changing MO signal suggests that a
significant amount of hemozoin was released and removed from the blood stream even
within the first cycle after drug administration.

The RMOD method was capable of detecting hemozoin production of P. vinckei
and P. berghei at a sub-cycle resolution, revealing dynamic, declining, and increasing
MO signals over multiple cycles. The declining periods are attributable to the periods of
cycle changes, where hemozoin is released into the blood stream, and the young parasites
of the next cycle do not produce enough crystals to balance the fast clearance of free
hemozoin.

Based on the results summarized in this chapter I conclude that the RMOD method
can be an ideal candidate for the observation of in vivo rodent malaria infections including
fast detection, treatment efficacy, and disease monitoring regardless of the lethal or self-
resolving, synchronous or asynchronous nature of the parasites. The detection of infection
was possible during the 1-3" blood stage cycle after infection, placing the diagnostic
capability of the method in a similar position as the optical microscopy, and the device
showed an overall better performance than different settings of flow cytometry. Even

though the sample amount necessary for optical microscopy is lower than the amount
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needed for an RMOD measurement, the examination of whole blood smears is difficult
and time-consuming, since other blood particles are also present and can be confusing for
the less experienced viewers 2%, Therefore, the RMOD offers a simple, automated, and
fast alternative for in vivo settings.

Of the four, routinely used rodent model Plasmodia, the P. chabaudi was not
utilized for our measurements. Despite the possible differences of certain parasite traits,
| believe the performance of the device would be at a similar level as in the case of the
three tested species. By proving that the hemozoin is an ideal marker of parasitemia
changes even under in vivo conditions, a more important future prospect is the evaluation
of the method during human clinical and field trials. Results of our group obtained from
mice experiments indeed formed the basis of our first extensive field study. The test series
were performed in Papua New-Guinea, and the results are under publication at the
moment. Briefly, the method demonstrated 82% sensitivity and 84% specificity for the
detection of any human malaria infections compared to optical microscopy . Upcoming

trials may follow in the near future.
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Chapter VI. - Summary and Thesis points

1. Summary

During my Ph.D. work, | investigated three major sections of laboratory malaria
research in hopes of presenting a promising alternative laboratory tool for diverse
purposes, and to gain a better understanding of the genome metabolism of P. falciparum.

First, based on the importance and relation of genome metabolism to antimalarial
resistance traits, my main focus was the examination of a certain mutation type, namely
the presence of uracil moieties in the genome of P. falciparum over the different
developmental stages of the intraerythrocytic cycle 2. | compared repair pathways related
to genomic uracil in silico between mammals and Plasmodia, and | created a proposed
uracil-repair mechanism based on the results of the orthologue analysis. | compared the
transcriptome levels of the related proteins with the metabolic characteristics of the
different developmental stages.

Second, | introduced the RMOD method - developed by our research group
originally for the purpose of in-field diagnosis "1™ - as an in vitro drug susceptibility
assay technique for the fast evaluation of antimalarials 2. | tested three well-known
antimalarials, and | utilized drug-sensitive and a drug-resistant parasite strain with
different parasite densities for the complete evaluation of the method. | compared the
results obtained by the RMOD to data of several similar experiments performed using
three, routinely used assay methods.

Lastly, I utilized the RMOD in several in vivo rodent experiment series 1">2%°, For
the infection of mice, different infection techniques, and three different rodent malaria
parasites were used, with variable virulence and biological traits. | used the RMOD to
monitor the onset and the manifestation of the infection over several intraerythrocytic
cycles along with two, routinely used laboratory diagnostic methods for comparison.
Furthermore, drug treatment was also applied to make sure the hemozoin production is a
good indicator of drug effect in vivo as well.

The most important conclusions of my work are summarized in the following

thesis points.
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2. Thesis points

1. I concluded that all three intraerythrocytic developmental stages of the human pathogen
Plasmodium falciparum contain ~7-10 uracil/million bases in their genomic DNA.
Uracil is not a DNA-building base in the case of the vast majority of organisms.
Compared to the general genomic uracil levels of a variety of wild type organisms (0.1-
1 uracil/million bases), the P. falciparum genomic uracil levels are significantly higher.
Publication #1

2. | concluded that the RMOD method is a promising new technique for the assessment of
in vitro antimalarial drug efficacy using P. falciparum laboratory cultures. The method
provides relevant half-maximal inhibitory concentration (IC50) values even after 6-8
hours of incubation times in the case of treatment with chloroquine, piperaquine, and
dihydroartemisinin; with parasitemia values as low as 0.1%. Considering that most other,
routinely used drug assay techniques require 48-72 hours of incubation and often rely on
additional markers and expertise for the specific instruments, the RMOD offers a
significantly shorter incubation time, marker-free and fast detection combined in an
easy-to-use platform. Publication #2

3. I concluded that the RMOD method is capable of the in vivo detection and monitoring
rodent malaria infection in mice over several cycles in the case of infections with both
the non-lethal, synchronous P. vinckei lentum and the self-resolving, asynchronous P.
yoelii 17X-NL parasite strains with similar sensitivity as optical microscopy and flow
cytometry. Publication #3

4. 1 concluded that the RMOD method indicated the effect of chloroquine treatment in the
case of the rodent parasite, P. vinckei lentum infections 24 hours in vivo, aka. one
intraerythrocytic cycle earlier than the gold standard optical microscopy, and |
determined the hemozoin kinetics in the case of the same strain on a sub-cycle level with
a precision and resolution that is, to the best of my knowledge, has not been done before.
Publication #3

5. | concluded that in the examined in vivo rodent models the hemozoin production of
the parasites and the hemozoin clearance by the host immune system is in a state of
dynamic equilibrium. The measured hemozoin amount at every given detection point
reflects the amount of hemozoin produced by the parasites, making it an ideal

indicator of parasite development in vivo. Publication #3 and #4
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3. Publications utilized for thesis points:

1. Molnar, P., Marton, L., Izrael, R., Palinkas, H. L. & Vértessy, B. G. Uracil
moieties in Plasmodium falciparum genomic DNA. FEBS Open Bio 8,
1763-1772 (2018). doi: 10.1002/2211-5463.12458. IF: 2.23 1:6 FI:4.

2. Molnar, P. et al. Rapid and quantitative antimalarial drug efficacy testing
via the magneto-optical detection of hemozoin. Sci. Rep. 10, 14025 (2020).
doi: 10.1038/s41598-020-70860-y. IF: 3.99

3. Pukancsik, M., Molnar P., et al. Highly Sensitive and Rapid Characterization
of the Development of Synchronized Blood Stage Malaria Parasites Via
Magneto-Optical Hemozoin Quantification. Biomolecules 9, 579 (2019).
doi: 10.3390/biom9100579. IF: 4.08 1:2

4. Orban, A., Rebelo, M., Molnar, P., et al. Efficient monitoring of the blood-
stage infection in a malaria rodent model by the rotating-crystal magneto-
optical method. Sci. Rep. 6, 23218 (2016). doi: 10.1038/srep23218
IF: 3.99 1:12 FI:9

4. Publication under revision:

Arndt, L., Koleala, T., Orban, A., Ibam, C., Timinao, L., Lorry, L., Butykai, A.,
Karman, P., Molnar, A. P. et al. nd. “Magneto-Optical Diagnosis of

Symptomatic ~ Malaria in Papua New Guinea.” Under revision.
doi:10.1101/2020.05.14.20101543 IF: 12.1
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Appendix
1. The brief history of malaria

Plasmodia are unicellular eukaryotic parasites with origins dating back to ~130
million years 3%, The parasites adapted to a wide range of vertebrate host organisms, such
as birds, lizards and mammals. The transition to the human host was possible from apes
and started a long time ago, with P. falciparum being the latest to emerge during the past
10 000 — 60 000 years 30302, Evidence shows that modern mankind struggled with
malaria all over recorded history. This section summarizes the main events of malaria for
mankind, to provide a perspective on the current situation and to underline the importance

of elimination goals.

2. Malaria in the past

The first mentions of periodic fevers reach back to 2700 BC 3%°3%, Reports
emerged from ancient China, and Mesopotamia, and malaria-like symptoms were
described later in Sumerian, Egyptian and Greek records as well. Treatment efforts were
also described, the positive effects of Artemisia annua were mentioned in China already
in 340 BC 3%, By the beginning of the Cristian era, malaria was widespread all across
Asia, the Arabian Peninsula, the Mediterranean region and most of Europe, then the Age
of Discovery allowed the spread to America 3%, In other regions of the world, a new cure
emerged: effects of the Peruvian Cinchona tree bark were first noted in 1634, and the
plant was brought to Europe afterwards 3. Regardless of these early containment efforts,
by the 19" century, malaria was at its worldwide peak, both regarding the size of affected

areas and the number of cases 3%,

For a significant period of time, epidemics were explained by the so called miasma
theory, stating that diseases are caused by polluted air, unpleasant and unhealthy odors.
The name ‘malaria’ also originates from this theory, meaning ‘bad air’, associated with
the smells of swamps 3%°. The discovery of microorganisms brought a turning point in
disease management, and led Charles Laveran, a French army medic to the identification
of the parasites in the 1870’s as the causative agents of malaria, for which he was
rewarded a Nobel Prize 3. His finding promoted an upcoming series of malaria- related
discoveries, including the observation that parasites developed inside red blood cells, and

the existence of different human parasite types with different cycle lengths. Ronald Ross,



a British army surgeon made the observation that avian malaria was transmitted by
mosquitoes, and later on he successfully proved that the same mechanism drove human
infections as well. He was awarded a Nobel Prize for his findings in 1902. During the
first half of the 20" Century, most of the complete life cycle was observed, and many,

non-human malaria parasites were discovered 3%,

At the beginning of the 20" Century, efforts had been made to reduce the contact
between people and mosquitoes in the more developed regions of the world. One
approach was to reduce the regions inhabited by mosquitoes, reshaping areas covered by
swamps. It proved to be quite effective in some regions, but did not provide a worldwide
solution %%, Malaria had very high mortality rates in India, all over sub-Saharan Africa,
and increasing transmission was observed in the war-devastated regions of Asia 33,
During WWI, malaria resulted in severe loss of life and physical fitness among soldiers,
threatening military success. This was largely attributable to the lack of knowledge about
the severity and prevention of malaria in these affected regions and the shortages of the

only available treatment of the time 3%,

Therefore, research efforts were focused on the development of new antimalarials
and insecticides. The infamous chemical, DDT was discovered in 1939. Paul Miiller was
awarded a Nobel Prize for his discovery in 1948, as DDT quickly became an important
tool and a new hope in malaria eradication *°. Despite the successful identification of the
active compounds in Cinchona tree bark in 1820, the synthetic production of antimalarials
only became possible a hundred years later. The real turning point of the era was the
chemical synthesis of quinine in 1944. Shortly after, its derivative, the chloroquine
became the gold standard in malaria treatment and the basis of the eradication efforts led
by the WHO 3%,

After the relative stability of the period following WWII, huge efforts had been
made in order to eliminate malaria worldwide. The projects were successful in Europe
and North America as by the end of the 1960’s, both continents were declared malaria-
free. Significant progress was achieved in Asia and South America as well. However, the
complete eradication was never achieved in these regions. The high-transmission African
areas proved to be the most challenging and complicated regarding eradication 3%, It was
however, not the overwhelming burden of malaria in Africa that eventually ended the first

great effort of eradication. Elimination efforts of the era mostly relied on the miracle



chemicals, DDT in vector control and chloroquine in treatment and prevention. By the
march of time, mosquito resistance towards DDT became more and more obvious.
Moreover, increasing concerns related to the negative effects of DDT on the environment
led to the ban of its use in the US in 1972, followed by several other countries, and

eventually a complete ban by the 2001 Stockholm Convention of the United Nations "8,
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Figure 34 - Malaria occurrence during the 20" century 3°7.

The huge promotion and easy accessibility of chloroguine resulted in frequently
occurring irresponsible overuse and dosing. Reports of parasite resistance can be dated
back to the late 1950°s and early 1960’s, followed by a worldwide spread of the
phenomenon, rendering the miracle drug barely usable against P. falciparum by the
beginning of the 21% Century 3%,

By the end of the 20" Century, a huge shift in malaria burden was observable
(Figure 34). An important achievement of this period was the development of methods
allowing the laboratory culturing of malaria parasites, which helped the assessment of
antimalarial activity of new compounds and led to several important observations about
the parasites **°. Furthermore, researchers identified the active compound of the ancient
Chinese treatment, the Artemisia annua in the 1970’s, and it has been later confirmed by
western experts too. The artemisinins were proven to be effective and safe, and were
introduced as an alternative for the once gold-standard chloroquine. In order to avoid fast
parasite resistance, these drugs were introduced as combination therapies, utilizing drugs
of other mechanism of action to ensure maximal effect. Efforts of Youyou Tu about the
discovery and development of artemisinin and related compounds were awarded with a
Nobel Prize in 2015 .



3.  Malaria nowadays

The millennium brought escalating new efforts aiming to control malaria,
however a more cautious manner was applied. Elimination seemed unlikely in the

upcoming decades in highly affected regions 3%

. Nowadays, there is still active
transmission in 93 countries, and more than 3 billion people are at risk of malaria. WHO
milestones were assigned to years 2020, 2025 and 2030 aiming to steadily reduce malaria
occurrence worldwide and a complete elimination by 2040 (Figure 35) 399310, Since 2000,
eleven countries have been declared malaria-free, and many others are steadily headed

towards the goal 131,
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Figure 35 — Goals of malaria elimination until 2040 3.

However, many affected regions were close to elimination decades ago, followed
by a relapse, a worrying trend observable in the past couple of years as well. As progress
tends to stagnate or changed to a worse trajectory in many regions, concerns are
increasing about the outcomes of the current control attempts and urging the development
of new, more efficient control measures >°. Malaria still affects billions, costs hundreds
of thousands of lives, mostly children under the age of 5. An estimated 12 billion USD is

spent on malaria-related efforts annually in Africa alone 3'2,



