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Abstract

Plasmodium falciparum internalises host red blood cell (RBC) cytosol during its intraerythro-
cytic development in an endocytic process called host cell cytosol uptake (HCCU). Internalised
host cell cytosol is transported to the parasite’s food vacuole (FV), where proteins such as
hemoglobin are digested to provide nutrients for parasite growth. In addition to hemoglobin,
the host RBC cytosol contains antioxidant protective enzymes which have been shown to

detoxify reactive oxygen species (ROS) and repair membrane lipid oxidation damage.

Here, we demonstrate that the host RBC enzyme peroxiredoxin 6 (PRDX6), which has
both peroxiredoxin and phospholipase Ay (PLAg) activity, is taken up by the parasite dur-
ing HCCU and plays an essential role in blood stage progression. Treatment of parasites
with PLAs inhibitors blocked parasite growth and ring to schizont progression. Notably, the
PLA5 inhibitor Darapladib increased overall lipid oxidation, disrupted vesicular transport
of host cell cytosol-containing vesicles (HcV) to the FV and led to accumulation of HcVs
inside the parasite cytosol. Darapladib was found to target human PRDX6 and inhibited
its PLAo activity. hPRDX6 was localised in HcVs by electron microscopy. Pre-treatment of
RBCs with the covalently binding PLAo inhibitor methoxy arachidonyl fluorophosphonate
(MAFP) allowed successful invasion of rings, but precluded progression of invaded parasites
to schizont stage underlining the importance of host RBC PLA» for intraerythrocytic para-
site growth. Resistance against the state-of-the-art antimalarial drug Artemisinin (ART) is
linked to reduced HCCU in early ring stages. Co-treatment of ART-resistant parasites with
Dihydroartemisinin and Darapladib showed a synergistic effect and reduced parasite survival

significantly, presumably by raising oxidative stress levels.

Taken together, PRDXG6 is a completely novel host-based antimalarial drug target candid-
ate which is not essential for the host. Identification of a pharmacologically improved PRDX6
inhibitor could open up a new approach to develop antimalarial drugs that target host en-
zymes, which may preclude development of drug resistance. Furthermore, selective inhibition
of host PRDX6 could help overcome emerging parasite resistance against Artemisinin-based

therapies.

Keywords: Plasmodium falciparum; Malaria; Host cell cytosol uptake; Hemoglobin; Lipid oxidation;

Reactive oxygen species; Artemisinin resistance
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Résumé

Le role des enzymes PLA5 dans absorption du cytosol par les cellules hé6tes et

la croissance au stade sanguin de Plasmodium falciparum

Plasmodium falciparum intériorise le cytosol des globules rouges (GR) au cours de son déve-
loppement intraérythrocytaire dans un processus endocytaire appelé absorption du cytosol
dans la cellule héte (host cell cytosol uptake, HCCU). Le cytosol internalisé de la cellule hote
est transporté vers la vacuole alimentaire du parasite (food vacuole, FV), ou des protéines
telles que ’hémoglobine sont digérées pour fournir des nutriments a la croissance du parasite.
En plus de I’hémoglobine, le cytosol des GRs contient des enzymes protectrices antioxydantes
dont il a été démontré qu’elles détoxifient les dérivés réactifs de l'oxygene (reactive oxygen
species, ROS) et réparent les dommages causés par I'oxydation des lipides membranaires.

Ici, nous démontrons que 'enzyme RBC hote peroxiredoxin 6 (PRDX6), qui a une activité
peroxiredoxine et aussi phospholipase As (PLAjg), est absorbée par le parasite pendant le
HCCU et joue un roéle essentiel dans la progression du stade sanguin. Le traitement des
parasites avec des inhibiteurs de PLAo bloque la croissance du parasite et la progression
du parasite de stade anneau a schizonte. Notamment, ’inhibiteur Darapladib augmente
loxydation globale des lipides, perturbe le transport vésiculaire des vésicules contenant le
cytosol de la cellule hote (host cell cytosol-containing vesicles, HcV) vers le FV et conduit a
I’accumulation de HcVs a l'intérieur du cytosol du parasite. Le Darapladib cible le PRDX6
humain et inhibe son activité PLAg. hPRDX6 a été localisé dans les HcVs par microscopie
électronique. Le prétraitement des GRs avec I'inhibiteur covalente PLAo méthoxy arachidonyl
fluorophosphonate (MAFP) a permis l'invasion réussie des mérozoite, mais a empéché la
progression des parasites au stade schizonte, soulignant I'importance des enzymes PLAg de
I’h6ote GR pour la croissance parasitaire intraérythrocytaire. La résistance a l'artémisinine
(ART), un antipaludique de pointe, est liée a une réduction du HCCU aux premiers stades
de lanneau. Le co-traitement des parasites résistants au ART avec la dihydroartémisinine
et le Darapladib a montré un effet synergique et réduit de maniere significative la survie des
parasites, vraisemblablement en augmentant les niveaux de stress oxydatif.

Du fait, PRDXG6 est un cible entiérement nouvelle pour un médicament antipaludique basé
sur un enyzme de I’hGte, qui n’est pas essentiel pour I'héte. L’identification d’un inhib-
iteur du PRDX6 pharmacologiquement amélioré pourrait ouvrir une nouvelle approche pour
développer des médicaments antipaludiques qui ciblent les enzymes de ’hote. Cela pour-
rait empécher le développement d’une résistance du parasite aux médicaments. En outre,
Iinhibition sélective de I'héte PRDX6 pourrait aider & surmonter la résistance émergente des

parasites contre les thérapies a base d’artémisinine.

Mots clefs: Plasmodium falciparum; Malaria; Paludisme; Absorption du cytosol des cellules hotes;

Hémoglobine; Oxydation lipidique; Espéces réactives de 'oxygéne; Résistance a ’artémisinine



3 Introduction



Introduction 13

3.1 Introduction to malaria

Malaria is a mosquito-borne parasitic disease that continues to cause significant morbidity
and mortality in the tropical world [1]. According to the World Malaria Report 2020, about
229 million cases of malaria and an estimated 409 000 deaths from malaria occurred worldwide
in 2019 [2]. About 94% of all these malaria cases occurred in sub-Saharan Africa. Malaria
not only poses a threat to public health, but has severe effects on productivity and economic
growth of endemic countries [3]. Despite the general availability of drugs against malaria, the
mortality in poverty-stricken countries remains high because of the limited access to treatment
in poor rural regions and the fact that no vaccine is available, yet [4]. Furthermore, increased
resistance against nearly all anti-malaria drugs has been reported [5]. Thus, there is a great
need for research on novel drugs and effective vaccines [1].

Malaria is caused by protozoan parasites that belong to the genus Plasmodium and that
are transmitted by female Anopheles mosquitoes. Reducing the numbers of mosquitoes in en-
demic areas and limiting contact with humans is known as vector control and is an important
strategy in the fight against malaria [2]. Plasmodium belongs to the phylum Apicompleza.
Similar apicomplexan parasites are Tozoplasma gondii, Babesia spp. and Cryptosporidium
parvum [6]. From these parasites, Tozoplasma gondii is the most studied and closely related
apicomplexan parasite and despite distinct differences in their respective biology, both Plas-
modium and Tozoplasma share fundamental characteristics in key biological processes such
as host cell invasion and molecular signaling pathways [6,7]. In the genus Plasmodium itself,
there are five different species known to infect humans: P. falciparum, P. vivax, P. ovale,
P. malariae and P. knowlesi. The severest form of malaria is caused by P. falciparum.
Rodent malaria is used as a model for human malaria. Four rodent-infecting Plasmodium

species are known: P. berghei, P. yoelii, P. chabaudi and P. vincker.

3.2 The life cycle of Plasmodium falciparum

The life cycle of P. falciparum can be roughly divided into four stages as shown in Figure 3.1:
The liver stage (A), the asexual erythrocytic stage (B), the sexual erythrocytic stage (C) and
the sporogonic cycle in the mosquito (D). The life cycle inside the human host starts with
the injection of sporozoites into the dermis by an infected female Anopheles mosquito during
a blood meal. From there, the sporozoites move through the dermis until they come into
contact with a blood vessel and travel to the liver via the circulatory system [12]. Having
reached the liver, the sporozoite invades a hepatocyte by crossing the liver sinusoidal layer
through Kupffer cells and further migrates through several hepatocytes [13]. Following mul-
tiple rounds of entry and exit through hepatocytes, the sporozoite invades a hepatocyte and
forms a parasitophorous vacuole (PV) [14]. The sporozoite multiplies inside this PV and

develops into a liver stage schizont containing tens of thousands of merozoites (Figure 3.1 A).
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Figure 3.1: The life cycle of Plasmodium falciparum. (A) Sporozoites are injected under the
skin of the host during the blood meal of an infected female Anopheles mosquito and travel to the
liver sinusoid using the blood circulatory system. Having crossed the liver sinusoid, each sporozoite
invades a hepatocyte, multiplies and forms a liver stage schizont with thousands of merozoites. This
schizont then buds off merozoite-filled vesicles, called merosomes, into the bloodstream. (B) The
blood stage of the life cycle starts with the invasion of red blood cells (RBCs) by merozoites. During
the invasion of the RBC, the merozoite forms the parasitophorous vacuole (PV) in which it develops
into a trophozoite. During its development, the parasite feeds on host cell proteins, most notably
hemoglobin [8]. The digestion of hemoglobin releases toxic oxidative free heme which is detoxified by
the parasite by the formation of hemozoin crystals [9,10]. In the schizont stage, the parasite multiplies
by nuclear division and forms 8-32 new merozoites. After rupture of the PV membrane, the RBC
membrane and degradation of the RBC cytoskeleton, the merozoites egress from the schizont and re-
invade other RBCs. (C) A small proportion of parasites develops into sexual forms: male and female
gametocytes. (D) Gametocytes are taken up by a female Anopheles mosquito during a blood meal.
They mature into male and female gametes inside the mosquito midgut in response to environmental
signals. The gametes egress and fertilise to form zygotes, which then transform into ookinetes that
traverse the midgut wall to form an oocyst [11]. Each oocyst releases thousands of sporozoites which
migrate to and invade salivary glands and can be transmitted to humans again during the next blood
meal. Abb.: PV, parasitophorous vacole; RBC, red blood cell.

These merozoites are released in parasite-filled vesicles called merosomes, which then release
single merozoites into the bloodstream [15]. This marks the start of the blood stage of the
parasite life cycle (Figure 3.1 B). All clinical symptoms of malaria are caused by this blood
stage. The free merozoites invade red blood cells (RBCs) by a complex multi-step process in-
volving interaction between surface receptors on the RBC membrane and parasite ligands on
the merozoite. This process, called invasion, can roughly be divided into four steps: attach-
ment, reorientation, junction formation and invasion [16,17]. The junction formation between
merozoite and RBC enables entry by creation of a parasitophorous vacuole (PV) surrounded

by a vacuolar membrane (PVM) [18]. Following invasion, the merozoite develops into a ring
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form and about 24 hours plater into a trophozoite. The trophozoite feeds on proteins such
as hemoglobin, lipids and other nutrients of the host RBC (detailed introduction in Section
3.3). The salvage of host cell hemoglobin releases the toxic prosthetic heme group which is
rendered harmless by converting free heme into non-toxic hemozoin crystals [9,10]. During
the trophozoite stage, DNA multiplication marks the first step of parasite multiplication by
the process of schizogony [19]. Subsequent successive rounds of nuclear division in the early
schizont stage lead to the formation of 8-32 new merozoites [15,20]. These merozoites, which
develop and mature inside the schizont are trapped within two membranes, the PVM and
RBCM. The rupture of both membranes and the cleavage of the RBC cytoskeleton allows
merozoites to egress from mature schizonts [21]. Having egressed, the merozoites invade other
RBCs to start a new infectious cycle [22,23].

During the blood stage life cycle, a small subpopulation of intraerythrocytic parasites
commit to sexual development and form male and female gametocytes (Figure 3.1 C) [24,25].
Only these gametocytes can infect and develop further in the mosquito vector. They are
taken up during a blood meal from an infected human (Figure 3.1 D). The gametocytes
differentiate inside the mosquito gut into male and female gametes that fuse to fertilize and
form a diploid zygote, which undergoes meiosis and develops into a tetraploid ookinete which
then translocates to the outer wall of the mid-gut and forms the oocyst [11,26]. In the
oocyst, thousands of haploid sporozoites are produced by endomitotic multiplication (also
called sporogony). The oocyst then ruptures and releases sporozoites which migrate to and
invade the salivary glands of the mosquito. During the next blood meal, the sporozoites will
be transmitted to humans to start the host life cycle again.

The life cycles of the five aforementioned Plasmodium species which infect humans are
similar to each other [27]. A notable difference is the formation of a dormant hypnozoite
form in the liver by P. vivaz and P. ovale. These hypnozoites are not eradicated by standard
antimalarial drugs [28,29]. Furthermore, the number of merozoites formed during schizogony

differs between the species.

3.3 Host cell cytosol uptake and hemoglobin digestion

Plasmodium spp. internalise and digest about 75% of the host red blood cell’s hemoglobin
to provide single amino acids for synthesis of parasite proteins during each cycle of intra-
erythrocytic replication [30,31]. Furthermore, the uptake and digestion of host cell cytosol
creates space for the intracellular development of the parasite and generates osmolytes which
prevent the premature hemolysis of the highly permeabilised infected RBC [31-34]. The
process in which Plasmodium spp. take up proteins and lipids from the host red blood cell’s
cytoplasm is known as host cell cytosol uptake (HCCU) (Figure 3.2) [8,35]. Internalised

host cell cytosol is transported in host cell cytosol-containing vesicles (HcV) and salvaged
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by the parasite in a specialised, acidic organelle called food vacuole (FV) located in the
parasite’s cytosol [36]. To reach the FV, the host cell cytosol has to be transported across three
membranes: the parasitophorous vacuole membrane (PVM), the parasite plasma membrane
(PM) and the FV membrane. Inside the FV, the salvage of hemoglobin yields single amino
acids, which are used by the parasite for protein synthesis, and free heme (ferriprotoporphyrin
IX). This free heme is toxic and causes oxidative stress due to the Fe(II)-ion bound inside
the protoporphyrin structure (detailled introduction in sec. 3.3.2) [36]. To detoxify the free
heme, it is crystallised into chemically inert hemozoin crystals which accumulate inside the
FV [9,10].

3.3.1 Mechanistic models of host cell cytosol uptake

The earliest models of HCCU were published in 1966 and are based on electron microscopy
studies of avian malaria and P. falciparum trophozoites by AIKAWA ET AL. and LADDA ET
AL., respectively [37,38]. Both teams published electron microscopy images showing distinctly
dark-coloured endocytic vesicles called cytostomes in the cytoplasm of trophozoites. The dark
appearance of the cytostomes suggested that they are densely loaded with hemoglobin, as the
large iron atom inside the prosthetic heme group has low transmission for the electron beam
causing the structure to appear dark (atomic number -, or Z contrast) [39,40]. Cytostomes
are surrounded by a double membrane structure, resulting from the invagination at both the
parasite membrane (PM) and the parasitophorous vacuole membrane (PVM) [41].

The mechanistic details of HCCU in Plasmodium spp. are still debated in the literature.
In the most widely accepted model, host cell cytosol is taken up through an endocytosis-like
process (Figure 3.2) [35,42]. Through an invagination at the PM/PVM interface, the parasite
forms so-called cytostomes containing host cell cytosol. Multiple parasite proteins have been
shown to be involved in the formation of cytostomes: Kelch13 (K13), the endocytosis-related
adaptor protein 2 (AP2) complex, especially the AP2u subunit, a P. falciparum homologue of
human epidermal growth factor receptor substrate 15 (EPS15), ubiquitin carboxyl-terminal
hydrolase 1 (UBP1) and nine unidentified proteins called Kelchl3 interaction candidates
(KIC1-9) [42-44]. Mutations in these proteins confer reduced susceptibility to the current
anti-malaria drug Artemisinin and its derivatives (ART) as they reduce the HCCU in early
parasite stages (detailed introduction in Section 3.3.3) [43,45]. The endocytic mechanisms
in Plasmodium spp. differ substantially from other eukaryotes. In humans and most other
eukaryotes, endocytosis is initiated by formation of the AP2 complex, which recruits clathrin
monomers to form clathrin-coated vesicles [46-48]. In contrast, recent findings in P. fal-
ciparum suggest that the parasite AP-2 complex initiates vesicle formation without involve-
ment of clathrin [44]. Two models are described for the release of host cell cytosol-containing

vesicles (HcV) from the mature cytostomes: The “cytostome maturation model” suggests that
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Figure 3.2: Current model for host cell cytosol uptake in P. falciparum. 1. Early cytostomes
form at the surface of the parasite membrane through invagination of host cell cytosol. The neck of the
cytostome is formed and stabilised by a collar consisting of a protein complex with various endocytosis
adapter proteins such as AP2u and Kelch13. 2. Two models are described for the release of host cell
cytosol-containing vesicles (HcV) from cytostomes: (a) The “cytostome maturation model” suggesting
that the whole cytostome is formed de Novo and released in its entirety and (b) the “cytostome
hub model” where small HcVs pinch off a persistent parent cytostome. VPS45 is essential for the
transport of released vesicles. Actin and Dynamin potentially play a role in transport, Rab5b/c could
be involved in the endolysosomal system and Rab7 might play a role in retrograde transport for
recycling. 3. Several studies suggest released mature vesicles acidify and proteases such as Plasmepsin
IT are trafficked to HcVs from the ER or Golgi. No hemozoin is detected in HcVs suggesting limited
or absent Hb digestion. 4. The HcV fuses with the FV and releases its content. Free heme from
the digestion of Hb is detoxified by crystallisation into hemozoin crystals. Abb.: FV, food vacuole; Hb,
Hemoglobin; HcV, host cell cytosol-containing vesicle; PM, parasite membrane; PVM, parasitophorous vacuole
membrane; RBC, red blood cell.

the whole cytostome is formed de novo and released in its entirety (Figure 3.2 2a) [49, 50],
whereas the “cytostome hub model” suggests that small HcVs pinch off a persistent parent
cytostome (Figure 3.2 2b) [42].

Once released, HeVs have to be actively transported towards the FV. Recently, the P. fal-
ciparum orthologue of the vacuolar protein sorting-associated protein 45 (VPS45) was iden-
tified to be essential for transport of HcVs in P. falciparum [50]. The authors demonstrated
that HcV accumulated in the parasite’s cytosol and did not get delivered to the FV upon
conditional inactivation of PfVPS45. Inhibitor studies suggested the further involvement of
actin, dynamin, phosphatidylinositol 3-kinases (PI3K) and SNARE proteins in the trans-
port and maturation of HcVs [51-54]. In humans, Ras-associated binding (Rab) proteins are
known to localise to early endosomes and play an essential part in the maturation of endo-
somes [55]. P. falciparum expresses Rab orthologues, but their role in cytostomes and HCCU
remains unclear [42]. A conditional inactivation of PfRabba leads to growth arrest only in
late schizont stage, suggesting that it is not essential during the main HCCU in ring or troph-
ozoite stages [56]. Based on the function of their orthologues in humans and other eukaryotes,

Rabbb and Rabbc could be involved in the endolysosomal system and Rab7 might play a role
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in retrograde transport for recycling, but neither has yet been directly assessed [42,57-59]. It
remains unclear, whether hemoglobin and other host cell cytosol proteins are digested within
HcVs before fusion with the FV [35,42,60,61]. No hemozoin was detected in arrested HcVs
upon inactivation of PfVPS45 suggesting limited or absent Hb digestion before the fusion
with the FV [50]. However, there is evidence that Hb-proteases such as plasmepsin II are
trafficked to HcVs from the parasite ER and Golgi [62]. During their maturation and before
the fusion with the F'V, HcVs acidify and thus effectively allow HcV-located proteases to work
in their pH optima [63,64]. Finally, HcVs fuse with the FV and release their content into the
FV lumen where it is proteolytically digested [36].

Between the years 2008 and 2010, several studies claimed various additional models of
HCCU. The group of ELLIOTT ET AL. proposed in 2008 that early ring stages take up
hemoglobin by folding around a “big gulp” of RBC cytoplasm in a process related to mac-
ropinocytosis [65]. They report a cytostome- and actin-independent HCCU pathway in ma-
ture parasites called phagotrophy [65]. Conversely, LAZARUS ET AL. suggested in 2008 that
cytostomes are mutually connected both to the FV lumen and the RBC cytosol, thus allowing
a non-vesicular transport of host cell cytosol [51]. Both the “big gulp” model by ELLIOT ET
AL. and the non-vesicular model by LAZARUS ET AL. are repudiated in more recent public-
ations [42,49,50,63]. ABU BAKAR ET AL. confirmed that parasites form an invaginated cup
shape at ring stage, but showed that this invagination pocket stays connected to the RBC

cytosol and does not form a separated vesicular structure [63].

3.3.2 Elevated oxidative stress in the parasite causes lipid oxidation

The main source of nearly all amino acids needed by Plasmodium spp. for their growth stems
from digestion of host RBC hemoglobin [31]. The proteolytic cleavage of hemoglobin inside
the parasite FV releases free heme (ferriprotoporphyrin IX or a-hematin) which contains a
Fe(II)-ion bound inside a protoporphyrin structure. This heme-bound Fe(II)-ion causes the
production of reactive oxygen species (ROS) via the Fenton reaction (Equation 3.1) [66,67].
Briefly, oxidation of Fe(II) with HoO2 yields a hydroxyl radical, a hydroxide ion and Fe(III)
(eq. 3.1a). The Fe(IIl) is then reduced again with another molecule of HoO2 to form a
hydroperoxyl radical, a proton and Fe(II) (eq. 3.1b). As the net reaction product, hydrogen
peroxide is disproportionated into a hydroxyl radical, a hydroperoxyl radical and water (eq.
3.1c).

a)  Fe?t +Hy0y — Fe3t + HO-+ OH
b) Felt +HyOy —» Fe?t +HOO-+H" (3.1)

c) 2 HoO2 — HO-+ HOO- + Hy0
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Furthermore, the liberated electron from the oxidation of Fe(II) to Fe(III) can react with
molecular oxygen to form superoxide anions (O + ¢ — - O3) [31]. To inhibit the produc-
tion of ROS, the parasite crystallises reactive free a-hematin monomers into chemically inert
B-hematin crystals, which are also called hemozoin [68,69]. This process is unique to hema-
tophagous parasites and substantially different from humans, which degrade hemoglobin to
bilirubin, free Fe?* and carbon monoxide [70]. Next to hemozoin crystallisation, the malaria
parasite may possess alternative ways to detoxify free heme, such as direct enzmyatic heme
degradation [71,72]. Despite the detoxifying crystallisation processes in the FV, a small pro-
portion of free heme can escape the FV and locates to the parasite and RBC cytosol, causing
oxidative damage [73,74]. Free heme has also been shown to directly bind to membranes
causing lysis [75]. Next to heme-induced oxidative stress, oxidative bursts from host immune
cells such as macrophages and T-cells could further increase oxidative stress levels in the
parasite [76]. Elevation of oxidative stress caused by accumulation of Fe(II) is also observed
in ferroptosis, a regulated, non-apoptotic and tightly controlled type of cell death which can
be selectively triggered by nearly all cell types [77,78].

It is widely agreed that iron- and heme-induced elevation of ROS levels causes extensive

lipid oxidation damage [31,73,78-80]. Lipid oxidation is covered in detail in section 3.4.

3.3.3 Physiological basis of Artemisinin activity and resistance

Recently, hemoglobin digestion in Plasmodium spp. and the subsequent elevation of oxidative
stress levels shifted back into the research focus, as the current state-of-the-art antimalarial
drug Artemisinin (ART) has been shown to be activated by free heme from hemoglobin diges-
tion [81,82]. Artemisinin was discovered in the 1970s by the group of Youyou TU in studies
on antimalarial activity of traditional Chinese herbal medicines [83,84]. Because of the low

bioavailability and solubility of Artemisinin, several semisynthetic derivatives with improved
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Figure 3.3: Artemisinin and its clinically relevant derivatives. Due to the low bioavailability
and solubility of Artemisinin, several improved derivatives have been developed. Of these, Artesunate
and Artemether are most widely used. All Artemisinin derivatives are rapidly converted in vivo into
biologically active Dihydroartemisin. Inside the infected RBC, Artemisinin is activated by heme-
mediated oxidative cleavage of the endoperoxide bridge (shown in red) which then promiscuously
binds to multiple targets causing extensive cellular damage.
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solubility have been developed (Figure 3.3) [82]. From these, Artesunate and Artemether
are the clinically most relevant derivatives [85]. All Artemisisin derivatives are metabolised
to the biologically active form Dihydroartemisinin (Figure 3.3) [86]. For better readability,
this study refers to all derivatives collectively as “Artemisinin” if not otherwise indicated.
Chemically, Artemisinin is classified as a sesquiterpene lactone and contains a reactive 1,2,4-
trioxane endoperoxide bridge (Figure 3.3, shown in red) [82]. The cleavage of this endop-
eroxide bridge is essential for the antimalarial action of Artemisinin and is facilitated by
heme-bound Fe(II) [82,87,88]. Chelation of free ferrous Fe(II) ions did not inhibit activation
of Artemisinin [88]. This indicates that not free Fe(II) ions, but heme-bound Fe(II) catalyses
the cleavage of the endoperoxide [88]. The inhibition of hemoglobin digestion, and thus free
heme production, in P. falciparum significantly reduced Artemisinin activation [81]. These
findings underline the pivotal role of free heme for the activation of Artemisinin. In addition,
it has been shown that Artemisinin can be activated by high ROS concentration in yeast mi-
tochondria [89,90]. Taken together, these findings indicate that in a first step, Artemisinin is
activated by heme-bound Fe(II) and possibly also high ROS levels through oxidative cleavage
of the endoperoxide bridge [82,88].

The downstream mode of action of activated Artemisinin was not understood for a long
time [82]. Reports in 2003 suggested that Artemisinin selectively targets the P. falciparum
sarco/endoplasmic reticulum Ca?*-ATPase 6 (SERCA, PfATPG6) [91]. The claims of a single
specific target have since been refuted in the literature and were replaced by the hypothesis
that Artemisinin promiscuously binds to multiple targets [82,88,92,93]. In 2015, alkyne-
tagged, heme-activated Artemisinin was shown to covalently bind 124 proteins in P. fal-
ciparum [88]. An independent complementary study confirmed the promiscuous targeting
of Artemisinin a year later [93]. Furthermore, activated Artemisinin was found to inhibit
heme crystallisation by alkylation of heme [94]. This makes heme both an activator and a
target of Artemisinin. Next to causing extensive cellular damage due to nucleophilic reac-
tion of activated Artemisinin with susceptible groups of proteins and lipids, Artemisinin has
been shown to inhibit the parasite’s proteasome leading to a lethal accumulation of unfolded,
polyubiquitinated proteins [95].

Due to the promiscuous, unspecific targeting of Artemisinin, drug resistance in Plas-
modium spp. cannot be attained by simple target mutation. From 2008 on, however, first re-
ports of ART-resistant parasites emerged [96,97]. The first identified molecular marker which
caused ART-resistance was a C580Y mutation in the B-propeller domain of the PfKelch13
(K13) protein [45,98]. K13 has been shown to be involved in the formation of cytostomes
during host cell cytosol uptake (HCCU, Figure 3.2) [43]. Further proteins linked with ART-
resistance, EPS15 and AP-2u, have also been shown to be involved in HCCU [42-44]. Taken
together, these findings suggest that mutations in K13, EPS15 and AP-2u reduce HCCU and

thus hemoglobin digestion in the F'V. This in turn lowers the level of free heme being produced
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which then inhibits downstream activation of Artemisinin, conferring ART-resistance [43-45].
Notably, these resistance-causing mutations only affect HCCU in ring stage parasites [43].

The most widely used ART derivate Artesunate and its active metabolite Dihydroarte-
misinin (DHA) have a very short in vivo half-life and are completely cleared from patients
within about 6 h [99-101]. In these 6 h, the decreased hemoglobin digestion in ART-resistant
ring stage parasites effectively impairs the activation of Artemisinin and enables parasite
survival [43,45]. Once Artemisinin is cleared from the system, surviving ART-resistant ring
stage parasites can progress and grow normally [45]. So far, no resistance against Artemisinin
in trophozoites or schizonts has been observed, most probably because of high levels of free
heme in these life stages [45].

The recent identification of the main ART-resistance causing mechanism as reduced HCCU
during ring stage allows the specific development of drugs to overcome these resistance mech-
anisms. One possibility would be to raise general oxidative stress levels in ring stages to allow

activation of Artemisinin despite reduced hemoglobin uptake and digestion.

3.4 Lipid oxidation

3.4.1 Molecular basis and physiological effects of lipid oxidation

Lipid oxidation describes the oxidation of mono- or poly-unsaturated fatty acids (MUFA,
PUFA) and is initiated non-enzymatically by ROS or enzymatically by lipoxygenases (LOX)
[102]. Enzymatic lipid oxidation will not be discussed in detail here, as this study focusses
on ROS-initiated non-enzymatic oxidation of phospholipids. Non-enzymatic lipid oxidation
is a free radical chain reaction. It is initiated with the abstraction of an unsaturated lipid-
bound allylic hydrogen by a free radical yielding a lipid radical (Figure 3.4) [102]. In contrast
to saturated FAs, only unsaturated FAs are susceptible to hydrogen abstraction by radicals

because their allylic or bis-allylic methylene groups stabilise the carbon-centered secondary
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Figure 3.4: Molecular mechanism of the lipid oxidation radical chain reaction.
Non-enzymatic lipid oxidation is initiated by the abstraction of an allylic hydrogen of an unsatur-
ated lipid by a free radical. The formed lipid radical rearranges, reacts with molecular Og and forms
a lipid peroxyl radical. This lipid peroxyl radical then abstracts the hydrogen of another unsaturated
lipid to form a lipid peroxide and causes the propagation of the radical chain reaction.
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radical via resonance structures [103]. After a rearrangement, the carbon-centered radical
reacts with molecular Og and forms a peroxyl radical. This lipid peroxyl radical then abstracts
allylic hydrogens from other unsaturated FAs leading to the production of a lipid peroxide and
a new lipid radical, which initiates the further propagation of the radical chain reaction [102,
103]. Peroxidised FAs can undergo further oxidation leading to polyoxgenation, cyclisation or
oxidative fragmentation of FAs [102]. Furthermore, oxidised lipids containing an electrophilic
aldehyde or carbonyl end group can form adducts with nucleophilic side chains of amino
acids, for example the thiol group of cysteine or the amino group of lysine, causing extensive
protein damage [102,104]. Termination of lipid oxidation as well as detoxification and repair
of oxidised phospholipids is discussed in detail in Section 3.5.

In vivo, the major targets for lipid oxidation are mono- and poly-unsaturated fatty acids
(MUFA, PUFA) bound to a phospholipid (PL) backbone [102]. PLs are the major constituent
of cell membranes. Thus, oxidative damage of membrane-bound PLs causes a threat for
membrane integrity [102,105-107]. The oxidation of PLs greatly reduces the hydrophobicity
of the FA residue which causes the reorientation of the FAs to the aqueous phase outside of
the membrane bilayer [108]. This leads to a drastic decrease in membrane fluidity (lateral
diffusion of lipids), significantly changes membrane rigidity and increases the curvature of
the lipid bilayer [109-111]. The increased curvature of the lipid bilayer in turn increases the
spacing between lipids and enhances the steric accessibility of unoxidised, unsaturated FA
side chains [109,111]. This elevates the risk for further oxidative damage in already oxidised
membranes [111]. Furthermore, the oxidatively enlarged intra-lipid spacing has been shown
to increase permeability of membranes which can lead to complete membrane disruption
[110,112]. Oxidised phospholipids (OxPL) are a marker of apoptotic and ferroptotic cells
and, especially as protein-OxPL adducts, can serve as oxidation-specific epitopes which can
be recognised by immune cells and antibodies [102,113]. Lipid oxidation can also directly
trigger apoptosis pathways [114,115]. Oxidation of cytosolic phosphatidylserine (PS) was
shown to trigger the externalisation of unoxidised PS, which is a signal for apoptosis [114].

Cellular signalling and expression of antioxidant proteins is directly controlled by OxPL
levels [79,116]. OxPLs have been shown to modulate the activity of transcription factors
such as Nuclear factor erythroid 2-related factor 2 (NRF2) or nuclear factor xB (NF-xB)
which in turn regulate the expression of antioxidant enzymes and cytokines such as heme
oxygenase 1 (HO1) or interleukin 8 (IL-8) [102,116,117]. As RBCs do not contain a nuc-
leus, transcription regulation by OxPLs has no implication in uninfected RBCs. However,
P. falciparum expresses orthologous transcription factors indicating that lipid oxidation could
modulate expression of antioxidant parasite proteins [73]. Furthermore, OxPLs can directly
bind and activate multiple signalling receptors, such as Toll-like receptor 4 (TLR4), multiple
G protein-coupled receptors (GPCR) and the platelet-activating factor receptor (PAFR) in-
ducing various antioxidant responses [79,102,116,118,119].
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3.4.2 Measurement of lipid oxidation

Direct quantification of oxidised lipids is challenging due to the high variety and low abund-
ance of oxidised FAs compared to their unoxidised precursors [102]. Despite the technical
difficulties, chromatography-coupled mass spectrometry has been successfully employed to
quantify oxidised lipids and has been termed oxidative lipidomics [120]. However, complex
biological samples contain many molecules with similar mass-to-charge ratios (m/z) as oxid-
ised lipids. This makes oxidative lipidomics impractical for investigation of complex biological
processes. In contrast, secondary lipid oxidation products such as malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE) have been studied extensively as biomarkers for lipid oxid-
ation in biological samples since the 1960s [121]. MDA is formed non-enzymatically during
the decomposition of oxidised arachidonic acid and larger PUFAs and can be measured con-
veniently using the thiobarbituric acid reactive substances (TBARS) assay [122]. Even if
measurement of TBARS is widely accepted to correlate with lipid oxidative damage in a
sample [121], it is known to not be entirely specific for several reasons: Firstly, MDA is not
exclusively formed in decomposition of oxidised lipids, secondly not all oxidised lipids decom-
pose into MDA and thirdly thiobarbituric acid can react with substances other than MDA
leading to false positive results [123]. Thus, measurement of MDA with the TBARS assay
allows the general assessment of the lipid oxidation status in a biological sample, but results
should be validated with further investigations using complementary assays [123].

More recently, the lipophilic fluorescent dye BODIPY (4,4-difluoro-3a,4a-diaza-s-indacene)
has been employed as a PL- or FA-conjugated probe to measure lipid oxidation directly
within membranes [124]. Oxidation of the polyunsaturated lipid bound to the BODIPY dye
causes a blue shift of the fluorescence emission peak from red (=590 nm) to green (=510 nm).
However, it has been reported that BODIPY lipid oxidation probes are more readily oxid-
ised than endogenous lipids and can act as potent radical scavengers [125]. Thus, BODIPY
probes overestimate lipid oxidation damage and do not yield quantitative information on lipid
oxidation. Nonetheless, they serve as sensitive indicators for a chemical environment which

potentially causes lipid oxidation [125,126].

3.4.3 Lipid oxidation in RBCs and P. falciparum infected RBCs

RBCs are especially prone to lipid oxidation due to the high content of unsaturated PLs in
their lipid bilayer, their constant exposure to oxygen and the high concentration of heme-
bound Fe(IT) within the RBC cytosol [106,127-129]. As RBCs do not possess either nucleus
or a protein expression machinery, they cannot react to changes in oxidative stress [127].
Antioxidant enzymes and mechanisms of RBCs are discussed in detail in Section 3.7.
Despite the clear indication that the release of heme during hemoglobin digestion by P. fal-

ctparum directly causes toxic lipid oxidation damage, direct research of lipid oxidation during
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P. falciparum infection has been scarce [73,126,130]. Similar to uninfected RBCs, the mem-
branes of P. falciparum within the RBC consist largely of unsaturated FAs [131]. During
infection, the ratio of unsaturated to saturated FA side chains within the RBC membrane
further increases [132]. Initial studies from 1985 and 1992 didn’t find direct evidence for lipid
oxidation in P. falciparum infected RBCs [133,134]. However, more recent studies success-
fully demonstrated increased lipid oxidation in P. falciparum infected RBCs [126, 130, 135].
Notably the study of P. falciparum infected RBCs stained with the fluorescent lipid oxidation
sensor BODIPY?81/591_pC by FU ET AL. indicated that mostly the parasite membranes, but
not host RBC membranes were subjected to lipid oxidation [126]. Treatment of P. berghei
infected mice with oxidised FAs leads to reduced parasite survival [136]. Recently, it has
been shown that host lipid oxidation regulating enzymes are essential during the liver stage
of P. berghei [137].

3.5 Lipid oxidation control and detoxification

3.5.1 Enzymatic ROS detoxification

Initiation of the radical lipid oxidation chain reaction can be prevented by enzymatic de-
toxification of small ROS molecules, such as HoO2. Superoxide dismutase (SOD) catalyses
the dismutation of the superoxide radical Oy into oxygen and H2O9 (Equation 3.2a), and
catalase cleaves HoO2 into water and oxygen (Equation 3.2b) [77,127]. Small ROS molecules
like HoO9 are also reduced and detoxified by glutathione peroxidases (GPx), thioredoxin
peroxidases (TPx) and peroxiredoxins (PRDX) through the oxidation of a dithiol-disulfide
reductant such as glutathione (GSH) or thioredoxin (Trx) (Figure 3.5B/C) [138]. Oxidised
glutathione and thioredoxin are then recycled via the oxidation of NADPH to NADP.

a) 20y + 20T S o 0, 4 1,0,

(3.2)
b) 2 HoO9 M) 2H20 + O9

3.5.2 Prevention and termination of lipid oxidation by antioxidants

Antioxidant radical scavengers form stable radicals and are excellent hydrogen donors due to
stabilising resonance structures and large delocalised electron systems [139]. Thus, antioxidant
radical scavengers can prevent the initiation of the chain reaction by scavenging free radicals
(Figure 3.5A) [77,140]. Furthermore, the lipid oxidation radical chain reaction can be ter-
minated by scavenging of reactive lipid and lipid peroxyl radicals by antioxidant compounds
such as a-tocopherol (vitamin E), Coenzyme Q1q, ascorbic acid (Vitamin C), ferrostatin-1 or
liproxstatin [111,140-142]. Key antioxidant compounds in RBCs and Plasmodium spp. are

discussed in detail in Section 3.7.2.
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Figure 3.5: Control and repair of lipid oxidation. (A) The lipid oxidation radical chain reaction
can be terminated by scavenging of radicals, such as a-tocopherol (shown). The chain reaction is ter-
minated due to the stability of the antioxidant radical. (B) Small ROS molecules such as HoO9 and re-
active phospholipid peroxides are reduced by glutathione peroxidases (GPx), glutathione S-transferases
(GST) and peroxiredoxin 6 (PRDXG6) to water or a less reactive lipid hydroxide, respectively, via the
oxidation of glutathione (GSH). GPx4 and PRDX6 preferably reduce oxidised phospholipids, whereas
other glutathione peroxidase family members reduce small ROS molecules. Oxidised glutathione is
recycled by glutathione reductase (GR) under the use of NADPH. (C) Thioredoxin peroxidases (TPx)
and PRDX1-5 can reduce reactive peroxides with thioredoxin (Trx), a thioredoxin reductase (TrxR)
and NADPH. Abb.: GR, glutathione reductase; GPz, glutathione perozidase; GSH, glutathione; GST, gluta-
thione S-transferases; PRDX, peroxiredoxrin; Trx, thioredoxin; TPz, thioredoxin peroxidase; TrxR, thioredoxin
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reductase.

3.5.3 Reduction of lipid peroxides by peroxidases

Highly reactive lipid peroxides can be reduced to less reactive lipid hydroxides by enzymes
such as glutathione peroxidases (GPx), thioredoxin peroxidases (TPx) and peroxiredoxins
(PRDX) (Figure 3.5B) [102,143]. The enzymes GPx4 and PRDX6 show the highest activity
for the reduction of membrane-bound oxidised phospholipids, whereas other GPx and PRDX
family members are involved in reduction of small ROS molecules such as HoO9 as described
above [77,102,107]. GPx4 and PRDXG6 reduce lipid peroxides by oxidation of glutathione
(GSH), thereby generating a less reactive lipid hydroxide and oxidised glutathione [102,107,
144]. Oxidised glutathione is then recycled by glutathione reductase (GR) under the use of
NADPH (Figure 3.5B) [144]. In RBCs, NADP™ is then recycled back to NADPH exclusively
by the enzyme glucose-6-phosphate dehydrogenase (G6PD) [73,145].

In addition to GPxs and PRDXSs, lipid peroxides can be reduced by glutathione S-transferases
(GST) (Figure 3.5B) [146,147]. Similarly to GPxs, thioredoxin peroxidases (TPx) can reduce
lipid peroxides with thioredoxin (Trx), a respective thioredoxin reductase (TrxR) and NADPH
(Figure 3.5C) [144,148,149)].

3.5.4 Repair of OxPLs by phospholipases A, and acyltransferases

Phospholipids (PLs) consist of a glycerol backbone which is esterified with two fatty acid
residues and a polar phosphate-containing head group (Figure 3.6A). To precisely name the

configuration of PLs, the carbon atoms of the glycerol backbone are numbered. The carbon
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Figure 3.6: Repair of OxPLs by PLA3. (A) Phospholipase Ay enzymes selectively cleave the sn2-
FA of phospholipids by hydrolysis. In phospholipids, the sn1-FA (here R1) is generally unsaturated
and thus not oxidised whereas the sn2-FA (Rg) has varying degrees of unsaturation and can be
oxidised. (B) OxPLs are repaired by selective cleavage of the oxidised sn2-FA and replacement
with an unoxidised FA via an acyltransferase. The free oxidised FA is subsequently degraded via
B-oxidation. Abb.: FA, fatty acid; (Oz)PL, (ozidised) phospholipid; X, phospholipid head group, such as
choline, ethanolamine, inositol or serine.

atom, which is the farthest from the polar head group is designated as sn1 (stereospecifically
numbered 1), the middle carbon atom as sn2 and the carbon esterified with the phosphate
group as sn3 [150]. The saturation of FA residues of PLs is asymmetric between the snl and
sn2 position. Generally, the sni-FA is saturated, whereas the sn2-FA has varying degrees
of unsaturation [151,152]. The reason for this asymmetry was not understood until recently.
MANNI ET AL. provided evidence that membranes with artificially increased abundance
of sn1- and sn2-unsaturated PLs showed drastically elevated permeability and vesiculation
frequency [151]. The authors concluded that the saturation asymmetry between sni and
sn2 FAs provided a good trade-off between membrane stability and permeability [151]. The
finding that the sni-FA is generally saturated implies that PL oxidation damage is nearly
exclusively restricted to unsaturated sn2-FA residues.

Phospholipases which selectively and exclusively cleave the snI- or the sn2-FA are called
phospholipase A (PLA1) and phospholipase Ag (PLAj3), respectively. Phospholipases which
cleave both sni- and sn2-FAs are classified as phospholipase B (PLB). As the majority of
lipid oxidation concerns sn2-FAs, PLA9y enzymes play a crucial for detoxification of OxPLs.
Mechanistically, PLAg (and similarly PLA; and PLB) cleave the ester bond between the
glycerol backbone and the FA by hydrolysis (Figure 3.6A and B) [102,107,153]. The net
reaction product is a lyso-phospholipid (Lyso-PL) and a free FA. A summary of the PLAg
mediated repair mechanism of OxPLs is shown in Figure 3.6B. After cleavage of the oxidised
sn2-FA by a PLAg, the resulting Lyso-PL is complemented with an unoxidised FA by an
acyltransferase (AT) [102,154]. The free oxidised sn2-FA is then degraded and detoxified by
B-oxidation [102,107,153,155]. Several PLAy enzymes have been shown to selectively cleave

OxPLs and are discussed in detail in the following sections.
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3.5.4.1 Platelet-activating factor acetylhydrolases (PAF-AH)

Several PLA9 enzymes from the class of platelet-activating factor acetylhydrolases (PAF-
AH) have been reported to cleave oxidised lipids: Lipoprotein-associated PLAg (Lp-PLAj),
platelet-activating factor acetylhydrolase 2 (PAF-AH2) and the heterotrimeric platelet-acti-
vating factor acetylhydrolase 1b (PAF-AH1b). All PAF-AH enzymes contain a Ser-His-Asp
catalytic triad in their active site and are Ca?t-independent [156]. PAH-AHs are classified
in group VII and VIII of the PLAg superfamily.

Human lipoprotein-associated PLAy (Lp-PLA2) is the most studied enzyme in PLA9 group
VII [157]. The naming of Lp-PLAg has been inconsistent in the literature. Other names for
Lp-PLAg are PLA2G7, LDL-PLA> and platelet-activating factor acetylhydrolase (PAF-AH),
which is not used here to avoid confusion with the enzyme class PAF-AH. The primary
enzymatic action of Lp-PLAs is the cleavage of the phospholipid platelet-activating factor
(PAF) into lyso-PAF. PAF is a unique phospholipid as it has an ether linked saturated C16
acyl chain at snl and a short C2 acetyl group esterified at sn2. PAF has a phosphocholine
head group. Lp-PLAg exhibits specificity for very short sn2-FAs, such as the sn2 C2 acetyl
group of PAF. The cleavage efficiency is significantly decreased with increasing chain length of
the sn2 residue with relative activity of about 2% for cleavage of a C9 sn2-FA [157]. However,
if the sn2-FA is oxidised, Lp-PLAo was shown to effectively cleave oxidised sn2-FAs up to
C9 [105,157-159]. Lp-PLAj is an extracellular plasma protein and exported to the blood
stream after production in CD14" inflammatory cells [157]. Because of the involvement of Lp-
PLA; in the cleavage of oxidised low-density lipoproteins (Ox-LDL), which play a major role in
vascular diseases, it was proposed that inhibition of Lp-PLA9 could confer protection against
vascular diseases such as atherosclerosis [157,159,160]. For this, the specific Lp-PLAg inhibitor
Darapladib was developed by GlaxoSmithKline (Figure 3.7A) [160]. Despite exhibiting a very
good pharmacological profile with an ICsq for Lp-PLAg of 0.25 nM, Darapladib failed as a
drug against atherosclerosis in Phase III trials [161]. One major drawback of the lipophilic
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Figure 3.7: Inhibitors of PLA5. (A) Darapladib inhibits human Lp-PLAs. (B) Varespladib tar-
gets sPLA9 enzymes of groups ITA, V and X. (C) ATK and MAFP target both ¢cPLAs and iPLAs.
MAFP has furthermore been shown to inhibit Lp-PLAs. Abb.: ATK, Arachidonyl trifluoromethyl ketone;
c¢PLA», cytosolic PLAg; Lp-PLA», Lipoprotein-associated PLAg; MAFP, Methoxy arachidonyl fluorophos-
phonate; sPLA», secreted PLA».
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drug Darapladib is its low bioavailability with a maximum plasma concentration of only 20nM
after administration of 160 mg intravenously [162]. In addition to Darapladib, the covalent
inhibitor methoxy arachidonyl fluorophosphonate (MAFP) has been shown to inhibit Lp-
PLAy (Figure 3.7C) [163,164].

Platelet-activating factor acetylhydrolase 2 (PAF-AH2) is the cytoplasmic isoform of ex-
tracellular Lp-PLA9 and shares about 41% identity [165,166]. PAF-AH2 shows a very similar
selective activity against PAF and oxidised lipids shorter than C10 as Lp-PLAg [165-167].
No specific inhibitors against PAF-AH2 have been developed so far.

PAF-AH1b, also sometimes called PLA2GS, is another intracellular PAF-AH but sub-
stantially different from Lp-PLAo and PAF-AH2 [168-170]. PAF-AHI1b is a heterotrimeric
enzyme consisting of a regulatory subunit (PAF-AH1bl) and two catalytic subunits (PAF-
AH1b2/3) [168]. The PAF-AH1b complex shows a similar activity profile as Lp-PLAg and
PAF-AH2 against PAF and short oxidised lipids [165,167,171,172]. The compound P11
selectively inhibits the catalytic subunits PAF-AH1b2 and PAF-AH1b3 of the PAF-AH1b
complex [168].

3.5.4.2 Cytosolic PLA; (cPLAj)

Cytosolic PLAg enzymes are classified in group IV and contain a Ser-Asp catalytic dyad
[156,173]. In comparison to other PLAg, they contain a Ca2t-binding C2 domain and require
Ca?t for their enzymatic activity [156,173,174]. cPLAg show elevated activity against long,
poly-unsaturated sn2-FA, such as arachidonic acid and linoleic acid, and have also been shown
to cleave oxidised sn2-FAs [102,156,175]. The inhibitors arachidonyl trifluoromethyl ketone
(ATK) and methoxy arachidonyl fluorophosphonate (MAFP) were among the first reported
inhibitors of cPLA2 and have been widely studied in the literature [156]. They do not inhibit
sPLAjg, but have been shown to target iPLAg. MAFP targets Lp-PLAg as well [156,163,164].
ATK and MAFP are both derivatives of arachidonic acid with either a reversibly binding
trifluoromethyl head group for ATK or a methoxy fluorophosphonate head group for MAFP,
which forms a covalent bond with the active site serine (Figure 3.7C) [176-179].

3.5.4.3 Ca’*-independent PLA, (iPLA))

Ca®*t-independent PLAy (iPLA3) enzymes share homology with group IV ¢PLAg enzymes,
but lack the C2 domain and have Ca’*-independent PLAs activity [156,180]. Similar to
cPLA9, iPLA9 contain a Ser-Asp catalytic dyad and show a similar selectivity for long unsat-
urated, as well as long oxidised sn2 FAs [156]. Several iPLAg share homology with the potato
storage protein patatin and are also called patatin-like phospholipases A (PNPLA) [156,181].
Due to the similarity to cPLAo, iPLA9 are inhibited by the ¢cPLAs inhibitors ATK and
MAFP [156,178,182]. No specific iPLAg inhibitors are available so far [156].
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3.5.4.4 Secreted PLA; (sPLAj)

Secreted PLAg (sPLA3) are small proteins ranging from 14-18 kDa which are secreted to the
blood stream [156,180]. In contrast to all other PLAy subfamilies, they contain a His-Asp
catalytic dyad [156]. sPLAg have been shown to cleave oxidised lipids, especially bound to
lipoproteins [183]. For selective inhibition of sSPLAg enzymes, the inhibitor Varespladib was
developed against sPLA9 enzymes in the groups IIA, V and X (Figure 3.7B) [184].

3.5.4.5 Lysosomal PLA; (LPLA))

Lysosomal PLA9 (LPLA3) is classified in the PLAo group XV and predominantly found in
lysosomes [156, 185]. It exhibits its maximum activity at acidic pH [156, 185]. Similar to
Lp-PLAjy, it has a Ser-His-Asp catalytic triad and has been shown to cleave short-chain ox-
idised lipids [185,186]. LPLA9 has also been shown to cleave snl-FAs and thus is not a
selective PLA9g [185]. LPLAg shares about 50% identity with lecithin:cholesterol acyltrans-
ferase (LCAT) [185,187]. LPLAjy is inhibited by MAFP, but no selective inhibitors have been
identified [185].

3.5.4.6 Lecithin:cholesterol acyltransferase (LCAT)

Principally, lecithin:cholesterol acyltransferase (LCAT) catalyses the formation of cholesterol-
acyl esters using PLs as donors for the acyl chains and shares 50% homology with LPLAg [185,
188, 189]. However, LCAT was also shown to cleave oxidised sn2-FAs without a subsequent
formation of cholesterol esters [190]. The LCAT-PLAjy activity seems to be selective for long-
chain oxidised FAs, in contrast to PAF-AHs and LPLAy, which cleave short-chain oxidised
FAs [185,191]. LCAT is a secreted serum protein and no selective inhibitors against LCAT
have been developed so far [187].

3.6 Peroxiredoxin 6 — a trifunctional lipid oxidation repair enzyme

Peroxiredoxin 6 (PRDX6) is a unique enzyme as it exhibits both a cysteine-dependent per-
oxidase activity, as well as an independent PLA9 activity [153,192,193]. There is additional
evidence that PRDX6 also has a lysophosphatidylcholine acyl transferase (LPCAT) activ-
ity [154]. Neither the PLAg nor the LPCAT activity are found in other peroxidases, making
PRDX6 a unique enzyme of its kind [153]. PRDX6 is known to repair oxidised membranes,
a model for this process is shown in Figure 3.8 [107,194]. In the initial state, PRDX6 is loc-
alised in the cytosol (Figure 3.8A). Upon oxidation of the membrane, PRDX6 can associate
to the membrane by direct binding to OxPLs (Figure 3.8B) [107]. After binding, PRDX6
reduces lipid peroxides with its peroxidase activity by co-oxidation of glutathione (Figure
3.8C). The damaged FA is subsequently cleaved and replaced with an unoxidised FA using
the PLAg and LPCAT functions (Figure 3.8D). Kinetic studies suggest that PLAg-mediated

acyl cleavage and LPCAT-mediated re-acylation occur sequentially without detachment of
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PRDXG6 or release of a lyso-PL [154]. The three enzymatic activities are described in detail
in sections 3.6.1 to 3.6.3. The role of PRDX6 in repair of oxidised membranes has been
shown using lungs of WT and PRDX6 /= mice and pulmonary microvascular endothelial
cells (PMVEC) [107,194,195]. For this, cells were artificially peroxidised using tert-butyl
hydroperoxide (t-BOOH) or hypoxia (100% O2). In WT cells, lipid oxidation damage levels
returned to control level within 2 h, whereas PRDX6 /~ cells did not repair lipid oxidation
damage, indicating a complete inhibition of membrane repair [107,194, 195]. Mutations of
PRDX6 which selectively inactivated either the peroxidase activity (C47S-PRDXG6) or the
PLAj activity (D140A-PRDXG6) caused a reduction in lipid oxidation damage repair, but not
complete inhibition [107].

3.6.1 PLAj activity of PRDX6

The active site of the PLAy function is comprised of a Ser-His-Asp catalytic triad, similar
to Lp-PLA9 and LPLAg [156,193,196-198]. In this triad, the serine is deprotonated by the
aspartate-activated histidine which drastically increases the nucleophilicity of hydroxyl oxygen
of the serine. This activated oxygen can facilitate the cleavage of electrophilic groups such as
the carboxylic carbon of the sn2-esterified FA of a phospholipid [156]. Furthermore, inhibit-
ors and activity-based protein profiling (ABPP) probes carrying a reactive fluorophosphonate
group (e.g. MAFP and TAMRA-FP) can covalently and selectively bind this activated ser-
ine of PRDX6 [179,199]. The active site for the PLAy activity of PRDX6 also contains an
oxyanion hole which can further stabilise the charged transition state of the cleaved phosphol-
ipid [200]. Mutation of any of the catalytic triad residues (H26A, S32A and D140A) causes
a complete loss of PLAg activity [196].

The PLAy activity of PRDX6 is Ca?T-independent and shows its greatest activity in
acidic conditions [153,198]. At pH 4, the activity for unoxidised and oxidised PL is similar.
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Figure 3.8: Model for OxPL detoxification by PRDX6. (A) In the initial state, PRDXG6 is
localised to the cytosol. (B) Upon lipid oxidation of membranes, PRDX6 associates with the oxidised
membrane. (C) With its glutathione-dependent peroxidase function, PRDX6 reduces lipid peroxides
to less toxic lipid hydroxides. (D) The oxidatively damaged FA is cleaved using the PLA function and
replaced with an unoxidised FA through its LPCAT activity. Abb.: FA, fatty acid; GSH, glutathione;
PRDXG6, Peroxiredozin 6; LPCAT, lysophosphatidylcholine acyl transferase. Fig. adapted from [153]
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At neutral pH, however, PRDX6 has been shown to retain a high activity for cleavage of Ox-
PLs, whereas activity for unoxidised PL is greatly reduced [153,201]. Hyperoxidation drastic-
ally increases the PLA9 activity of PRDX6 at neutral pH, but does not affect the activity
at pH 4 [202,203]. Phosphorylation of PRDX6 by kinases such as mitogen-activated pro-
tein kinase (MAPK) greatly enhances the PLAg activity [198,204]. Phosphorylated PRDX6
has a 15-20-fold higher activity than unphosphorylated PRDX6 at pH 4 and also shows an
equally high activity at neutral and acidic pH [153,198,204]. The PLAg activity of PRDX6
is independent of dimerisation [205].

Despite similarities between LPLAs and PRDX6, such as the Ca2t-independent activity
at acidic pH and the Ser-His-Asp catalytic triad, both enzymes differ substantially in other
characteristics [153,186]. While PRDX6 is localised in both cytosol and lysosomes, LPLAg
has been exclusively characterised in lysosomes [153,185]. In contrast to LPLA9o, PRDX6
does not have PAF-AH or PLA; activity [153,185]. PRDXG6 readily cleaves OxPLs at neutral
pH, whereas LPLA9 has a greatly reduced activity at neutral pH [153, 186].

The compound MJ33 has been described as a PRDXG6 inhibitor in the literature [198,206].
MJ33 is a charged phospholipid mimicking the tetrahedryl transition state of phospholipids
during PLAg-mediated FA cleavage [207]. Due to its hydrophobic phospholipid structure,
MJ33 has a low bioavailability and does not readily cross membranes. The ICgq for inhibition
of PRDX6 by MJ33 is about 1 mol%, thus in a liposome-based PLAy activity assay, MJ33
makes up 1% of the total lipid composition of the liposome [153,198]. Taken together, MJ33
does not serve as an effective inhibitor outside the in vitro liposome-based activity assay and

has limited application in complex biological systems.

3.6.2 Peroxidase activity of PRDX6

PRDXG6 is a non-selenium cysteine-peroxidase and uses glutathione as the reductant (Figure
3.5B) [107,192,194]. In contrast to most other peroxidases which use two cysteines for their
peroxidase activity (2-Cys peroxidase), PRDX6 only contains one cysteine and is thus also
called a 1-Cys peroxidase [192,208,209]. The peroxidase activity of PRDX6 requires the
dimerisation of the enzyme [205]. Replacement of the active cysteine at position 47 with a
serine (C47S) causes a complete loss of the peroxidase function of PRDX6 [192,194,195,209].

No selective inhibitors of the PRDX6-peroxidase activity are known.

3.6.3 Lysophosphatidylcholine acyl transferase (LPCAT) activity of PRDX6

The acyl transferase activity of PRDX6 was shown to be specific for lysophosphatidylcholine
and thus termed lysophosphatidylcholine acyl transferase (LPCAT) activity [154]. This
LPCAT activity of PRDX6 shows a similar pH- and phosphorylation-dependency as the
PLAj5 activity and shows a specificity for the transfer of palmitoyl-CoA [154]. The inhibitor
of the PLA3 activity of PRDX6, MJ33, did not inhibit the LPCAT activity [154]. The D31A
mutation of PRDX6 causes a complete loss of the LPCAT activity [154].
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3.6.4 Physiological roles of PRDX6

As discussed previously, PRDX6 is involved in the repair of oxidised membranes [107]. Both
the PLAo> and LPCAT activities of PRDX6 have been shown to play a pivotal role in de-
gradation and remodelling of lung surfactant, which is a lipid-protein complex [107]. Lung
surfactant facilitates pulmonary compliance (ability to expand during inhalation) and reduces
the surface tension in lung alveoli allowing efficient gas exchange [107]. The PLAg activity
of PRDXG6 is essential for activation of NADPH oxidase 1 and 2 (NOX1/2) [210,211]. NOX1
and NOX2 catalyse the formation of the superoxide radical -Oy which is involved in the
macrophage oxidant defense system against bacteria [212]. PRDX6-mediated activation of
NOX1 and NOX2 might be involved in the response of the lung microvascular endothelium
to mechanical stress [153]. Thus, PRDX6 can act as both a pro- and an antioxidant enzyme
in certain cellular contexts [153]. It has been suggested that PRDX6 thus could be regarded
as a “normalising” enzyme conferring balance between the protection against oxidative dam-
age by ROS, while still allowing sufficient ROS generation for cellular signaling [153]. This
double role of PRDX6 has been shown in the context of acute lung injury, where PRDX6 both
contributes to ROS generation via activation of NOX2, but also has been shown to reduce
oxidative stress through its peroxidase activity [153,194,210].

A recent study suggested that the PLAg activity of PRDX6 is important for male fertility
and ROS control in spermatozoa [213]. In mice, PRDX6 expression has been shown to
decrease with age which in turn corresponded to reduced male fertility and spermatozoa
motility and viability [213]. Treatment of mice spermatozoa with the PRDX6 inhibitor M.J33
leads to increased lipid oxidation and reduced fertilisation rates [213]. For humans, male
infertility has been linked to decreased PRDXG6 levels in spermatozoa [214]. Taken together,
PRDX6 might play a crucial role in male fertility by protection of spermatozoa from oxidative
stress.

PRDX6 /™ mice have a reduced glucose-dependent insulin secretion and higher insulin
resistance and thus show a phenotype similar to diabetes type 2 [215]. Furthermore, treatment
of mice with streptozotocin-induced type 1 diabetes with recombinant PRDX6 alleviated
diabetic symptoms [216]. These findings imply a role of PRDX6 in manifestation of diabetes
[153].

In cancer, overexpression of PRDXG6 is associated with increased proliferation, cell migra-
tion and cellular invasion with various types of cancer, including breast, lung, colorectal,
gastric, ovarian, tongue, oesophagus, bladder, liver, gingiva, skin and mesothelium can-
cer [153,217-222]. Accordingly, the knockout of PRDX6 in various cancer models reduced
cell viability and proliferation [217,219,220]. Carcinogenesis is generally connected to in-
creased production of ROS due to the elevated metabolism in cancer cells [223,224]. Thus,

overexpression of PRDX6 in cancer cells is may confer additional antioxidant protection and
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to promote cancer cell proliferation [217]. In skin cancer, however, overexpression of PRDX6
has been shown to contrastingly prevent formation of new tumours, while promoting the
growth of existing skin cancer tumours [225]. The detailed mechanistic role of PRDX6 in
carcinogenesis is not yet fully understood [153]. Nonetheless, PRDX6 is generally linked with
enhanced growth and survival of cancer cells and pharmacological inhibition of PRDX6 could

help to reduce cancer cell proliferation and tumour growth [153,217].

3.6.5 PRDX6 knockout models and natural PRDX6 mutants

The sequence of PRDXG6 is highly conserved between mammalians [153]. PRDX6 was success-
fully knocked out in C57/BL6JRj mice [226]. PRDX6 /~ mice show a reduced fertility with a
significantly reduced litter size, increased pup mortality and increased sensitivity to lipid ox-
idation damage [227]. This phenotype can be alleviated with an a-tocopherol rich diet [227].
Mice with selective mutations conferring loss of either PLAs or peroxidase activity have been
generated [153,228,229]. Natural homozygous loss-of-function (LoF) mutations of PRDX6
in humans have not been reported so far. As fertility in PRDX6 /~ mice is greatly reduced,
the selection of a natural PRDX6 LoF mutation in human is unlikely due to the likely repro-
ductive fitness cost. Several single-nucleotide polymorphisms (SNPs) of PRDX6 have been

examined in the context of acute lung injury without finding a significant association [230].

3.7 Protective mechanisms against lipid oxidation and membrane
repair in RBCs and Plasmodium

3.7.1 Antioxidant Protective Enzymes in RBCs and Plasmodium

RBCs contain several enzymes which directly detoxify ROS such as superoxide dismutase
(SOD), which catalyses the dismutation of the superoxide radical (Equation 3.2a), or catalase,
which cleaves HoO9 into water and oxygen (Equation 3.2b) [127]. While Plasmodium spp.
express superoxide dismutase orthologues, no gene encoding for a Plasmodium catalase has
been identified, yet [73].

3.7.2 Non-enzymatic antioxidants in RBCs and Plasmodium

a-tocopherol is the key antioxidant in RBCs and P. falciparum which confers protection
against lipid oxidation [127,140,141,231]. For a long time, it was believed that only pho-
tosynthesising plants, algae and cyanobacteria were able to synthesize tocopherols in their
plastids [232]. This implied that a plant-based diet was the only source of tocopherols for
Plasmodium spp. and humans. Recently, however, P. falciparum has been shown to syn-

thesise o-tocopherol within its apicoplast [231,233]. Accumulating evidence suggests that the
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apicoplast originates from algae and has been acquired by Plasmodium spp. through second-
ary endosymbiosis [7]. Thus, the apicoplast harbours synthesis pathways which are not found
in mammalian cells, such as the complete biosynthesis pathway of o-tocopherol [7,231].
Next to o-tocopherol, coenzyme Q19 (CoQ1q) has been shown to be involved in antioxidant
protection against lipid oxidation in RBCs [111,234-236]. Therapeutically, heme-induced lipid
oxidation damage during ferroptosis can be inhibited by administration of artificial radical
scavenging antioxidants such as ferrostatin-1 and liproxstatin [111,142,237]. Recently it was
shown that ferrostatin-1 reduces exogenously triggered lipid oxidation and prevents cell death

in liver stage P. yoelii parasites by conferring antioxidant protection [137].

3.7.2.1 Glutathione and thioredoxin peroxidases of RBCs and Plasmodium

RBCs contain various peroxidases which are recycled by the thiol-disulfide antioxidant system
with glutathione (GSH) and thioredoxin (Trx) as the major reductants [73,127]. Proteomic
analysis provided evidence that RBCs contain the glutathione peroxidases GPx1, GPx4 and
PRDX6 as well as the thioredoxin peroxidases PRDX1-5 [127,238,239]. GPx1 and 4 contain
an active selenocysteine, whereas PRDX1-5 contain two cysteines and PRDX6 contains act-
ive cysteine [138]. GPx4, PRDX5 and PRDX6 are known to reduce lipid peroxides whereas
GPx1 and PRDX1-4 efficiently reduce small ROS molecules like HoO9 [107, 138, 240, 241].
Oxidised glutathione and thioredoxin are recycled and reduced by oxidation of NADPH to
NADP™ [127] Thus, sufficient NADPH levels are crucial for the antioxidant activity of per-
oxidases [144]. In RBCs, glucose-6-phosphate dehydrogenase (G6PD) is the key enzyme for
reduction of NADP™ to NADPH [145]. Genetic G6PD deficiency severely compromises the
RBC antioxidant system conferring protection against infection with P. falciparum [145].
Similar to RBCs, the peroxidase antioxidant system of Plasmodium spp. is dependent on
glutathione and thioredoxin [73,80,242]. In addition, Plasmodium spp. express a third di-thiol
reductant called plasmoredoxin [243]. Within the parasite, the glutathione and thioredoxin
systems are separated by compartmentalisation, but have overlapping functions [244, 245].
The relationship and balance between both systems is still widely debated in the literature
(73,144,242, 245]. A recent publication provided evidence that both systems interact via
cross-talk [246]. In contrast to RBCs, Plasmodium spp. express various peroxidases, of which
most have been shown to use thioredoxin as the reductant [73,242]. Plasmodium spp. do not
have a classical glutathione peroxidase (GPx), but express glutaredoxins which are oxidised
by substrates and then non-enzymatically reduced by glutathione [242,247]. Interestingly,
P. falciparum expresses five homologues of human peroxiredoxins (PRDX), including a 1-cys
PRDX with homology to human PRDX6 [242]. However, in contrast to the trifunctional
human PRDXG6, the P. falciparum orthologue exclusively exhibits a peroxidase, but no PLA9
or LPCAT activity [248]. Neither of the other four PfPRDXs contains a PLAy or LPCAT

motif or domain suggesting that all PfPRDXs are mono-functional peroxidases.
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3.7.2.2 PLA; enzymes in RBCs and Plasmodium

Only three PLAs enzymes are reported in the published RBC proteome: The PAF-AH1b
complex, patatin-like phospholipase domain-containing protein 6 (PNPLAG6, also called neuro-
pathy target esterase, NTE) and PRDX6 [238]. Furthermore, the proteomic data indicates
the presence of the PLAg-activating protein (PLAA) [238]. The presence of the PAF-AH1b
complex in RBCs has been confirmed independently [170]. As PNPLAG6 has not been repor-
ted to cleave oxidised lipids, PRDX6 and PAF-AH1b are the only PLAs enzymes reported
in RBCs which are known to cleave oxidised lipids [249]. The heterotrimeric structure of
PAF-AH1b makes it structurally distinct from other PLA9 enzymes and a selective inhibitor
(P11) is available [168].

About 22 phospholipases have been described in P. falciparum in the literature (Overview
in [129]). From these 22 enzymes, only four have been characterised as PLAg enzymes
and all four are all classified in the patatin-like phospholipase domain-containing protein
(PNPLA) family [129,250]. PfPNPLAs have not been described to cleave or repair OxPLs
[181]. Recently, a P. berghei phospolipase (PbPL) was found to facilitate rupture of the PVM
during egress [251]. PbPL contains an acyltransferase domain, but has not been demonstrated
to exhibit specific PLAy or PLA; activity [129].

3.7.2.3 PLA, enzymes in other apicomplexans and related parasites

Multiple PLA9 enzymes have been reported in the related apicomplexan parasite Toxoplasma
gondii. In 1991, first evidence for the presence of a Ca?t-dependent phospholipase was
presented [252]. Later on, the presence of a T. gondii iPLAg-like PLB was reported [253].
In 2017, a T. gondii patatin-like phospholipase, called TgPL2, was shown to localise to the
apicoplast and to be essential for apicoplast integrity [254]. Recently, a third T. gondii
patatin-like phospholipase called TgPL3 was reported to be essential for host cell invasion
and rhoptry secretion [255]. The presence of a sSPLAs-like phospholipase in the apicomplexan
parasite Cryptosporidium was reported in 2003 [256]. The related parasite Leishmania major
expresses an ortholog of human Lp-PLAg [257]. Furthermore, it was shown that the general
PLAj inhibitor bromoenol lactone (BEL) killed promastigote and intracellular amastigote
forms of L. amazonensis in vitro and decreased skin parasitism and lesion size during in vivo
infection in mice [258]. The authors suggested the role of PLAg enzymes for virulence of
L. amazonensis, but did not provide a candidate protein [258]. In a follow-up study, it was
shown that BEL inhibited both endocytosis and exocytosis in L. amazonensis [259]. The
authors did not provide a candidate PLAg as the target of BEL. While many PLA; enzymes
have been characterised in the protozoan parasites Trypanosoma brucei and Trypanosoma

cruzi, no PLAg has been identified in Trypanosoma spp. [260].
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3.7.3 The antioxidant host-parasite relationship and uptake of host RBC
antioxidant enzymes

The metabolic pathways of the parasite and its host RBC are closely linked, especially as
the parasite internalises large parts of its host cell cytosol through endocytosis in order to
digest hemoglobin in its food vacuole (cf. section 3.3.1) [42]. Thus, an interaction between
the antioxidant systems of host RBCs and the parasite is very probable. So far, only few
direct interactions have been reported in the literature [137,261,262]:

Infection of RBCs with P. falciparum prevents the de novo synthesis of glutathione within
the RBC cytosol, as the infection increases the permeability of the RBC membrane causing
the leakage of the synthesis intermediate y-glutamyl-cysteine [261]. This lack of glutathione
in the RBC cytosol is compensated by export of oxidised glutathione from the parasite which
in turn requires de novo synthesis of glutathione within the parasite [261].

KONCAREVIC ET AL. reported in 2009 that P. falciparum directly imports human PRDX2
into its cytosol via an unknown pathway [262]. The authors presented evidence that after
internalisation, human PRDX2 effectively uses P. falciparum thioredoxin-1 (PfTrx1) as a sub-
strate and thus could support the P. falciparum antioxidative system [262]. Human PRDX2
has been shown to reduce small ROS molecules and is not known to be involved in repair of
lipid oxidation [138].

Recently, it was shown by KAIN ET AL. that host human GPx4 is directly involved in liver

stage infection of P. yoelii through modulation of lipid oxidation within the parasite [137].

3.8 Summary and thesis aim

The digestion of hemoglobin and the subsequent release of free heme during the blood stage
growth of P. falciparum leads to a severe elevation of oxidative stress levels in the parasite and
its host RBC [73,242]. This elevated oxidative stress causes extensive cellular damage, such
as lipid oxidation of unsaturated fatty acids (FA) [102,135,242]. To date, however, research
on oxidative stress in P. falciparum-infected RBCs is mainly focussed on the glutathione and
thioredoxin mediated detoxification of small (ROS) molecules such as HoO9 [73,242]. Un-
derstanding of lipid oxidation in P. falciparum-infected RBCs is still limited and only few
studies have been published in the last decades [126,130,133-136]. The most comprehensive
and recent study on lipid oxidation during P. falciparum infection was published by Fu ET
AL. in 2009 and demonstrated vast lipid oxidation damage of parasite, but not RBC mem-
branes in BODIPY®81/591_P(C stained P. falciparum infected RBCs [126]. Beyond lipid oxid-
ation, previous lipid-related studies in P. falciparum focussed on lipid uptake, de novo syn-

thesis and metabolism, membrane homoeostasis as well as lipid signalling [129, 250,263-265].
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The three membranes of a Plasmodium infected RBC — parasite membrane (PM), parasito-
phorous vacuole membrane (PVM) and RBC membrane (RBCM) — consist mainly of un-
saturated phospholipids (PLs) and are thus prone to lipid oxidation damage [132]. The
saturation of FA residues of PLs is asymmetric between the sni and sn2 position of the
glycerol backbone [151]. Generally, the sn1-FA is saturated and cannot be oxidised, whereas
the sn2-FA has varying degrees of unsaturation and is readily oxidised by ROS [151, 152].
Thus, selective cleavage of the oxidised sn2-FA by phospholipase Ao enzymes is essential
in detoxification of oxidised phospholipids (OxPL) and repair of lipid oxidation damaged
membranes [102, 107,153, 156]. The role of PLAy enzymes for lipid oxidation control in
Plasmodium spp. has not been investigated, yet.

The aim of this thesis is to investigate the role of PLA9 enzymes during the blood stage
of P. falciparum with a focus on lipid oxidation control. Despite intense research of host
parasite interactions in lipid metabolism, previous studies focussed on host-derived lipids
and did not take host lipid enzymes into account [129,264-267]. Thus, we were especially
interested in the role of host RBC PLAg enzymes during host cell cytosol uptake (HCCU)
which marks the initial step for hemoglobin digestion and is the main source of oxidative stress
in infected RBCs. KONCAREVIC ET AL. reported that P. falciparum imports host PRDX2
and KAIN ET AL. showed that lipid oxidation during P. yoelii liver stage is modulated by
host peroxidases [137,262]. Based on these findings, we hypothesised that host RBC PLA3
enzymes could play an important role in detoxification of hemoglobin-induced lipid oxidation.

Here, we provide evidence that the host RBC antioxidant PLAg enzyme peroxiredoxin 6
(PRDX6) is internalised by P. falciparum alongside hemoglobin during blood stage growth.
We identified Darapladib as a suitable inhibitor of the PLA9 activity of PRDX6. Darapladib
completely inhibited parasite growth and raised oxidative stress levels during early schizont
stage. We found that PRDXG6 is localised to host cell cytosol-containing vesicles (HcV).
Treatment with Darapladib disrupted transport of HcV to the food vacuole (FV) and blocked
blood stage parasite growth. The identification of PRDX6 as an important host RBC enzyme
for P. falciparum blood stage growth opens up possibilities for novel therapeutic approaches
with host-enzyme targeting antimalarials. Targeting of host RBC enzymes will greatly impede

the development of drug resistant parasites.



4 Material and Methods
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4.1 Media and buffers

Table 4.1: Media and buffers

complete RPMI culture medium (cRPMI)

5 mg/mL Albumax 1 Gibco Life Technologies
109 uM Hypoxanthine c.c.Pro
20 uM Gentamicin Sigma
in 1x iRPMI Gibco Life Technologies

sterile filtered

complete RPMI culture medium with 2.5% human serum (cRPMI+HS)
2.5% ABT Human Serum EFS, Rungis

in 1x cRPMI

sterile filtered

incomplete RPMI culture medium (iRPMI)

1x RPMI-1640 powder Gibco Life Technologies
2g NaHCOg Fisher Scientific
inlL ddH»O

sterile filtered

65% Percoll solution for schizont isolation

65% 100% Percoll GE Healthcare
10% 10x PBS Sigma
25% ddH20 (sterile)

sterile filtered

4.2 Plasmodium falciparum strains

If not otherwise indicated, the P. falciparum 3D7 strain was used. The P. falciparum Cam-
bodia field isolate 3815 was a kind gift of DR. JEAN-CHRISTOPHE BARALE (Institut Pasteur,
Paris). P. falciparum NF54-C580Y and the P. falciparum Cambodia field isolate 3601 were
kind gifts of DR. DIDIER MENARD (Institut Pasteur, Paris).

Mice were infected with GFP-expressing P. berghei ANKA [268], or the P. yoelii YM lethal
strain [269] which were kind gifts by DR. ROGERIO AMINO (Institut Pasteur, Paris).
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4.3 Mice

PRDX6 /~ mice were a kind gift by DR. ARON B. FISHER (University of Pennsylvania,
Philadelphia, USA) [226]. Age-matched control C57/BL6JRj WT mice were obtained from

Janvier Labs (Le Genest-Saint-Isle, France).

4.4 Antibodies

Table 4.2: Antibodies
Primary Abs

Target Clone Label Host Source
hHb-3 polycl. HRP Goat Bethyl
hPRDX6 1A11 - Mouse Santa Cruz
mouse CDT1 R17217 APC Rat eBioscience
PfNAPL polycl. - Rabbit Raised in lab

Secondary Abs

Target Clone Label Host Source
Mouse polycl. Alexa Fluor 488 Goat Invitrogen
Mouse polycl. HRP Goat Promega
Mouse polycl. 15nm Gold Goat Sigma
Rabbit polycl. HRP Goat Promega

4.5 Drugs and Inhibitors

Table 4.3: Drugs and Inhibitors

Drug Target CStock Cfinal Solvent Source
Apafant PAF Receptor 20 mM 1-20 uM DMSO  Cayman
ATK PLA> 10 mg/mL  0.5-300uM  EtOH  Cayman
Darapladib PRDX6, Lp-PLA> 10 mM 0.25-2uM  DMSO Selleck
Dihydroartemisinin ~ Multiple 700 uM 700 nM DMSO Cayman
E64 Cys-Peptidases 1 mM 10 uM H>O Sigma
MAFP PLA> 20 mM 50-300uM  DMSO Enzo
P11 PAF-AH1b2/3 20 mM 1-20 uM DMSO  Cayman
Varespladib sPLA9 10 mM 0.5-20uM  DMSO Cayman
o-Tocopherol Antioxidant 100mM  0.1-75uM  DMSO Sigma
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4.6 Enzymes
Table 4.4: Enzymes
Enzymes CStock Cfinal Source
MAPK (ERK2) 100 pg/mL 10 pg/mL R&D Systems
PRDX6 2.57 mg/mL 250 ng/mL see Sec. 4.13

4.7 Fluorescent Probes

Table 4.5: Fluorophores and fluorescent probes

Fluorophore CStock Cfinal Source
BODIPY 581/591 11 1 mM 5uM Invitrogen
Ethidium Bromide 0,7mg/mL 2uM Eurobio
Hoechst 33342 10 mg/mL  5uM Molecular Probes
LysoSensor Yellow/Blue dextran 10kDa 50 mg/mL 0.5 mg/mL Invitrogen
SYBR Green I 10000 5 X Lonza
SYTO 61 5mM 0.5 uM Invitrogen
TAMRA-FP 100 uM 2uM Invitrogen

4.8 Lipids

Table 4.6: Lipids

Lipid CStock Cfinal Solvent Source
Cholesterol 11.6 mg/mL - EtOH Sigma
DLPC 25 mg/mL 25 pg/mL EtOH Avanti Lipids
DOPC 25 mg/mL 25 pg/mL EtOH Avanti Lipids
[14C]-DPPC 0.1 mCi/mL 0.5 uCi/mL EtOH:toluene (1:1) ARC
DPPC 73.4 mg/mL - EtOH Avanti Lipids
DSPC 25 mg/mL 25 pug/mL EtOH Avanti Lipids
Egg-yolk PC 100 mg/mL - EtOH Sigma
Egg-yolk PG 10 mg/mL - EtOH Sigma

4.9 In vitro culture of P. falciparum

P. falciparum 3DT was cultured in complete RPMI-1640 (cRPMI) medium using O human
erythrocytes with a final hematocrit of 2-4% under mixed gas atmosphere (5% O2, 5% COq
and 90% Ng) at 37°C as described previously by TRAGER & JENSEN [270]. P. falciparum
NF54 C580Y and the field isolates 3815 and 3601 were cultured in cRPMI supplemented with
2.5% ABT human serum (EFS, Rungis).
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4.9.1 Giemsa staining of thin blood smears

Giemsa-stained thin smears were prepared from P. falciparum, P. berghei and P. yoelii cul-
tures to follow the development of parasites and to determine parasitemia of the culture.
For each smear 200 uL of cultures was taken, briefly spun down and spread on a glass slide
by using a second glass slide at a 40° angle. After air-drying of the thin smear, cells were
fixed in 100% methanol and stained for 3 — 5min in Giemsa staining solution. The staining
time was dependent on the life cycle stage: slides of cultures with predominantly schizont
stage were stained for 3 min, whereas slides of cultures with ring stages were stained for
5 min. Excess staining solution was washed off with distilled water and the slides were air-
dried. Subsequently, slides were examined with a 100x oil immersion objective under a light
microscope. To determine parasitemia, the percentage of infected RBCs in the culture was

determined. RBCs infected with multiple parasites were counted as single infections.

4.10 Synchronisation and purification of parasites

4.10.1 Synchronisation of parasite culture with sorbitol

Parasites were synchronised at ring stage (8 — 24 hpi) by treatment with a 5% sorbitol solution
as described by LAMBROS [271]. After centrifugation (800 g, 5min, RT), the supernatant was
discarded and the pellet was resuspended in 5 pellet volumes of 5% sorbitol solution (w/v
in ddH»O, sterile) and incubated for 15 min at 37°C with occasional shaking. The sorbitol-
treated culture was washed for two times (800g, 5min, RT) in incomplete RPMI (iRPMI)
and resuspended in cRPMI and cultured as described above (see 4.9).

4.10.2 Purification of schizonts with Percoll

P. falciparum schizonts have a lower density compared to uninfected RBCs or ring and tropho-
zoite stages. Thus, they can be purified by overlaying a 65% Percoll solution with resuspended
infected erythrocytes and subsequent centrifugation [272]. The schizonts can be isolated from
the interphase forming between the Percoll solution and the iRPMI medium. For each 15 cm
cell culture dish, 5 mL of 65% Percoll solution at 37°C was carefully overlayered with the
culture resuspended in 5 mL iRPMI. After centrifugation (800¢g, 20 min, RT, no brake), the
interphase containing schizonts was withdrawn and washed two times (700 g, 5min, RT) in
iRPMI.
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4.11 Flow cytometric measurement of P. falciparum

4.11.1 Screening of different fluorescent nucleic acid dyes

Fluorescent nucleic acid intercalating dyes (Table 4.7) were used to stain P. falciparum in-
fected RBCs. Suitable final concentrations for the fluorescent nucleic acid dyes were found in
the literature [273,274]. Each dye was added to 200 uL of a 1:20 diluted culture of uninfec-
ted and infected RBCs in a 96-well plate in the final concentrations shown in Table 4.7 and
incubated for 30 min at 37°C. After incubation, one plate was spun down (700g, 5 min, RT)
and washed once with PBS (700g, 5 min, RT). Both plates were measured on the MACSquant

flow cytometer as described in section 4.11.2.

Table 4.7: Screening of nuclear acid dyes

Dye Final conc. Stock conc. V in 200 uL Channel
SYBR Green I 5x 10,000 x 5uL of 1:50 in PBS B1
Hoechst 33342 5uM 10 mg/mL uM 5 uL of 1:100 in PBS V1
EtBr 2uM 0,7 mg/mL 4uL of 1:10 in PBS B2

4.11.2 Final protocol for flow cytometric measurement of different P. falciparum
life stages

For flow cytometric measurement of P. falciparum blood stages, cultures were diluted to 0.2%
hematocrit and transferred to a 96-well round bottom plate. 5 uL of 200x SYBR Green 1
(diluted in PBS) were added to 200 L of the diluted culture for a final concentration of
5x SYBR Green I. The plate was then incubated for 30 min at 37°C, 5% O9 and 5% COq
in the dark. Samples were measured on a calibrated MACSquant flow cytometer on the
forward scatter (FSC), side scatter (SSC) and B1 fluorescent channel (B1: Agy 488 nm and
AEm 525/50 nm).

Data was processed with the FlowJo 10 Software (FlowJo, LLC). The gating strategy is
shown in Figure 4.1 A. After exclusion of doublets, a gate for uninfected and infected RBCs
based on the size of the cells in the FSC-A channel was set up to exclude debris and merozoites.
Finally, gates for rings, trophozoites and multiply infected RBCs, and schizonts were set up.

The total parasitemia was defined as the sum of the aforementioned gates.
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Gating strategy for P. falciparum blood stages (with SYBR Green)

Total (i)RBC Parasitemia
95.4 5.18

800 = 800
Singlets
96.6

800
Rings Troph&xRing Sz
1.20 0.66 3.34

600

FSC-H
FSC-A

400 = 400 400

FSC-A

200 = 200 200

0 200 400 600 800 10K 10t 100 10! 102 103 10t 10° 10! 10 10

FSC-A SYBR Green-A SYBR Green-A

Figure 4.1: Gating strategy for flow cytometric measurement of different P. falciparum
life stages. For the measurement of the different blood stage parasites, firstly doublets were excluded
by comparing the FSC-area versus the FSC-height as the first step. Secondly, a gate for all RBCs and
iRBCs was set up to exclude debris and merozoites. In the third step, gates for rings, trophozoites
and multiply infected iRBCs, schizonts and the total parasitemia were set up.

4.11.3 Progression and growth assay

To assess the effect of inhibitors on the ring to schizont progression, and growth from ring
stage to next generation ring stage, a tightly Percoll-synchronised culture with 2-4% para-
sitemia and 2% hematocrit was treated with different inhibitors at ring stage (14-20 hpi).
The inhibitors were present throughout the assay. Concentrations and solvents of the used
inhibitors are shown in Table 4.3. The concentration of the solvent was kept equal in all
samples in a given experiment and maintained below 0.2% for DMSO and Ethanol to avoid
toxic effects. For each condition, a triplicate set of 1 mL cultures was added into wells of a
24-well plate and kept at 37°C and 5% Og, 5% COsg throughout the assay. In the beginning
of the experiment, the initial ring stage culture was scored by flow cytometry as described in
section 4.11.2 and by examination of Giemsa-stained blood smears. After 20h, the samples
were measured again to assess progression to schizont stage. Further 24h later, the overall
growth and development of next generation rings was measured. Data was analysed as de-
scribed in section 4.11.2. Each experiment was performed with three biological replicates.
Relative rate of progression was calculated as the fraction of schizonts in treated and control
samples (Equation 4.1). Relative growth was calculated as the ratio of parasitemia in the

treated and control samples after subtraction of the initial parasitemia (Equation 4.2).

% Schizonts (Treatment)
% Schizonts (Control)

Relative Progression =

Relative Crowth — % rings (Treatment) — % rings (Initial)

% rings (Control) — % rings (Initial)



Material and Methods 45

4.11.4 Re-Invasion Assay with pretreated RBCs

Fresh RBCs were washed and pelleted in RPMI. 10 uL. of packed RBCs were resuspended in
190 uL cRPMI and treated with different concentrations of the irreversible, covalently bind-
ing PLA» inhibitor methoxy arachidonyl fluorophosphonate (MAFP, Enzo), or its reversible
analogue arachidonyl trifluoromethyl ketone (ATK, Cayman) or DMSO for 60 min at 37°C
with occasional mixing. Afterwards, the cells were washed two times with cRPMI to remove
unbound drug. Schizonts were isolated from 30 mL of a 4% hematocrit highly synchronous,
late stage (44-48hpi) P. falciparum 3D7 culture using a Percoll gradient (cf. Section 4.10.2).
The resulting schizont pellet was resuspended in cRPMI and equal amounts were added to the
pre-treated RBCs and cultured for 20 h at 37°C, 5% O9, 5% COs to allow egress, re-invasion
and formation of next generation rings within the pre-treated RBCs. After 20 h, parasitemia
was assessed using flow cytometric measurement with SYBR Green staining and by examina-
tion of Giemsa-stained blood smears. After another 24 h, the progression of rings to schizonts
was assessed using flow cytometry and examination of Giemsa-stained blood smears. A flow

chart of the assay procedure can be found in Figure 5.8.

4.11.5 Artemisinin ring stage survival assay

Ring stage survival upon treatment with Dihydroartemisinin (DHA, Cayman) was measured
using the method described by WITKOWSKI ET AL. [275]. Ring stage survival was assessed
in P. falciparum 3D7, NF54 C580Y and Art-resistant field isolate strains 3815 and 3801 (cf.
Section 4.2). Late stage schizonts were purified from synchronous P. falciparum cultures
which contained only late stage (44-48 hpi) schizonts and newly invaded rings. Purified
schizonts were added to fresh RBCs and the culture was incubated for 3 h at 37°C, 5% Oa,
5% CO9 to allow egress, re-invasion and development of rings. After 3h, unegressed schizonts
were removed by a second Percoll purification. The pellet containing highly synchronous
0-3 h old rings and RBCs was washed in cRPMI and was examined by flow cytometry and
Giemsa-stained blood smears to confirm schizont depletion and to measure the parasitemia.
Subsequently, the parasitemia was adjusted to 1% and the culture diluted 1:10 in ¢cRPMI.
Initial parasitemia was measured by flow cytometry and Giemsa-stained blood smears. In
a 24-well plate, 1 mL aliquots of the culture were treated with 700 nM DHA, 1 and 2.5 yM
Darapladib, or combinations of both drugs for 6h at 37°C, 5% O2, 5% COs. The concentration
of DMSO was kept equal in all samples. After 6 h, the drugs were removed by washing
twice in cRPMI. After resuspension in cRPMI, the culture was incubated for further 66 h
and parasitemia was assessed by flow cytometry and Giemsa-stained blood smears. Parasite

survival was calculated as shown in equation 4.3.

% rings (Treatment) — % rings (Initial)

Relative Survival = (4.3)

% rings (Control) — % rings (Initial)
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Table 4.8: Lasers and Filters for BODIPY®81/991 (11 and Hoechst 33342 measurement

Fluorophore Channel J\g, [nm] Agy [nm] Colour
BODIPY?81/591 (11 reduced B2 488 614/50  Red
BODIPY?$1/591 (11 oxidised Bl 488 525/50  Green
Hoechst 33342 V1 405 450/50  Blue

4.12 Measurement of lipid oxidation

4.12.1 Parasite labelling with BODIPY581/591 c11 lipid oxidation sensor

To measure oxidative stress, parasites were labelled with the fluorescent lipid oxidation sensor
BODIPY?81/591 11 (Invitrogen) based on the methods described in the literature [126,276].
A P. falciparum 3D7 culture was highly synchronised via repeated Percoll gradient purifica-
tions. Parasites were treated with 0.5 uM or 2 uM Darapladib, 10 uM Varespladib or DMSO
for 2h at ring stage (16-20 hpi), early trophozoite stage (30-34 hpi) or late trophozoite/early
schizont stage (38-42 hpi). Synchronicity and parasitemia were confirmed at each step by
flow cytometry and Giemsa-stained blood smears. After treatment for 2 h, parasites were
pelleted by centrifugation and resuspended in labelling solution (5 uM BODIPY?81/591 C11,
10 uM Hoechst 33342 in cRPMI) and incubated for 1 h at 37°C, 5% Og, 5% CO2. Parasites
were measured on a MACSquant flow cytometer in the channels V1, B1 and B2 (see Table
4.8). Data was analysed using FlowJo 10 (FlowJo, LLC). After exclusion of doublets, debris
and merozoites by size, infected RBCs were gated for by selecting Hoechst 33342 positive
cells. The MFI of “Red” and “Green” channels of infected RBCs was calculated. Relative

lipid oxidation was calculated as shown in equations 4.4.

MFI(Green)
MFI(Green) + MFI(Red)

Lipid oxidation =

(4.4)
Lipid oxidation (Treated)
Lipid oxidation (Control)

Relative lipid oxidation =

4.12.2 TBARS assay

Detection of thiobarbituric acid reactive substances (TBARS), such as malondialdehyde
(MDA), was adapted from the method published by OHKAWA ET AL. [122]. To quench
auto-oxidation, butylated hydroxytoluene (BHT, Sigma) was added to the reaction [277]. An
0.8% (w/v) aqueous solution of 2-thiobarbituric acid (TBA, Sigma) was prepared by heating
the solution to 50°C for 2h. A 20% parasitemia, 4% hematocrit P. falciparum 3D7 culture, or
a 4% hematocrit RBC suspension were treated with 0.5uM or 2uM Darapladib, or DMSO for
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8h at 37°C, 5% O9, 5% CO9. Afterwards, 5mL of each culture was pelleted by centrifugation.
The pellet was resuspended in a 15 mL reaction tube with 1.5 mL 20% acetic acid pH 3.5
(v/v, Sigma), 200 uL. 10% SDS (Sigma), 100 uL of 0.1% (w/v) BHT in EtOH, 1.5mL of 0.8%
TBA in H20 and 600 uL. HoO for a total reaction volume of 4 mL. The samples were heated
for 1 h in vigorously boiling water. To stop the reaction, the reaction mix was cooled down
in an ice bath. The pink coloured reaction product, a condensated TBA/MDA 2:1 adduct,
was extracted by addition of 5 mL 1-butanol (Sigma), vortexing and centrifugation (2000 g,
10 min, RT). 150 uLi of the butane layer was transferred into a black-walled 96-well plate and
fluorescence (Agy 530 nm, Agy 550 nm) was measured on a Tecan Infinite M1000 Pro plate

reader.

4.13 Recombinant expression of human PRDX6 in E. Coli

Recombinant human PRDX6 was produced based on the protocol published by KiM ET
AL. [200]. The gene sequence for human PRDX6 was tagged with a 6x-His tag (sequence
and map in section IV.i), synthesised and cloned into the E. Coli expression vector pET28a
(GenScript, Piscataway, USA). The plasmid vector was transformed into E. Coli BL21 (DE3)
competent cells. A single colony of transformed bacteria was picked from a LB-agar plate
with Kanamycin (50ug/mL) and grown in LB medium with Kanamycin at 37°C to an optical
density of ODggg of 0.6. Expression of recombinant PRDX6 was induced with 1mM isopropyl-
B-d-thiogalactopyranoside (IPTG, Sigma). The culture was incubated for further 20h at 18°C.
After this, bacteria were harvested by centrifugation (6000 g, 10 min, 4°C) and resuspended
in lysis buffer (50 mM Tris/HCI at pH 8, 150 mM NaCl, 2 mM B-mercaptoethanol). After
sonication and removal of cell debris by centrifugation, the supernatant was loaded onto a
HisTrap FF nickel-nitrilotriacetic acid (NTA) affinity column (GE Healthcare) equilibrated
with lysis buffer (see above). Recombinant PRDX6 was eluted with lysis buffer supplemented
with 250 mM imidazole (Sigma). Subsequently, recombinant PRDX6 was purified by gel
filtration chromatography on a Superdex 200 16/600 column (Sigma) equilibrated with 20mM
HEPES at pH 7.0, 2mM EDTA and 1mM DTT. The yield from a 2L initial bacterial culture
was about 25 mg of purified recombinant PRDXG6.

4.14 Bioinformatic analysis of P. falciparum protein sequences

To identify homologues of human cPLAg (UniProt ID P47712) and human Lp-PLAy (Uni-
Prot ID Q13093), the respective primary human protein sequences were compared with Plas-
modium spp. protein sequences in the PlasmoDB database using a basic local alignment
search tool (BLAST) [278].
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4.15 Enzyme activity assays

4.15.1 Lp-PLAy activity assay

The enzymatic activity of Lp-PLAg (also called Platelet-activating factor acetylhydrolase,
PAF-AH) was measured using a colorimetric assay kit (Cayman, Ann Arbor, USA). Samples
were diluted in assay buffer 2 (0.1 M Tris/HCI, pH 7.2). The solvent of the assay substrate
2-thio PAF was evaporated under a gentle stream of nitrogen. Dried 2-thio PAF was resus-
pended in 12 mL assay buffer 2 to make the substrate solution. For the assay, 10 uL diluted
sample was mixed with 200 uL. substrate solution, briefly mixed and incubated for 30 min
at RT. The reaction was developed by addition of 10 uL 5,5’-dithio-bis-(2-nitrobenzoic acid)
(DTNB). The hydrolysis of the Sn2 position actetyl thioester bond by Lp-PLAg produces
a free Sn2 thiol group which reacts with the disulfide bond of DTNB and forms the yellow
dye 5-thio-2-nitrobenzoic acid, which effectively absorbs light at 414 nm. After allowing the

reaction to develop for 1min, enzymatic activity was read by measuring absorbance at 414nm.

4.15.2 LDH activity assay

P. falciparum lactate dehydrogenase (LDH) activity was measured based on the method
published by MAKLER & HINRICHS [279,280]. 9mL of LDH assay buffer (100 mM Tris/HCI,
0.2M L-lactic acid (Sigma-Aldrich), 0.2% (v/v) Triton X-100, pH 9.1) was mixed with 50 uL
of a 10 mg/mL stock of 3-acetylpyridine adenine dinucleotide (APAD, Sigma), 200 uL of
a 50 U/mL stock of diaphorase (Sigma) and 2 mg of Nitroblue tetrazolium (NBT, Sigma).
Samples were added to 100 uL of supplemented assay buffer in a 96-well plate and incubated

for 30 min at RT. Absorbance was read at 655 nm.

4.15.3 PRDXG6 activity assays
4.15.3.1 Phosphorylation of PRDX6

PRDXG6 was phosphorylated according to the method described by WU ET AL. [198]. Recom-
binant human PRDX6 (150ug/mL final) and active MAPK (ERK2, R&D Systems, 10pg/mL
final) were added to 30 uL of a phosphorylation buffer containing 50 mM Tris/HC1 (pH 7.5),
20uM EGTA, 10 mM MgCly and 2 mM Mg-ATP (Sigma) and incubated for 90 min at 30°C.

4.15.3.2 PRDX6 PLA, activity assay

Measurement of PLAy activity of phosphorylated PRDX6 (pPRDX6) was based on the en-
zymatic PLAg assay described by FISHER ET AL. [208] and the rapid free fatty acid ex-
traction method by KATSUMATA ET AL. [281]. Liposomes consisting of DPPC/egg yolk
PC/egg yolk PG /cholesterol (6:3:1.2:0.95) with 0.6uCi tracer [2-palmitoyl-1-14C]-dipalmitoyl
phosphatidylcholine (*C-DPPC) were prepared by freezing/thawing three times in liquid
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nitrogen. 100 yL diluted pPRDX6 (2.5 pg/mL in PLAy assay buffer 40 mM NaOAc, 5 mM
EDTA, pH 5), or blank PLA» assay buffer was added to 800 uL PLAg assay buffer containing
different concentrations of Darapladib in DMSO. After addition of 100 yuL liposome prepar-
ation, the samples were incubated for 2 h at 37°C. The enzymatic reaction was terminated
by addition of 200 pL 5% Triton X-100 in PLAy assay buffer. The product of the PLAj
enzymatic reaction, free 1*C-palmitic acid, was extracted by addition of 10 mL hexane with
0.1% acetic acid (v/v) and 200 mg of anhydrous NagSO,4 [282] and subsequent vortexing for
20s. 3 mL of the hexane layer were added to 10 mLL UltimaGold liquid scintillation cock-
tail (PerkinElmer, Waltham, USA) and measured on a TriCarb 2800TR liquid scintillation
counter (PerkinElmer, Waltham, USA).

4.16 Inhibitor binding studies

4.16.1 PRDX6 binding assays with activity-based protein profiling

The activity-based protein profiling (ABPP) protocol by NAGANO ET AL. was used for
this assay [283]. Recombinant human PRDX6 (cf. Section 4.13) was diluted to 10 mg/mL
in PBS. Aliquots of 50 uL. were incubated for 5 min at RT with different concentrations
of Darapladib (0.1-10 uM), Varespladib (1-50 uM), MAFP (1-100 uM), ATK (1-100 uM) or
DMSO. TAMRA-fluorophosphonate (TAMRA-FP, Invitrogen) was solved in DMSO (100uM),
added to the sample (2uM final) and incubated for 30 min at 37°C. After 30 min, the reaction
was quenched by addition of 15uL 4x Laemmli sample buffer (BioRad) and 7.5uL. 1M DTT.
The sample was heated to 95°C for 10 min and separated by SDS-PAGE on a 12% SDS
polyacrylamide gel. After electrophoresis, the gel was imaged on a ChemiDoc MP imager in
the Cy3 channel.

4.16.2 In silico PRDX6 docking studies

Docking of Darapladib was performed using Smina with Vinardo scoring function [284]. The
docking study was designed in collaboration with Luis Checa Ruano and Olivier Sperandio
(Institut Pasteur), calculations and data evaluation were performed by Luis Checa Ruano.
An exhaustiveness setting of 15 was used and 10 poses per ligand were produced as output.
Darapladib was docked on PRDX6 (PDB 5b6m), using a docking box of 27Ax31Ax19A
dimensions located on the surface close to Ser32 and Lys67, where a relatively shallow pocket
is located. The list of residues located on this region are: 4, 19, 20, 21, 22, 23, 25, 27, 28,
29, 30, 31, 32, 36, 37, 51, 55, 58, 59, 61, 62, 65, 66, 67, 68, 69, 98, 99, 100, 101 and 103.
Calculations were done with Darapladib in its protonated state, with diethylamine carrying a
positive charge. Two docking runs with the mentioned parameters were performed on chain
A and B of 5b6m. The resulting docking poses were visually inspected in order to identify

favourable ligand-receptor contacts.
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4.17 Infection of PRDX6 KO mice with rodent malaria

4.17.1 Infection and in vivo growth assay

PRDX6 /= mice and age-matched control C57/BL6JRj WT mice (cf. Section 4.3) were
infected with GFP-expressing P. berghei ANKA [268], or the P. yoelii YM lethal strain [269]
via the tail vein for an initial parasitemia of 0.002%. Parasitemia was measured by Giemsa-
stained blood smears and by flow cytometry. For P. berghei ANKA GFP, parasites were
identified by GFP-fluorescence. For P. yoelii YM, cells were labelled with 5x SYBR Green
I and 1:100 o-mouse CD71-APC for 30min at 37°C. To specifically assess intraerythrocytic
growth, CD717 reticulocytes were excluded. Infected RBCs were identified as SYBR Green™
and CD71" cells.

4.17.2 Ex vivo P. yoelii YM progression assay

P. yoelii cannot egress from or invade RBCs outside its animal host. However, ring stage
parasites can develop into schizonts in vitro [285]. PRDX6 /™ mice and age-matched control
C57/BL6JRj WT mice were infected with P. yoelit YM as described above. When the
parasitemia in the mice reached about 20%, 20uL blood was drawn from the chin and collected
in heparinised tubes. 15 uL of the blood was diluted in 8 mL of cRPMI and added in 1 mL
aliquots into a 24-well plate. The initial amount of schizonts was measured by Giemsa-stained
blood smears and flow cytometry by labelling the parasites with 5x SYBR Green I and 1:100
a-mouse CD71-APC for 30min at 37°C. Infected RBCs were identified as SYBR Green™
and CD71" cells. CD717" reticulocytes were excluded by gating. Cells were treated with
Darapladib (0.5-10 uM) or DMSO and incubated at for 16 h at 37°C, 5% O2, 5% COg3 to
allow progression of parasites to schizont stage. After 16 h, schizont development in RBCs

was assessed by Giemsa-stained blood smears and flow cytometry as described above.

4.18 Immunoblotting of parasite lysate

4.18.1 Selective lysis with Saponin and sample preparation

Late trophozoites and early schizonts from synchronous P. falciparum 3D7 cultures were
purified with a Percoll gradient (cf. Sections 4.9 and 4.10.2). The resulting parasite pellet
was resuspended in PBS. RBC membranes were lysed by exposure to 0.01% Saponin (Sigma,
Stock 1% in Ho0O) for 5 min at RT. Complete hemolysis was confirmed by Giemsa-stained
blood smears. After washing two times with PBS, the hemolysed pellet was resuspended in
1x Laemmli SDS sample buffer (BioRad) with 200mM DTT (Sigma) and boiled at 95°C for

10 min.



Material and Methods 51

4.18.2 SDS-PAGE and Immunoblotting

Samples were loaded onto a 12% SDS-polyacrylamide gel and gel electrophoresis was per-
formed at 120V. Proteins were transferred onto a nitrocellulose membrane using a wet transfer
system (BioRad) at 80 V for 1 h using a cold 1x Tris-glycine (T'G) transfer buffer with 20%
Ethanol. The membrane was blocked in PBS with 5% skimmed milk overnight at 4°C with
continuous agitation. Following this, the membranes were incubated with mouse a-hPRDX6
(1:2000), rabbit a- PFNAPL (1:500) and goat a-hHb HRP (1:5000) in PBS with 2.5% skimmed
milk and 0.05% Tween 20 for 2 h at RT (details for antibodies in Table 4.2). After wash-
ing in PBST (PBS, 0.1% Tween 20) three times for 10 min each, blots with o-PRDX6 and
a- PFNAPL were incubated with respective a-mouse and o-rabbit HRP-coupled secondary an-
tibodies (1:5000) for 1h at RT. After washing with PBST three times 10 min each, the mem-
branes were developed with enhanced chemiluminescence (ECL) substrate (ThermoFisher
Scientific) and imaged on a Amersham Imager 600 (GE Healthcare). Band intensity was
calculated using ImageJ (NIH, Bethesda, USA).

4.19 Microscopy

4.19.1 Fluorescence microscopy
4.19.1.1 Immuno-fluorescence microscopy

P. falciparum 3D7 was cultured as described above (Section 4.9) and fixed by the method
described by TONKIN ET AL. [286]. 1 mL of a 4% hematocrit, high parasitemia culture was
pelleted by centrifugation (1.5 g, 3min, RT) and resuspended in freshly prepared PBS contain-
ing 4% para-formaldehyde (PFA, Electron Microscopy Sciences) and 0.0075% gluteraldehyde
(GA, Sigma) and fixed for 30 min at RT. After washing in PBS once, fixed parasites were
permeabilised with 0.1% Triton X-100 in PBS for 10 min at RT. Cells were washed in PBS
again and blocked for 30 min in PBS with 2.5% BSA. Antibody dilutions were prepared in
PBS with 2.5% BSA. After blocking, parasites were incubated with mouse o-hPRDX6 (1:500)
for 1 h at RT. Parasites were washed twice in PBS and incubated with a-mouse AlexaFluor
488-coupled secondary antibody (1:2000) and Hoechst 33342 (2uM final), washed again twice
in PBS and resuspended in 30 uL. PBS. From this suspension, 4 uL. were transferred onto a
glass slide and covered with a glass coverslip. Samples were examined under a Deltavision
Elite high resolution fluorescence microscope (GE Healthcare Lifesciences) using DAPI, FITC
and differential interference contrast (DIC) channels. Hemozoin crystal size was measured in
DIC images using ImageJ (NIH, Bethesda, USA).
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Table 4.9: Lasers and Filters for LysoSensor Blue/Yellow and SYTO61 measurement

Fluorophore Channel Laser Apy[nm] Filter g, [nm] Colour
Microscopy

LysoSensor pH 7 - uv 390/18 DAPI 435/48 Blue
LysoSensor pH 5 - Uuv 390/18 TRITC 597/45  Yellow
SYTO 61 _ Red  632/22  Cy5  679/34 Far Red
Flow Cytometry

LysoSensor pH 7 Vi1 uv 405 DAPI 450/50 Blue
LysoSensor pH 5 V2 uv 405 YFP 525/50 Yellow
SYTO 61 Y3 Yellow 561 Cyb 695/50  Far Red

4.19.1.2 Preloading of RBCs with LysoSensor Blue/Yellow Dextran, infection with
parasites and host cell cytosol-uptake assay

RBCs were preloaded with the pH-sensitive LysoSensor Blue/Yellow Dextran (10kD) as de-
scribed by JONSCHER ET AL. [50]. Fresh RBCs (stored less than a week) were washed three
times in cold PBS. From the pellet, 64 uL. packed RBCs were transferred to 128 uL of freshly
prepared preloading lysis buffer (5 mM KoHPOy4, 20 mM Glucose, pH 7.4). After addition of
2uL 30mM DTT, 4uL 50mM Mg-ATP (Sigma) and 2uL of 50mg/mL LysoSensor Blue/Yellow
dextran 10kD (Invitrogen) on ice, the suspension was rotated at 4°C for 10min. For resealing,
50 uL of 5x resealing buffer (750 mM NaCl, 25 mM NagHPOy,, pH 7.4) was carefully added
to the RBC suspension and incubated for 60 min at 37°C while gently rocking. Preloaded
RBCs were washed three times in cRPMI and resuspended in 1 mL cRPMI.

For infection of preloaded RBCs, schizonts were isolated from 30 mL of a 4% hematocrit
highly synchronous, late stage (44-48hpi) P. falciparum 3D7 culture using a Percoll gradient
(cf. Section 4.10.2). The resulting schizont pellet was resuspended in 1 mL ¢cRPMI, mixed
with the 1 mL preloaded RBCs and cultured for 20 h at 37°C, 5% O, 5% COq to allow
re-invasion and formation of rings. Successful re-invasion was controlled with Giemsa-stained
blood smears and flow cytometric measurement as described above.

At ring stage (16-20 hpi), the culture was split into two parts and treated with either 2 uM
Darapladib or DMSO control and further incubated until control parasites progressed to late
trophozoite stage (32-40 hpi, large hemozoin crystals visible). To identify infected RBCs, the
cells were stained with 0.5uM SYTO 61 for 30 min at 37°C and washed once in cRPMI. The
resulting pellet was resuspended in 50uL. cRPMI. From this suspension, 4 uL, were transferred
onto a glass slide and covered with a glass cover slip. Images were taking with Deltavision
Elite high resolution fluorescence microscope (GE Healthcare Lifesciences) with laser and filter

sets combinations as indicated in table 4.9 as well as in the differential interference contrast
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(DIC) channel. Fluorescent signal in the FV was quantified as the integrated density of the
FV area in the “Yellow” and “Blue” channels using ImageJ. Relative successful transport of
cytosolic LysoSensor to the FV was expressed as the ratio of integrated densities of “Yellow”
and “Blue” channels.

For flow cytometric measurement, the cells were stained with 0.5 uM SYTO 61 for 30 min
at 37°C, washed once in cRPMI afterwards and measured on a MACSquant flow cytometer
in the channels V1, V2 and Y3 (see Table 4.9). Data was analysed using FlowJo 10 (FlowJo,
LLC). After exclusion of doublets, debris and merozoites by size, infected RBCs were gated
for by selecting SYTO 61 positive cells. The MFI of “Yellow” and “Blue” channels of SYTO
617" infected RBCs was calculated. Relative successful transport of cytosolic LysoSensor to
the FV was expressed as the ratio of the MFI of “Yellow” and “Blue” channels.

4.19.2 Transmission electron microscopy
4.19.2.1 Treatment of parasites for host cell cytosol uptake assay

A synchronous P. falciparum 3D7 culture at ring stage was treated with 2 uM Darapladib,
20 uM E64, a combination of both, or DMSO as control and incubated overnight at 37°C,
5% O3, 5% CO9 until control parasites progressed to schizonts. Giemsa-stained blood smears

were prepared and examined by light microscopy.

4.19.2.2 Fixation of parasites

1 mL of P. falciparum 3D7 cultures was pelleted by centrifugation (1.5 g, 3 min, RT) and
resuspended in freshly prepared PBS containing 4% EM-grade PFA (Electron Microscopy
Sciences) and 0.1% EM-grade GA (Sigma) and fixed for 1 h on ice. After washing in PBS
once, fixed parasites were stored in PBS with 1% PFA at 4°C. Following this, all steps for
immuno-TEM and EPON resin embedding, as well as image acquisition were performed by

Olivier Gorgette, Ultrastructural Biolmaging Core Facility, Institut Pasteur.

4.19.2.3 Immuno-TEM

Fixed parasites were washed three times in PBS followed by an incubation for 15min in 50mM
NH4Cl at RT. Parasites were resuspended in PBS with 10% gelatin (Sigma) and incubated
for 10 min at 37°C. The samples were allowed to solidify on ice and were infiltrated with
2.3 M sucrose at 4°C overnight, mounted onto sample pins and frozen in liquid nitrogen.
Subsequently, the samples were cryo-sectioned (60 nM thickness) using a FC6/UC6 cryo-
ultramicrotome (Leica) and a 35° diamond knife (Diatome). The sections were picked up
using a 1:1 mixture of 2% methyl cellulose (Sigma) and 2.3M sucrose. Samples were quenched
with 50 mM NHyCl, blocked in PBS with 1% BSA and immunolabeled with oa-hPRXD6
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1A11 (SantaCruz, 1:20) IgGla monoclonal antibody in PBS with 1% BSA followed by a
bridge step labelling with a polyclonal Rabbit Anti-Mouse Immunoglobulins (Dako, 1:50)
and protein A-gold 10 nm (1:50) treatment for 15 min. Finally, samples were fixed with 1%
glutaraldehyde in PBS for 5 min. The sections were thawed and stained/embedded in 4%
uranylacetate/2% methyl cellulose mixture (1:9). Images were recorded with a Tecnai Spirit

transmission electron microscope at 120 kV with bottom-mounted EAGLE 4Kx4K camera.

4.19.2.4 EPON resin embedding

Fixed parasites were treated again with 2.5% gluteraldehyde (Sigma) in PBS overnight,
washed three times in PBS and mordanted with tannic acid 1% in PBS for 30min at RT. Cells
were then washed three times in PBS, postfixed with 1% OsOy4 for 1.5 h and washed three
times with distilled water and stored overnight at 4°C. Samples were dehydrated 15 min
in a graded series of ethanol (25%, 50%, 75%, 95%, 3x 100%). Samples were incubated
1x15min, then 2x10min in propylene oxide and embedded in EMbed-812 epoxy resin (EMS;
EPON/Propylene Oxide: r = 25/75 for 2 h; r = 50/50 overnight; r = 75/25 all the day and
overnight with the tubes open under the chemical hood). Samples were then embedded 3x 2h
at RT in pure EPON and subjected to heat polymerization for 5 days at 60°C. Thin sections
were cut with a Leica Ultramicrotome Ultracut UC7’ sections (60 nm), stained with uranyl
acetate and lead citrate. Images were recorded with a Tecnai Spirit transmission electron
microscope at 120 kV with bottom-mounted EAGLE 4Kx4K camera (FEI-Thermofisher).
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5.1 Establishment of a flow cytometry-based assay to score

P. falciparum blood stages by nucleic acid staining

5.1.1 Selection of a fluorescent nucleic acid dye

Three commonly used nucleic acid staining dyes, SYBR Green I, Hoechst 33342 and Ethidium

Bromide (EtBr) were tested to find a fluorescent dye that allows the separation of different

P. falciparum intraerythrocytic life stages (Figure 5.1). Furthermore, the need for an addi-

tional washing step to reduce background staining was examined.
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Figure 5.1: Screening of fluorescent nucleic acid dyes. Three of the most commonly used fluor-
escent nucleic acid dyes to score for infected RBCs were screened for their ability to separate the pop-
ulations of different P. falciparum blood stages: (A) 5x SYBR Green I, (B) 5uM Hoechst 33342 and
(C) 2 M Ethidium Bromide (EtBr). SYBR Green shows the best separation of different intraeryth-
rocytic parasite life stages. Hoechst 33342 and EtBr only showed one indistinguishable population. A
subsequent washing step with PBS did not improve the staining.
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Figure 5.2: Establishment of the optimal SYBR Green concentration. Different concentra-
tions of SYBR Green from 1x to 5x were screened for optimal staining of iRBCs, separation of blood
stages and background staining. Non-infected RBCs (A) and an asynchronous culture of infected
RBCs (B) were compared to assess the background staining of uninfected RBCs. A SYBR Green
concentration of 5x was considered optimal as the background staining did not increase, the popula-
tions were well separated, and small impurities of leukocytes were shifted to the edges.

The results shown in figure 5.1 clearly show that SYBR Green is the only dye which shows
distinct populations for the different blood stages. Staining with Hoechst 33342 and EtBr
only yielded one indistinguishable population. None of the dyes showed significant background
staining. Thus, a subsequent washing step with PBS only reduced the number of stained cells

within the gates but did not reduce background staining and was considered unnecessary.

5.1.2 Establishment of the optimal SYBR Green concentration

In order to determine the optimal concentration of SYBR Green I, RBCs and iRBCs were
stained with SYBR Green concentrations from 1x to 5x. The optimal final concentration of
SYBR Green for staining of P. falciparum infected RBCs was 5x (Figure 5.2). The population
of uninfected RBCs was well defined on the FSC-A axis, the background staining is negligible
and blood stage parasite populations are well separated. Despite carefully washing the blood,
some leukocytes can be found in the samples. Due to their high content of DNA, the leukocyte
population is shifted to the right border of the chart and can be excluded by gating.

5.1.3 Validation of the gating strategy and separation of P. falciparum blood
stages

In order to validate the flow cytometry protocol, especially the gating strategy described in
section 4.11.2, three P. falciparum blood stage cultures in different states of synchronicity, life

cycle progression and parasitemia were examined by both flow cytometry and by examination
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of a thin layer Giemsa-stained blood smear by light microscopy (Figure 5.3). The results
obtained by flow cytometry are consistent with the results from scoring by light microscopy. It
was however not possible to distinguish multiply infected RBCs in ring stage and trophozoites
by flow cytometry. It was also not possible to clearly differentiate between late trophozoites
and early schizonts, as there is no boundary between these stages and individual schizonts

can differ in size and DNA-content.
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Figure 5.3: Validation of gating strategy and separation of P. falciparum blood stages.
In order to validate the flow cytometry protocol, three cultures in different states of synchronicity, life
cycle progression and parasitemia were examined by flow cytometry and by light microscopy of a thin
layer smear (nggc=2000). The results obtained by flow cytometry are consistent with the results
from scoring by light microscopy. Abbr.: FC, flow cytometry; Mic, microscopy
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5.2 Phospholipase Ay (PLA53) inhibitors Darapladib, MAFP and
ATK block P. falciparum blood stage progression and growth

PLA9 enzymes play an important role in repair of membranes damaged by lipid oxida-
tion. Therefore, we investigated the effect of known PLA» inhibitors on blood stage parasite
development using the established flow cytometry-based assay to detect blood stage parasites.
Synchronous P. falciparum 3D7 rings were treated with inhibitors and subsequently allowed
to progress to schizont stage (“progression”) or to complete the full blood stage cycle until the
next generation ring stage (“growth”) and measured quantitatively by flow cytometry as de-
scribed above (Section 5.1). Inhibitors were present during the whole cycle. Of five inhibitors

tested, only Darapladib, methoxy arachidonyl fluorophosphonate (MAFP) and arachidonyl
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Figure 5.4: Effect of PLA2 inhibitors on progression and growth. A synchronous P. fal-
ciparum culture was treated at ring stage. (A) PLAj inhibitors Darapladib, MAFP and ATK blocked
P. falciparum progression to schizont and full-cycle growth. Varespladib and P11 did not exhibit an
effect on parasite progression and growth. (B) Representative images of control and progression arres-
ted Pf parasites after treatment with Darapladib, ATK and MAFP. Experiments were performed with
at least three biological replicates. Abb.: ATK, Arachidonyl trifluoromethyl ketone; Lp-PLAg, Lipoprotein-
associated PLA2; MAFP, Methoxy arachidonyl fluorophosphonate; PAF-AH1b, Platelet-activating factor acet-
ylhydrolase 1b; sPLA», secreted PLA».
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trifluoromethyl ketone (ATK) blocked P. falciparum progression and growth (Figure 5.4A).
Varespladib and P11 did not exhibit an effect on parasite progression and growth. Of all
inhibitors tested, Darapladib was the most effective and blocked progression and growth with
an ICsq of 0.56 uM and 0.76 uM, respectively. Upon treatment with Darapladib, MAFP and
ATK at ring stage, parasites failed to develop beyond trophozoite stage and appeared as
contracted, pyknotic parasites within their host RBC (Figure 5.4B). Treatment of schizonts
with 1uM Darapladib did not inhibit egress of merozoites. Together with the finding that the
1C50 values of Darapladib for progression and growth inhibition were very close, this indicates

that Darapladib exhibits its main killing action in early trophozoite stage.

5.3 Darapladib treatment raises oxidative stress levels in

P. falciparum blood stages

During the trophozoite stage, which is the main time window of Darapladib action, the para-
site takes up hemoglobin from the host RBC and transports it to the food vacuole (FV)
where it is proteolytically digested to release amino acids and heme. This causes a drastic
increase of oxidative stress levels in the parasite leading to lipid oxidation and membrane
damage. PLAo enzymes are known to repair membranes damaged by lipid oxidation. Thus,
we were interested whether treatment with the PLA9 inhibitor Darapladib increased lipid
oxidation during trophozoite stage. We assessed lipid oxidation in two ways: Direct meas-
urement using the fluorescent lipid oxidation sensor BODIPY?81/591 (11 and determination
of malondialdehyde (MDA) levels with the TBARS assay.

5.3.1 Lipid oxidation sensor BODIPY?81/591 C11

A highly synchronised P. falciparum 3D7 culture was treated for 2 h with Darapladib and
Varespladib and then labelled for 1 h with BODIPY®81/591 €11 and Hoechst 33342 with the
drugs still present (Figure 5.5A). Oxidation of BODIPY?%81/591 (/11 in Hoechst 33342-labelled
infected RBCs was measured by flow cytometry. Treatment with Darapladib caused a dose-
dependent increase in oxidation of BODIPY®%81/591 (11 in 38-42 hpi late trophozoites/early
schizonts, but did not affect oxidation of BODIPY?%81/591 (11 in uninfected RBCs, 16-20 hpi
rings and 30-34 hpi early trophozoites. The sPLAjy inhibitor Varespladib, which did not
affect parasite progression or growth, did not affect oxidation of BODIPY?®81/591 C11. These
data suggest that inhibition of parasite progression and growth by Darapladib is due to
inhibition of protective PLAo enzymes involved in lipid oxidation damage repair. Inhibition
of these PL A2 enzymes would prevent repair of oxidised phospholipids (oxPL), leading to the
observed increased oxidative damage through unhindered propagation of the lipid oxidation

chain reaction, which is detrimental to cells.
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5.3.2 Measurement of MDA levels by TBARS assay

Malondialdehyde (MDA) is one of several degradation products from the decomposition of
oxidised lipids. Elevated MDA levels correlate with increased degradation of oxidised lipids
and thus reflect levels of overall lipid oxidation in a biological sample. An asynchronous
P. falciparum 3D7 culture with about 20% parasitemia, or uninfected RBCs were treated for
8 h with Darapladib or DMSO and MDA levels were determined with the thiobarbituric acid
reactive substances (TBARS) assay (Figure 5.5B). Treatment with 2 uM Darapladib led to a
significant increase of MDA levels in infected RBCs, whereas MDA levels of uninfected RBCs
remained unaffected. Neither treatment with DMSO nor 0.5 uM Darapladib changed MDA
levels in RBCs and iRBCs significantly. These findings suggest that Darapladib treatment

leads to increased lipid oxidation in P. falciparum infected RBCs.
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Figure 5.5: Darapladib increases lipid oxidation. (A) Parasites were treated for 2 h with
Darapladib, Varespladib or DMSO. Darapladib significantly increased oxidation of the BODIPY?81/591
C11 lipid oxidation sensor in 30-34 hpi late trophozoites/early schizonts in a dose-dependent manner.
Lipid oxidation in rings, early trophozoites and uninfected RBCs was not elevated upon treatment
with Darapladib. The sPLAs inhibitor Varespladib had no effect on lipid oxidation in any stage.
(B) Treatment with 2 uM Darapladib lead to a significant increase of MDA levels in infected RBCs,
whereas uninfected RBCs remained unaffected. Experiments were performed with at least three
biological replicates. Abb.: Dar, Darapladib; hpi, hours post invasion; (i)RBC, (infected) Red Blood Cell;
Var, Varespladib; Sz, Schizont; Troph, Trophozoite.
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5.4 Progression and growth of P. falciparum blood stages inhibited
by Darapladib can be restored by addition of o-tocopherol and
dioleoyl-PC

The lipophilic antioxidant o-tocopherol (vitamin E) prevents lipid oxidation by scavenging
peroxyl radicals and by interrupting propagation of the lipid oxidation radical chain reaction
[141]. Given that treatment with Darapladib has been shown to increase lipid oxidation,
we investigated whether addition of exogenous a-tocopherol restores parasite progression and
growth. Synchronous P. falciparum 3D7 ring stage cultures were treated with the ICrs

concentration of Darapladib (0.75 uM) and different concentrations of o-tocopherol ranging
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Figure 5.6: o-Tocopherol and DOPC restore P. falciparum blood stage progression
inhibited by Darapladib. (A) Synchronous P. falciparum blood stage cultures were co-treated at
ring stage with Darapladib and a-tocopherol. Addition of a-tocopherol restored Darapladib-inhibited
progression and growth. Treatment with a-tocopherol alone did not have any effect on progression
or growth. (B) Synchronous P. falciparum blood stage cultures were co-treated at ring stage with
Darapladib and 25 uM DSPC (18:0), DOPC (18:1) and DLPC (18:2). Only DOPC restored parasite
progression significantly. (C) DOPC restored parasite progression in a dose-dependent manner in a
co-treatment with Darapladib. Experiments were performed with at least three biological replicates.
Abb.: Dar, Darapladib; DOPC, Dioleoyl phosphatidylcholine; DLPC, Dilinoleoyl phosphatidylcholine; DSPC,
Distearoyl phosphatidylcholine; Toco, a-Tocopherol.
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from 0.1uM to 75uM. Parasites were allowed to progress to schizont stage or to complete the
full cycle. Addition of a-tocopherol completely restored both parasite progression and growth
in a dose-dependent manner (Figure 5.6A). Treatment with a-tocopherol alone did not alter
parasite progression and growth. These findings suggest that if lipid oxidation is prevented
by co-treatment with antioxidant a-tocopherol, repair of lipid oxidation membrane damage
becomes non-essential and inhibition of PLA9 enzymes involved in lipid oxidation repair by
Darapladib has no effect on parasite progression or growth.

If Darapladib indeed inhibits repair of oxidised unsaturated phospholipids, we hypothes-
ised that addition of exogenous wunsaturated phospholipids should alleviate the inhibition
of progression by Darapladib, whereas saturated analogue phospholipids should have no ef-
fect. Phosphatidylcholine (PC) with oleic acid residues is the most abundant unsaturated
phospholipid in infected RBCs and essential for parasite growth [106,129,263]. We investig-
ated whether saturated disteareoyl-PC (DSPC, 18:0), mono-unsaturated dioleoyl-PC (DOPC,
18:1), or the di-unsaturated linoleoyl-PC (DLPC, 18:2) can restore Darapladib-inhibited para~
site progression and growth.

Synchronous P. falciparum 3D7 rings were co-treated with the IC75 concentration of
Darapladib (0.75 uM) and 25 uM of DSPC, DOPC and DLPC (Figure 5.6B). Only mono-
unsaturated DOPC restored parasite progression significantly in a co-treatment with Dara-
pladib, while DSPC and DLPC had no significant effect.

To further investigate this, parasites were co-treated with 0.75uM Darapladib and different
concentrations of DOPC ranging from 1 uM to 25 uM (Figure 5.6C). Parasite progression of
Darapladib treated cultures was partly restored in a dose-dependent manner by DOPC. These
findings support the hypothesis that Darapladib inhibits lipid oxidation repair, as addition of
exogenous DOPC could help to maintain the integrity of unrepaired, lipid oxidation-damaged

membranes and counter the inhibitory effects of Darapladib.

5.5 Known targets of the PLAj-inhibitors Darapladib, MAFP and
ATK are absent in RBCs and P. falciparum

Darapladib has been developed as an inhibitor against human Lp-PLAs with an ICsq of
0.25 nM and MAFP and ATK are known to inhibit serine hydrolases such as cPLAy and
Lp-PLA> [160,163,164,287]. Platelet-activating factor acetylhydrolase 2 (PAF-AH2) is an in-
tracellular homologue of serum circulating Lp-PLAs. However, neither cPLAo, Lp-PLA9 nor
PAF-AH2 are reported in the proteome of human RBCs and reticulocytes [238]. The afore-
mentioned enzymes were neither detected in RBC precursing erythroblasts by proteomics
and RNAseq (MOHANDAS NARLA, personal communication). A recent report showed that
extracellular hLp-PLA» is not imported by the parasite from blood serum [288]. An in-depth
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in silico search for Plasmodium spp. orthologues of human cPLAg (UniProt ID P47712),
human Lp-PLA9 (Q13093) and human PAF-AH2 (Q99487) in the PlasmoDB protein sequences
database using a basic local alignment search tool (BLAST) did not yield any candidates.

To confirm that P. falciparum does not internalise human Lp-PLAg and also does not
express an orthologue, we measured Lp-PLAo activity of a lysate of purified, saponised
schizonts (Figure 5.7A). Recombinant Lp-PLAg served as the positive control and exhib-
ited strong activity, which was successfully inhibited with Darapladib. No Lp-PLAs activity
was detected in P. falciparum schizonts. To confirm the integrity of the schizont lysate and
to compare the activity of biological replicates, we measured the activity of P. falciparum
lactate dehydrogenase (LDH) (Figure 5.7B).
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Figure 5.7: Lp-PLA, activity was absent in Pf schizont lysates. PAF-signalling is not
essential for parasite development. (A) Lysate of purified, saponised P. falciparum schizonts
did not exhibit specific Lp-PLA9 activity. Recombinant Lp-PLAo was used as a positive control and
was successfully inhibited by Darapladib. (B) PfLDH activity was determined to validate integrity
of the schizont lysate. (C) PAF receptor inhibitor Apafant does not inhibit parasite development.
Experiments were performed with at least three biological replicates. Abb.: LDH, lactate dehydrogenase;
Lp-PLAg, Lipoprotein-associated PLAg; PAF, platelet-activating factor; PAFR, PAF receptor



Results 65

5.5.1 Lp-PLAy-mediated platelet-activating factor signalling

The known target of Darapladib, Lp-PLAsg, regulates levels of the platelet-activating factor
(PAF, acetyl-glyceryl-ether-phosphorylcholine) which is involved in multiple signalling path-
ways [159]. We assessed whether PAF-related signalling could be involved in the antimalarial
activity of Darapladib. Synchronous P. falciparum 3D7 cultures were incubated with the se-
lective PAF receptor antagonist Apafant (Figure 5.7C). Neither progression nor growth were
affected. This suggests that PAF signalling is not important for the antimalarial activity of
Darapladib.

5.6 Pre-treatment of RBCs with MAFP inhibits P. falciparum

blood stage progression, but not invasion

About 22 phospholipases have been described in P. falciparum in the literature [129]. From
these phospholipases, only four have been characterised as PLA9 enzymes and belong to the
patatin-like phospholipase (PLP) family [129]. PfPLPs have not been described to cleave
or repair oxidised phospholipids, but are thought to be involved in salvage of unoxidised
phospholipids through p-oxidation and lipid signalling [181]. The RBC proteome, however,
contains three PLAg enzymes, of which peroxiredoxin 6 (PRDX6) is known to repair OxPLs
through its PL Ay activity. In order to investigate whether a protective host RBC PLA could
be the target of the progression-blocking PLAs inhibitors, we pre-treated uninfected RBCs
with the irreversible, covalently-binding PLAg inhibitor MAFP or its reversible analogue
ATK (Figure 5.8A). After incubation with MAFP, RBCs were washed to remove unbound
inhibitor and incubated with purified P. falciparum schizonts.

P. falciparum merozoites released from schizonts readily invaded pre-treated RBCs and
formed rings regardless of MAFP or ATK treatment as observed by Giemsa-stained blood
smears and flow cytometry (Figures 5.8A and 5.8B). However, progression of rings to schizont
was significantly reduced in MAFP pre-treated RBCs. At 100 uM MAFP pre-treatment,
trophozoites did not exhibit segmentation and showed transparent vesicular structures in the
cytosol (cf. markers in Figure 5.8A). Above 200 uM MAFP, parasite size decreased, the FV
was enlarged around the hemozoin crystal. At 300uM MAFP parasites exhibited a shrunken,
pyknotic appearance with large transparent vesicular structures which did not contain visible
hemozoin. Pre-treatment with the reversible analogue of MAFP, ATK, did not inhibit parasite

invasion or progression supporting a specific target-directed action of MAFP (Figure 5.8B).
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Figure 5.8: Pre-treatment of uninfected RBCs with MAFP allowed P. falciparum inva-
sion, but inhibited ring to schizont progression. (A) Uninfected RBCs pre-treated with the
irreversible, covalently-binding PLAy inhibitor MAFP allowed successful invasion and formation of
rings. Parasites did not progress to schizont in MAFP pre-treated RBCs. (B) The reversible MAFP-
analogue ATK had no effect on neither invasion nor progression. Experiments were performed with
at least three biological replicates. Abb.: hpe, hours post egress; Lp-PLAg, Lipoprotein-associated PLAg;
PAF-AH1b, Platelet-activating factor acetylhydrolase 1b; sSPLAg, secreted PLAg.

5.7 Target identification of Darapladib and MAFP

The RBC proteome contains only two PLA9 enzymes which are reported to cleave OxPLs,
PAF-AH1b and PRDX6 [153,238,241]. The selective inhibitor of PAF-AH1b had no effect on
parasite growth indicating that PAF-AH1Db is not a target for Darapladib and MAFP. Thus,
we hypothesised that Darapladib and MAFP inhibit human PRDXG6.

5.7.1 Production and validation of recombinant human PRDX6

Recombinant human PRDX6 with a C-terminal 6-His tag was produced in our laboratory by
Christele Huon using an F. coli expression system. The recombinant protein was purified by

metal affinity chromatography to yield a single band that migrated at the expected size of
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Figure 5.9: Recombinant expression and validation of human PRDX6. (A) rPRDX6 gave
a single band at the expected size of 26 kDa. (B) Identity of rPRDX6 was confirmed by immun-
oblotting with a monoclonal o-hPRDX6 antibody. (C) Specific PLAy activity of basal and phos-
phorylated rPRDX6 was consistent with published data. Abb.: BSA, bovine serum albumin; R/NR,
reducing (DTT)/non-reducing (w/o DTT).

26kDa by SDS gel electrophoresis (Figure 5.9A). The yield from 2L initial culture was about
25 mg. Recombinant PRDX6 was detected by immunoblotting with a monoclonal mouse
o-hPRDX6 antibody confirming its identity (Figure 5.9B). The specific PLAg activity of
rPRDX6 was measured using radioactively labelled liposomes at pH 5 before and after phos-
phorylation with MAFP. The specific PLAy activity of basal and phosphorylated rPRDX6
was consistent with published data (Figure 5.9C) [198].

5.7.2 Human PRDXG®6 is a target for Darapladib, MAFP and ATK, but not
Varespladib

To assess if Darapladib targets human PRDX6, we employed activity-based protein profil-
ing (ABPP). ABPP is based on the competitive and covalent labelling of the active site of
the protein of interest (Figure 5.10A) [199]. PRDXG6 is classified as a serine hydrolase and
the active site of its PLAg function is comprised of a Ser-His-Asp catalytic triad [153]. In
this triad, the serine is deprotonated, which drastically increases the nucleophilicity of its
hydroxyl oxygen [289]. The activated serine can be targeted by electrophilic groups, such as
fluorophosphonate, which selectively form a covalent bond with the reactive active site-serine,
but not with serine residues outside the catalytic triad [199]. Probes for ABPP consist of an
electrophilic covalently binding “warhead”, such as fluorophosphonate, which is linked to a
reporter group, such as a fluorophore. The target protein is simultaneously incubated with
the inhibitor of interest and the ABPP probe. If the inhibitor does not bind to the active
site, the ABPP probe has access to the activated serine of the active site and forms a covalent
bond (Figure 5.10A). If the inhibitor does bind to the active site, it blocks the access to the
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active site and competitively reduces the labelling with the ABPP probe. After removal of
unbound probe by washing, successful covalent fluorescent labelling of the target protein can
be visualised via SDS gel electrophoresis followed by fluorescence gel-imaging. Summed up,
if the inhibitor of interest reduces fluorescent labelling of the target protein, it binds to the
active site of the target protein preventing access of the ABPP probe.

Darapladib, MAFP and ATK, but not Varespladib, reduced labelling of recombinant hu-
man PRDX6 with the fluorescent ABPP-probe TAMRA-fluorophosphonate (TAMRA-FP,
Figure 5.10B and C). These data provide evidence that Darapladib, MAFP and ATK, but
not Varespladib, bind to the active site of the PLA9 activity of PRDXG6.
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Figure 5.10: Darapladib, MAFP and ATK, but not Varespladib bind to human PRDX6.
(A) Schematic principle of ABPP. (B) Recombinant human PRDX6 was incubated with Darapladib,
MAFP, ATK and Varespladib and subsequently labelled with the fluorescent ABPP-probe TAMRA-
FP. Darapladib, MAFP and ATK, but not Varespladib, reduced labelling of human PRDX6 indicating
that bind to the active site of the PLAy function of PRDX6. (C) Quantified band intensities of
fluorescent gels in (B). Representative gels from three independent experiments are shown. Abb.: ATK,
arachidonyl trifluoromethyl ketone; MAFP, methoxy arachidonyl fluorophosphonate; PRDX6, peroxiredoxin 6.
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5.7.3 Darapladib inhibits the PLA> activity of PRDX6

Given that Darapladib showed binding to the active site of the PLAg activity of PRDXG6,
we were interested if Darapladib also inhibits the enzymatic PLAg activity of PRDX6. To
measure PRDX6 PLAjs activity, we incubated phosphorylated recombinant PRDX6 with
radioactively labelled unilamellar liposomes containing [2-palmitoyl-1-14C]-dipalmitoyl phos-
phatidylcholine (14C-DPPC) and measured release of free *C-palmitic acid. Darapladib
inhibited the PLAy activity of PRDX6 with an IC5sq of 0.56 £+ 0.03 uM (Figure 5.11).
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Figure 5.11: Darapladib inhibits the PLA activity of PRDX6. Liposomes containing tracer
(**C-DPPC) were incubated with phosphorylated PRDX6 and release of free 4C-palmitic acid was
measured to assess PLAy activity. Darapladib inhibited the PLAg activity of recombinant PRDX6
with an IC50 of 0.56 &+ 0.03uM. Results are based on three biological replicates. Abb.: DPPC, dipalmitoyl
phosphatidylcholine; pPRDX6, phosphorylated Peroxiredoxin 6;

5.7.4 In silico docking of Darapladib to PRDX6

An in silico docking study to evaluate potential binding sites for Darapladib on PRDX6 was
performed in collaboration with Luis Checa Ruano and Olivier Sperandio (Institut Pasteur,
Paris). Darapladib was docked to hPRDX6 (PDB 5b6m) using Smina with Vinardo scor-
ing function (Figure 5.12). The calculations and data evaluation were performed by Luis
Checa Ruano. The docking study indicated that Darapladib could potentially bind at the
predicted PLA active site within PRDX6. One potential binding pocket was identified with
two binding poses that had a similar docking score, -8.2 and -8.1 kcal/mol, respectively.
The -8.1 kcal/mol pose was considered more relevant due to the greater proximity of Dara-
pladib to the active site Ser32. In this pose, two H-bonds were present between the amide
of the cyclopenta-pyrimidone ring of Darapladib and the Lys67 side chain, with a distance
of 3.1 and 2.8 A. Even if Lys67 is not directly involved in the catalytic triad, this residue
formed a H-bond with Ser32 of the active site, with a distance of 3.7 A. Some similar-

ities could be established between the known structure of Darapladib bound to Lp-PLAg
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Figure 5.12: In silico docking of Darapladib to hPRDX6. Selected pose of Darapladib on
PRDX6 (5b6m, chain B) showing (A) the electrostatic surface and (B) ribbon diagram. Residues
involved in the catalytic triad are coloured in magenta.

and the Darapladib docking pose on PRDX6. For Lp-PLAg, the carbonyl of the cyclopenta-
pyrimidone ring forms an H-bond with the two residues of the oxyanion hole of the enzyme
that stabilize the negative charge of a tetrahedral intermediate of the esterolysis reaction [290].
For PRDX6, Lys67 may be part of the oxyanion hole of the enzyme because of its proximity to
Ser32 and its positive charge that could stabilise the tetrahedral intermediate of the reaction.
If this hypothesis is right, Darapladib could also interact with the oxyanion hole of PRDX6.
In addition, the cyclopenta-pyrimidone ring exhibited a good shape complementarity inside
the cavity delimited between Lys67, Leu68, Ala58 and Phe61, with the cyclopentil moiety
located in the deepest part of the cavity. Furthermore, the diethylamine group of Darapladib
forms a H-bond with the carbonyl backbone of Leu98 (distance of 3.1 A) and the biphenyl of
Darapladib establishes hydrophobic contacts with Ile23, Val20 and Phe28. Taken together,
these findings support the observation that Darapladib binds to PRDX6 and could inhibit its
PLA5 function.

5.8 Role of PRDX6 in a malaria mouse model using PRDX6 /-

mice

RBCs cannot be genetically altered, as they lack a nucleus and a protein expression machinery.
Thus, it is not possible to validate PRDX6 as the target of Darapladib through genetic
knockout. However, as PRDX6 has been successfully knocked out in mice, we used PRDX6 /-
mice and tested if blood stage rodent malaria parasites, P. berghei and P. yoelii, can infect
and multiply in PRDX6 /™ mice. We examined in vivo blood stage growth of P. berghei
and P. yoelii in PRDX6 /~ mice and ez vivo progression of P. yoelii infected RBCs from
PRDX6 /™ mice.
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5.8.1 In vivo growth assay

PRDX6 /™ mice and age-matched control C57/BL6JRj WT mice were infected with P. berghei
ANKA or the P. yoelii YM lethal strain. Parasitemia was measured by Giemsa-stained blood
smears and by flow cytometry. Growth of P. berghei ANKA in PRDX6 /= and WT mice
was not significantly different (Figure 5.13A). P. berghei preferably invades reticulocytes, in
contrast to our target organism P. falciparum, which only invades mature RBCs. To assess
intraerythrocytic growth in the mouse model, we used the P. yoelit YM lethal strain which

invades both CD717" reticulocytes and CD71  mature erythrocytes. By labelling cells with
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Figure 5.13: Growth of rodent malaria strains P. berghei ANKA and P. yoelii YM in
PRDX6 /~ mice. (A) In vivo growth of Pb ANKA and (B) Py YM is not affected by knockout of
PRDX6 in mice. (C) The ICsq for inhibition of Py YM blood stage progression by Darapladib was
significantly higher for infected PRDX6 /=~ RBCs than for WT RBCs. Deletion of PRDX6 leads to
compensatory expression of enzymes with a significantly lower affinity for Darapladib. Experiments
were performed with at least five mice per group, in vivo Pb ANKA n=1 and Py YM n=2, ez vivo n=3.
Abb.: KO, knockout; WT, wild type.
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an a-CD71 antibody and excluding CD717" reticulocytes in the analysis, we were able to
specifically observe intraerythrocytic growth of P. yoelic YM in mature RBCs. Growth of
P. yoelii YM was not significantly different between PRDX6/~ and WT mice (Figure 5.13B).

5.8.2 Ex vivo progression assay with Darapladib

Darapladib has a very low bio-availability with a maximum plasma concentration in humans
of about 20 nM [162]. As the IC5¢ of Darapladib for the inhibition of the PLA2 function
of PRDX6 is about 560 nM and roughly 30 times higher than the maximum plasma con-
centration, we cannot test antimalarial activity of Darapladib in an in vivo growth assay.
Thus, we tested the effect of Darapladib in an ex wvivo ring stage progression assay using
P. yoelii YM infected RBCs. Infected CD717 reticulocytes were excluded in the analysis.
Darapladib inhibited ring to schizont progression in WT RBCs (Figure 5.13C). Interestingly,
Darapladib also blocked blood stage progression in PRDX6 /- RBCs. This indicates that
Darapladib has other targets besides PRDX6. However, the ICsqg of Darapladib for parasite
progression in PRDX6 /~ RBCs was about 4.5-fold higher than for progression in WT RBCs.
Thus, Darapladib appears to bind these other targets in PRDX6 /- RBCs with lower affinity.
PRDX6 /™ mice have been shown previously to compensate for the loss of PRDX6 with an
increased expression of other antioxidant enzymes, such as PRDX3, PRDX4, Nuclear factor
erythroid 2-related factor 2 (NRF2) and higher glutathione levels [291]. It remains to be seen
if any of these upregulated enzymes can compensate for the loss of PRDX6 in PRDX6 /-

mice and if Darapladib targets these enzymes.

5.9 Internalisation and localisation of host RBC PRDX6

P. falciparum has been shown to import human peroxiredoxin 2 (PRDX2) from the host RBC
cytosol [262]. We hypothesised that human PRDX6 may also be internalised by the parasite

in a similar fashion.

5.9.1 Human PRDXG6 is localised within the PVM of P. falciparum schizonts

To localise PRDXG6 in P. falciparum infected RBCs, purified P. falciparum 3D7 early schizonts
were treated with a 0.01% saponin solution to selectively lyse the host RBC membrane
without affecting the parasitophorous vacuole membrane (PVM). After lysis, RBC cytosol
was removed by centrifugation. Presence of human PRDXG6 in protein extract from saponised
and untreated schizonts was detected by immunoblotting. Human hemoglobin (Hb) served
as a marker for complete lysis of the RBC membrane as it is the most abundant cytosolic
protein in RBCs. P. falciparum nucleosome assembly protein L (NAPL) was used to normalise

protein loading between samples. The bands for APRDX6 and AHb in the immunoblots in
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figure 5.14A and their quantified intensities (Figure 5.14B) show that human PRDX6 is only
slightly reduced by saponin treatment, whereas hemoglobin is nearly completely removed.
This suggests that human PRDXG6 is indeed internalised by the parasite and localised within
the PVM.

5.9.2 Vesicular hPRDX6 co-localises with the parasite in IFA

To study the localisation of human PRDX6 within infected RBCs, we examined infected RBCs
by immunofluorescence microscopy. PRDX6-filled vesicular structures co-localised with the
parasite suggesting selective endocytic uptake of human PRDX6 by the parasite (Figure
5.14C). The overall signal intensity of PRDX6 in the RBC cytosol was reduced in infected
RBCs compared to uninfected RBCs, suggesting loss of PRDX6 from the RBC cytosol.
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Figure 5.14: hPRDX6 is internalised by the parasite and shows vesicular co-localisation
with the parasite. (A) Immunoblots of saponised and untreated schizonts show internalisation of
human PRDX6 within parasite PVM. (B) Quantified band intensities for human PRDX6 and Hb. (C)
human PRDXG6 filled vesicular structures co-localise with the parasite. Experiments were performed
with at least three biological replicates. Abb.: Hb, Hemoglobin, NAPL, nucleosome assembly protein L.
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5.9.3 Immuno-EM shows human PRDX6 co-localises with host cell
cytosol-containing vesicles

To further investigate the subcellular localisation of human PRDX6 within the parasite, we ex-
amined parasites by immuno-electron microscopy. Preparation of cells for electron microscopy
and image acquisition was performed in collaboration with Olivier Gorgette, Ultrastructural
Biolmaging Core Facility, Institut Pasteur. Human PRDX6 was localised in dark-coloured
vesicular structures within the parasite cytosol (Figure 5.15). These vesicles resembled cyto-
stomes and were found at the inner surface of the PVM (Figure 5.15 A2, A4, B2, B3, D1),
in the parasite cytosol (Figure 5.15 A3, C1) and adjacent to the FV membrane, both inside
and outside the FV lumen (Figure 5.15 A1, B1, D2).

The data suggest that PRDX6 localises to host cell cytosol-containing vesicles (HcVs).
Firstly, the dark colour of PRDX6-containing vesicles suggested the presence of hemoglobin,
as the electron-dense iron atom of the heme group has low transmission for the electron beam
(atomic number contrast). Secondly, the observed formation of one PRDX-containing vesicle
at the PVM surface (Figure 5.15 A4) suggests that PRDX6 is taken up alongside hemoglobin
during host cell cytosol uptake (HCCU). Thirdly, PRDX6-containing vesicles were observed
adjacent to the FV, and also within the FV lumen.

Taken together, this indicates that PRDXG6 is internalised during HCCU and localises
to HcVs which are then transported to the FV. However, PRDX6 was not detected in the
FV, suggesting that PRDXG6 is digested immediately after it is released into the FV lumen.
Uninfected RBCs showed a uniform staining of PRDX6 in their cytosol (Figure 5.15 E).
This is consistent with the reported cytosolic, non-vesicular localisation of PRDX6 in human
cells [153].

Figure 5.15: (Next page) Human PRDXS® is internalised by P. falciparum and localises to
host cell cytosol-containing vesicles migrating towards the FV. Cells were fixed according
to the technique described by TOKOYASHU and probed with o-hPRDX6. (A2, A4, B2, B3, D1)
PRDX6-containing vesicles resembling cytostomes were found at inner surface of the PVM. The dark
colouration suggested the presence of iron-containing hemoglobin. (A4) One vesicles was observed
during its formation at the PVM surface, suggesting that PRDX6-containing vesicles are formed during
HCCU. (A3, C1) PRDXG6-containing vesicles were also localised in the parasite cytosol, and (A1, B1,
D2) adjacent to the FV membrane, both inside and outside the FV lumen. Non-vesicular PRDX6
was not detected inside the FV, suggesting immediate digestion of PRDX6 within the FV lumen.
(E) Uninfected RBCs showed a uniform presence of PRDXG6 in their cytosol. Representative images
from three independent experiments are shown. Abb.: HcV, host cell cytosol-containing vesicles; FV, food
vacuole.
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5.10 Darapladib treatment disrupts HcV transport to the FV

5.10.1 Co-treatment of parasites with E64 and Darapladib

Given that human PRDX6 co-localises with hemoglobin in HcVs, we hypothesised that
PRDX6 may play a role in the transport of HcVs to the FV. To test our hypothesis, we
treated rings with either Darapladib or the protease inhibitor E64 individually, or with Dara-
pladib and E64 together and analysed the cultures 20 h later by electron microscopy and
light microscopy of Giemsa-stained smears. E64 inhibits the digestion of haemoglobin in the
FV. As shown previously, treatment of rings with E64 results in parasites with a swollen
FV containing accumulated, undigested hemoglobin [51]. These swollen FVs appear dark
and electron-dense by electron microscopy (EM) and translucent in light microscopy (LM) of

Giemsa-stained blood smears.
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Figure 5.16: Darapladib treatment disrupts HcV transport. Pf 3D7 rings were treated with
Darapladib, E64, the combination of both or DMSO as the control, incubated for 20 h until control
parasites were late trophozoites and examined by electron (A) and (B) light microscopy. Treatment
with Darapladib resulted in shrunken and pyknotic parasites and accumulation of HcVs in the parasite
cytosol. E64-treated parasites contained a swollen, hemoglobin-filled FV as expected. Co-treatment
with E64 and Darapladib precluded FV swelling supporting the hypothesis that Darapladib treatment
disrupts transport of HeVs to the FV. (C) Quantification of the FV size upon treatment. Abb.: HcV,
host cell cytosol-containing vesicles; F'V, food vacuole.
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Here, DMSO-treated control parasites successfully progressed to late trophozoites and their
FVs contained hemozoin crystals visible both by EM and LM (Figure 5.16A,B). No HcVs
were observed in the parasite cytosol by EM. Treatment with Darapladib alone drastically
decreased the size of parasites and caused a shrunken and pyknotic appearance (Figure 5.16B).
Multiple dark-coloured HcVs within the parasite cytosol were observed indicating the disrup-
tion of HcV transport by Darapladib and thus causing HcVs to accumulate in the parasite
cytosol (Figure 5.16A). This suggests that Darapladib inhibits the transport, but not the
formation of HcVs. Treatment with K64 alone resulted in the expected swelling of the FV
(Figure 5.16A,B). Swollen FVs contained hemozoin both visible by EM and LM. The co-
treatment with Darapladib and E64 resulted in shrunken, pyknotic parasites with a very
similar phenotype to parasites treated only with Darapladib (Figure 5.16A,B). These obser-
vations suggest that Darapladib treatment allows HcV formation, but causes the disruption
of HcV transport and prevent delivery of sufficient hemoglobin to the FV.

The size of the FV in treated parasites was quantified using ImageJ (Figure 5.16C). Treat-
ment with Darapladib significantly reduced FV size, whereas the F'Vs of E64-treated parasites
were enlarged. Co-treatment with both inhibitors prevents F'V swelling and leads to shrunken

small F'Vs. These data indicate that Darapladib treatment disrupts HcV transport.

5.10.2 Darapladib inhibits delivery of host cell cytosol to the FV

To validate the finding that Darapladib treatment disrupts transport of host cell cytosol-
containing vesicles (HcV) to the FV, we pre-loaded RBCs with the pH-sensitive, cell imper-
meant fluorescent probe LysoSensor Blue/Yellow 10 kDa dextran. Pre-loaded RBCs were
infected with P. falciparum 3DT7 parasites, treated with 2 uM Darapladib or DMSO and sub-
sequently allowed to develop into trophozoites. The pH-sensitive LysoSensor Blue/Yellow
emits blue fluorescence (A ~ 440 nm) at neutral pH, but its emission wavelength shifts to
yellow (A &~ 540 nm) in an acidic environment. The RBC and parasite cytosol have a neutral
pH, in contrast to the acidic parasite F'V. Thus, when the parasite successfully internalises
and transports host cell cytosol containing the fluorescent probe to its acidic FV, a yellow
fluorescent signal is detectable in the FV. Equally, if transport of host cell cytosol to the FV
is disrupted, the fluorescent probe is not transported to the acidic FV and no yellow fluores-
cence is detected. Parasite DNA was stained with the far-red DNA dye SYTO61. Parasites
were examined by fluorescence microscopy (Figure 5.17A). DMSO-treated control parasites
exhibited a bright yellow signal in their FV which co-localised with hemozoin crystals. This
indicates the successful uptake and transport of host cell cytosol to the FV. The yellow fluores-
cence signal did not overlap with the SYTO61 stained nucleus. Darapladib treatment greatly
reduced yellow fluorescence signal intensity and parasites appeared shrunken and pyknotic

without visible hemozoin. These findings support the hypothesis that Darapladib disrupts
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transport of host cell cytosol to the F'V. Uninfected RBCs showed an evenly distributed blue,
but no yellow fluorescence as expected. The ratio of yellow and blue fluorescence in the FV
was quantified using the integrated signal density in ImageJ (Figure 5.17B). Yellow fluores-
cence intensity was significantly reduced in Darapladib-treated parasites. Parasites were also
examined by flow cytometry (Figure 5.17C). Yellow fluorescence was significantly decreased
in SYTO617 infected RBCs upon treatment with Darapladib.
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Figure 5.17: Darapladib inhibits delivery of host cell cytosol to the FV. (A) RBCs were
preloaded with fluorescent LysoSensor-dextran, which emits blue fluorescence at neutral pH and yellow
fluorescence at acidic pH. Preloaded RBCs were infected with P. falciparum 3D7 parasites. DMSO-
treated control parasites exhibited a bright yellow fluorescence signal in their acidic FV, proving
successful internalisation and transport of host cell cytosol containing the fluorescent sensor. Parasites
treated with Darapladib only showed weak yellow fluorescence, suggesting the disruption of host cell
cytosol transport. Uninfected RBCs showed an evenly distributed blue fluorescence. (B) Image
quantification of yellow to blue ratio of the FV. Yellow fluorescence is significantly reduced upon
treatment with Darapladib. (C) Flow cytometric quantification of yellow to blue ratio in parasites.
Darapladib significantly reduced yellow fluorescence signal in parasites. Representative images from
three independent experiments are shown. Abb.: F'V, food vacuole.
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5.10.3 Hemozoin crystal size is reduced upon Darapladib treatment

For further validation, the size of hemozoin crystals in Darapladib treated parasites was
measured. P. falciparum 3DT rings were treated with Darapladib or DMSO and allowed to
progress to schizont stage. Hemozoin crystals were imaged using differential interference con-
trast (DIC) microscopy (Figure 5.18A) and quantified using ImageJ (Figure 5.18B). DMSO-
treated parasites exhibited large hemozoin crystals with an average size of 2.5 me. The
average hemozoin crystal size was significantly reduced to less than 0.5 pmz upon treatment
with Darapladib. These findings further confirm the hypothesis that treatment of Darapladib

causes a disruption of HcV transport.
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Figure 5.18: Treatment with Darapladib decreases hemozoin crystal size. (A) DIC images
show that Pf 3D7 parasites contain smaller Hz crystals upon treatment with Darapladib. (B) The
average size of Hz crystals is greatly reduced by treatment with Darapladib. Representative images
from three independent experiments are shown. Abb.: Hz, hemozoin

5.11 Co-treatment of Artemisinin with Darapladib shows

synergism

Synchronised rings (0-3 hpi) of P. falciparum 3D7 or ART-resistant strains were co-treated
for 6h with Dihydroartemisinin (DHA) and Darapladib in a ring stage survival assay (RSA).
Artemisinin-susceptible P. falciparum 3D7 did not survive treatment with DHA (Figure
5.19A). Treatment with Darapladib reduced P. falciparum 3D7 survival in a dose-dependent
manner, with about 80% survival at 1 uM Darapladib. P. falciparum NF54 Kelch13 C580Y
had a survival rate of around 7% with DHA alone. PfNF54 C580Y survival was significantly
reduced to less than 1% by co-treatment with 1 uM and 2.5 uM Darapladib, respectively
(Figure 5.19B and Table 5.1). Treatment with 1 uM and 2.5 uM Darapladib alone reduced
parasite survival to around 80% and 60%. ART-resistant P. falciparum field isolate 3815
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showed a survival of 7% with DHA alone. Addition of 1 uM and 2.5 uM Darapladib signific-
antly reduced survival to 3% and 1%, respectively (Figure 5.19C). Parasite survival for 1 uM
and 2.5 uM Darapladib without DHA was 95% and 85%. ART-resistant P. falciparum field
isolate 3601 survived DHA treatment with about 29% (Figure 5.19D). Addition of Darapladib
to DHA did not significantly reduce survival of P. falciparum field isolate 3601.
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Figure 5.19: Co-treatment of ART-resistant parasites with DHA and Darapladib syner-
gistically reduces parasite survival. (A) Pf NF54 C580Y had a survival rate of around 7.5%
for treatment with DHA alone, which was reduced to less than 1% survival by addition of Dara-
pladib. 1uM and 2.5 yM Darapladib alone reduced parasite survival to 80% and 60%, respectively.
(B) ART-resistant field isolate 3815 showed a survival of 7% with DHA alone, addition of 1 pM and
2.5 uM Darapladib significantly reduced survival to 3% and 1%, respectively. (C) About 29% of the
P. falciparum field isolate 3601 survived DHA treatment. Treatment with Darapladib and DHA did
not significantly reduce parasite survival. Experiments were performed with at least three biological
replicates. Abb.: ART, Artemisinin; Dar, Darapladib; DHA, Dihydroartemisinin.
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Table 5.1: Co-treatment with Darapladib and Artemisinin shows synergism. The survival
rate for treatment with (A) 1 uM or (B) 2.5 uM Darapladib alone and 700 nM DHA alone was
multiplied to calculate a theoretical survival rate if both drugs acted together exclusively additive
(“Calc. Additive”). The experimentally measured survival rate for the co-treatment (“Measured”)
was divided by the calculated theoretical additive survival rate. A ratio < 1 indicates synergism, a
ratio = 1 an additive effect.

Table A Parasite survival

Drugs Alone Combination Ratio
Strain Dar 1uM DHA Calc. Additive | Measured Calc./Measur.
NF54 C580Y || 82.3 £5.3% | 7.1 +1.8% 5.8 + 1.9% 0.5 + 2.2% 0.09 * (p=0.03)
3815 94.7 £ 3.2% | 7.1 £ 0.9% 6.7+ 1.1% 3.3 £ 0.5% || 0.49 ** (p=0.008)
3601 89.6 + 6.7% | 28.3 £ 3.0% 25.4 + 4.6% 219 £ 2.7% 0.89 ns
Table B Parasite survival

Drugs Alone Combination Ratio
Strain Dar 2.5 yM DHA Calc. Additive | Measured Calc./Measur.
NF54 C580Y || 62.5 £3.6% | 7.1+ 1.8% 4.4 + 1.4% 0.0 + 1.9% 0.0 * (p=0.02)
3815 84.5 +£6.2% | 7.1 + 0.9% 6.0 + 1.1% 1.2 + 1.8% 0.19 * (p=0.01)
3601 81.8 £ 5.8% | 28.3 £ 3.0% 23.2 + 4.1% 21.8 + 2.6% 0.94 ns

To investigate, if both drugs act together in an additive or synergistic relationship, the the-
oretical parasite survival for an exclusively additive effect was calculated by multiplication of
the survival rates for the individual drugs (“Calc. Additive”, Table 5.1). The experimentally
measured survival rate for the combination of both drugs (“Measured”) was divided by the
value for calculated additive survival rate. A ratio < 1 indicates synergism, a ratio = 1 an
additive effect and a ratio > 1 antagonistic action. The ratios for P. falciparum NF54 Kelch13
C580Y and 3815 strains were significantly < 1 for 1 uM Darapladib (Table 5.1A) and 2.5 uM
Darapladib (Table 5.1B) indicating a synergistic relationship of co-treatment with DHA and
Darapladib.
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6.1 Context of this study

The occurrence of lipid oxidation in Plasmodium spp. infected RBCs and the general import-
ance of PLA enzymes in lipid oxidation repair have been reported in the literature [126,153].
Thus, a role for PLA9 enzymes in the management of lipid oxidation repair during the P. fal-
ciparum blood stage is highly likely. However, the link between PLAo-mediated lipid oxidation
damage repair, and lipid oxidation during P. falciparum blood stage growth has not yet been
investigated. Furthermore, despite comprehensive evidence for transfer of lipids between the
host RBC and P. falciparum, the role of host RBC lipid enzymes in the context of P. fal-
ciparum infection has not yet been studied [129,264,266,267]. It is well established that the
parasite internalises host cell cytosol to acquire hemoglobin, which is then digested. Thus,
we were interested in investigating the potential role of other cytosolic host RBC proteins,
which could be taken up alongside hemoglobin during host cell cytosol uptake (HCCU). The
potential role of host cell enzymes in oxidative stress management during different stages of
Plasmodium spp. has already been proposed in the literature [137,262].

Here, we provide evidence that the host RBC antioxidant PLAo enzyme peroxiredoxin 6
(PRDX6) is taken up by the parasite during HCCU and plays an important role during
P. falciparum blood stage growth. We identified Darapladib as an efficient inhibitor of the
PLA5 activity of PRDX6. Treatment of P. falciparum with Darapladib blocks transport
of host cell cytosol-containing vesicles (HcV) to the parasite food vacuole (FV) and leads
ultimately to the death of the parasite. The identification of a host RBC target which is
essential for P. falciparum blood stage growth enables the development of completely novel
host-enzyme targeting drugs for malaria treatment. Targeting of host RBC enzymes would
preclude the development of drug-resistant parasites, which is a major limitation of drug

development strategies that target parasite enzymes and pathways.

6.2 Establishment of flow cytometric scoring of life stages by

nucleic acid staining

We first established a protocol to quantify P. falciparum life cycle stages by flow cytometry
in order to assess the effect of inhibitors on parasite development. For this, we tested three
nucleic acid staining dyes: SYBR Green I, Hoechst 33342 and Ethidium Bromide (EtBr).
Staining of parasites with SYBR Green I yielded the best separation of life cycle stages and
allowed scoring of rings and schizont populations as well as total parasitemia (Figure 5.1).
Background staining of uninfected RBCs was negligible and no lysis was observed during
the staining procedure. In contrast to previous reports, neither permeabilisation of infected
RBCs nor a separate washing step was necessary for efficient staining [273,292]. To validate
our gating protocol, we scored three P. falciparum cultures in parallel by flow cytometry and
examination of Giemsa-stained blood smears. The results obtained by flow cytometry and

microscopy were consistent (Figure 5.3).
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6.3 PLA, inhibitors block P. falciparum ring to schizont

progression and blood stage growth

Using the established flow cytometric protocol, we tested the effect of several PL A9 inhibitors
on P. falciparum blood stage ring to schizont progression (“progression”) and completion of
the full blood stage cycle with appearance of next generation ring stage parasites (“growth”).
Of the tested inhibitors, the Lp-PLAg inhibitor Darapladib showed the highest efficacy and
blocked P. falciparum blood stage progression and growth with an ICsp of 0.56 uM and
0.76 uM, respectively (Figure 5.4). Darapladib-treated ring stage parasites did not develop
beyond early trophozoite stage and appeared as pyknotic, shrunken dead parasites with little
to no hemozoin visible. Treatment with arachidonyl trifluoromethyl ketone (ATK) and meth-
oxy arachidonyl fluorophosphonate (MAFP) caused similar phenotypes and arrested parasite
progression and growth, but with a significantly higher 1C5g9 than Darapladib. Neither the
sPLAjg inhibitor Varespladib, nor the PAF-AH1b2/3 inhibitor P11 had an effect on blood
stage progression and growth, indicating that the action of Darapladib, ATK and MAFP was
specific and that neither sPLA-like nor the PAF-AH1b-like enzymes are essential for blood
stage growth of P. falciparum. Subsequent investigations were focussed on Darapladib, as it
showed the lowest ICsq of the tested inhibitors. MAFP was also of interest because of its
irreversible covalent binding to the active site of serine hydrolases.

Darapladib, ATK and MAFP arrested parasite progression in the trophozoite stage, which
is the metabolically most active stage during Plasmodium spp. blood stage growth. Membrane
remodelling and lipid metabolism, as well as oxidative stress levels and lipid oxidation due
to hemoglobin digestion reach their peak during the trophozoite stage. PLA9 enzymes are
involved in membrane remodelling as well as lipid oxidation repair [102,107,129,250]. Thus, we
were interested to know whether the inhibition of PL A9 enzymes arrested parasite progression
due to inhibition of membrane remodelling and insufficient generation of lipid nutrients, or

due to reduced lipid oxidation repair.

6.4 Darapladib treatment raises oxidative stress levels in

P. falciparum

We labelled synchronous P. falciparum rings with the fluorescent lipid oxidation sensor
BODIPY?81/591 (011 to observe changes in lipid oxidation in blood stages. Labelled rings
were treated with Darapladib, Varespladib or DMSO as control and allowed to progress to
schizont stage. Treatment with Darapladib increased oxidation of BODIPY?81/591 (11 in a
dose-dependent fashion in early schizonts, but not in uninfected RBCs, rings or trophozoites
(Figure 5.5). This indicates that Darapladib treatment elevates oxidative stress levels in early
schizonts. Based on this observation we hypothesised that the progression arrest by treat-

ment with Darapladib is caused by inhibition of PLAgs-mediated lipid oxidation repair which
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could lead to unhindered propagation of the lipid radical chain reaction and oxidative dam-
age. Treatment with Varespladib did not increase oxidation of BODIPY%81/591 11, This is
consistent with the finding that parasite progression is not inhibited by Varespladib.

Oxidation of the lipid oxidation sensor BODIPY?%81/591 (011 does not quantitatively reflect
increased lipid oxidation, as the sensor has been shown to be significantly more susceptible
to lipid oxidation than endogenous unsaturated phospholipids [125]. However, increased
oxidation of BODIPY581/591 (111 does serve as a marker of increased oxidative stress [125,
126]. Also, BODIPY®81/591 (711 has been shown to rapidly shuttle between RBC and parasite
membranes [126]. Thus, the oxidation status of RBCs and parasite membranes cannot be
distinguished. The related sensor BODIPY?81/591 PC, which allows selective assessment of
RBCs and parasite membranes, is unfortunately not available anymore.

To validate the finding that Darapladib treatment increases oxidative stress in P. falciparum
infected RBCs, we measured the level of the secondary lipid oxidation degradation product
malondialdehyde (MDA) after treatment with Darapladib. MDA serves as an indirect readout
of lipid oxidation damage and was measured using the thiobarbituric acid reactive substances
(TBARS) assay [122]. Treatment with Darapladib significantly increased MDA levels in
infected RBCs, but not in uninfected RBCs. These findings suggest that Darapladib increases
lipid oxidation levels in P. falciparum infected RBCs.

6.5 Inhibition of progression and growth of P. falciparum blood
stages by Darapladib can be restored by o-tocopherol and
dioleoyl-PC

To further validate if Darapladib inhibits PLAg enzymes involved in oxidative stress con-
trol and detoxification of lipid oxidation damage, we tested whether parasite progression and
growth can be restored by addition of exogenous a-tocopherol (vitamin E). The lipophilic
radical scavenger a-tocopherol is the key antioxidant in RBCs and has been shown to confer
protection against lipid oxidation by prevention and interruption of the lipid radical chain
reaction [103,127,141]. o-tocopherol is not involved in lipid metabolism or membrane re-
modelling [141]. We hypothesised that if we prevent lipid oxidation damage by addition of
exogenous antioxidant a-tocopherol, lipid oxidation repair by PLAg enzymes is rendered non-
essential and inhibition of PLA» repair enzymes by Darapladib would become less important.
Consequentially, co-treatment of Darapladib with a-tocopherol would restore parasite pro-
gression and growth.

As predicted, addition of a-tocopherol significantly and completely restored both Darapladib-
inhibited P. falciparum progression and growth (Figure 5.6A). Treatment with a-tocopherol

alone did not exhibit a significant effect on progression or growth. The complete restoration by
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addition of antioxidant a-tocopherol indicates that Darapladib indeed targets PLA9 enzymes
which are essential for lipid oxidation repair and oxidative stress control, but not for lipid
metabolism or membrane remodelling.

Only unsaturated lipids are prone to lipid oxidation [151]. Thus, we hypothesised that
if Darapladib interferes in lipid oxidation repair, addition of exogeneous unsaturated, but
not saturated phospholipids, could reduce the inhibitory effect of Darapladib. Hence, we
tested whether mono-unsaturated dioleoyl phosphatidylcholine (DOPC, 18:1) or its satur-
ated (disteareoyl-PC, DSPC, 18:0) and di-unsaturated analogues (linoleoyl-PC, DLPC, 18:2)
restore Darapladib-inhibited progression. Indeed, DOPC, but not DSPC or DLPC, restored
parasite progression in a dose-dependent manner (Figure 5.6B/C). The observation that ad-
dition of unsaturated DOPC, but not saturated DSPC, restored progression underlines that
Darapladib could interfere in lipid oxidation repair, as only unsaturated lipids, but not sat-
urated lipids would be damaged in the case of increased lipid oxidation due to Darapladib
treatment. Interestingly, di-unsaturated DLPC did not restore parasite progression. This
could be due to the fact that DLPC itself has an inhibitory effect on P. falciparum blood
stage growth when administered in vitro [136]. DOPC is the most abundant unsaturated
phospholipid in infected RBCs and is essential for P. falciparum growth [132,263,264]. Thus,
the restoration observed with DOPC could also be due to the generally improved viability of
the parasite due to availability of abundant DOPC as a lipid nutrient.

The restoration of progression and growth by a-tocopherol and DOPC suggests the Dara-
pladib inhibits PLA9o enzymes which are involved in lipid oxidation repair and management
of oxidative stress. However, it remained completely unclear whether the main target of
Darapladib is a P. falciparum PLA9 or a human PLA9 from the host RBC.

6.6 Established targets of PLA> inhibitors are not present in
Plasmodium spp. and RBCs

To identify the targets for Darapladib, MAFP and ATK during P. falciparum blood stage
growth, we first investigated whether Plasmodium spp. express orthologues of the established
targets of these drugs. No parasite orthologues of human Lp-PLAo, PAF-AH2, ¢cPLA9 or
LPLA9 were identified in Plasmodium sppby in silico BLAST search. Recently, an in-depth
computational study identified only four PLAo enzymes in Plasmodium spp., which are clas-
sified as patatin-like phospholipases that are known to be involved in lipid oxidation repair
[129,181]. Darapladib was developed as a selective inhibitor of human Lp-PLAs [160]. To con-
firm the absence of Lp-PLAs-like enzymes in the parasite, we measured the Lp-PLA> specific
platelet-activating factor acetylhydrolase activity in lysates of saponin-treated P. falciparum

schizonts. No PAF-AH activity was detected, suggesting that neither human Lp-PLA9 nor an
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orthologue are present in P. falciparum schizonts (Figure 5.7A). This is further supported by
a recent study that showed that extracellular Lp-PLA9 is not internalised by P. falciparum
from blood serum [288]. These findings suggest that Darapladib, MAFP and ATK may
not inhibit P. falciparum enzymes. Although, it cannot be completely ruled out that these
inhibitors target an unidentified PLAo-like or unrelated parasite enzyme.

The established Darapladib target Lp-PLAs is an essential regulatory enzyme of the inflam-
matory lipid messenger platelet-activating factor (PAF) [102,118]. Thus, we wondered if
inhibition of PAF-mediated signalling could cause the observed phenotype of increased lipid
oxidation and parasite death during blood stage progression. To test this hypothesis, we
used the selective PAF receptor (PAFR) inhibitor Apafant [119]. Treatment of P. falciparum
blood stages with Apafant had no effect on blood stage growth, indicating that PAF-mediated
signalling is not essential for P. falciparum blood stage parasites (Figure 5.7C).

As we were unable identify suitable targets in Plasmodium spp., we hypothesised that
Darapladib, MAFP and ATK could target host RBC PLA9 enzymes. A comprehensive
study of the RBC proteome reported the presence of only three PLAg enzymes: The PAF-
AH1b complex, patatin-like phospholipase domain-containing protein 6 (PNPLAG, also called
neuropathy target esterase, NTE) and peroxiredoxin 6 (PRDX6) [238]. PNPLAG6 has neither
been shown to cleave oxidised lipids nor to be involved in lipid oxidation repair [249]. Thus,
inhibition of PNPLAG6 by the tested inhibitors would not explain the observed phenotype
of increased lipid oxidation, which can be restored by addition of a-tocopherol. This makes
PNPLAG6 unlikely to be a target for Darapladib. For PAF-AH1b, we provided evidence that
the selective PAF-AH1b inhibitor P11 does not inhibit P. falciparum blood stage growth.
PAF-AHI1b is a trimeric complex and thus structurally different from other PLA9 enzymes,
including the known targets of Darapladib, MAFP and ATK [168]. Thus, PAF-AH1D is
unlikely to be the target of Darapladib, MAFP or ATK and is presumably not essential for
blood stage growth.

The host RBC enzyme PRDX6, however, has been reported to be a dedicated lipid
oxidation repair enzyme with PLAg activity [107,153]. Inhibition of lipid oxidation repair
by PRDX6 following Darapladib treatment could explain the observed increased oxidation of
BODIPY?81/591 C11, the growth arrest during the peak of hemoglobin digestion in troph-
ozoite stage, and the restoration of growth with antioxidant a-tocopherol and DOPC. The
active sites of both PRDX6 and Lp-PLA» consist of a Ser-His-Asp triad, which could explain
affinity of the Lp-PLAg inhibitor Darapladib to PRDX6 [156]. In addition to the mechan-
istic similarities, the presence of this catalytic triad allows the covalent binding of MAFP to
the active site serine of PRDX6. The only other known PLAs enzymes with a Ser-His-Asp
triad are PAF-AH2 and LPLA9, which are both not reported in the RBC, reticulocyte and
erythroblast proteomes [156,238, MOHANDAS NARLA, personal communication].

Furthermore, RBCs contain glutathione peroxidase 4 (GPx4), which is known to be in-

volved in lipid oxidation control and to reduce lipid peroxides [137,241]. However, GPx4 is
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structurally and mechanistically different from PLA9 enzymes as its active site contains a
selenocysteine and no serine-containing catalytic triad [293]. No selective and efficient in-
hibitors of GPx4 have been reported so far [293]. Taken together, inhibition of GPx4 by
Darapladib, MAFP or ATK is unlikely.

In summary, known targets of Darapladib, MAFP and ATK were absent in Plasmodium spp.
and RBCs and no suitable orthologues were identified in Plasmodium spp. However, a prom-
ising candidate target with demonstrated PLAg activity was identified in the host RBC
proteome, namely, human PRDX6. Thus, we explored the possibility that a host RBC PLAy
could be the target of Darapladib, MAFP and ATK.

6.7 Pre-treatment of RBCs with MAFP suggests that a host RBC
PLA, is essential for P. falciparum blood stage progression,

but not invasion

In order to confirm that a host RBC PLAg is the target of the tested PLAg inhibitors during
P. falciparum blood stage growth, uninfected RBCs were pre-treated with the irreversible,
covalently-binding PL A9 inhibitor MAFP or its reversible analogue ATK. After incubation
with the inhibitors, RBCs were washed to remove unbound inhibitor and incubated with
purified P. falciparum schizonts. Thus, the parasite was not exposed to MAFP or ATK.
Pre-treatment of RBCs with MAFP or ATK did not inhibit invasion and formation of
rings (Figure 5.8B). However, progression of rings to schizont stage was inhibited in a dose-
dependent manner in MAFP pre-treated RBCs (Figure 5.8A /B). While parasites in DMSO-
treated control RBCs developed successfully into segmented late stage schizonts, parasites
in MAFP pre-treated RBCs did not develop beyond trophozoites and exhibited a shrunken,
pyknotic appearance. This phenotype is very similar to the phenotype observed after continu-
ous treatment of P. falciparum rings with Darapladib, MAFP or ATK (cf. Figures 5.4 and
5.8). These findings indicate that inhibition of RBC PLAg enzymes by MAFP blocks blood
stage growth of P. falciparum. The ICyq for inhibition of progression after pre-treatment of
RBCs with MAFP is about 150 uM, which is considerably higher than the observed ICsq of
MAFP for continuous treatment of P. falciparum-infected RBCs from ring stage. This can
be explained by the fact that MAFP is a lipophilic derivate of arachidonic acid with a low
solubility in the aqueous phase. It is, thus, primarily present within the membrane bilayer
(cf. Figure 3.7). Binding of membrane-localised MAFP to cytosolic PLAs enzymes, such
as PRDX6, would thus be quite inefficient and mainly occur when target enzymes localise
to the membrane surface. To allow covalent binding of target enzymes during the 1 h long
treatment, the concentration of MAFP may need to be considerably higher than for continu-

ous treatment. Toxic effects of treatment with high concentrations of MAFP were considered
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unlikely, as pre-treatment of RBCs at similar concentrations did not inhibit merozoite inva-
sion. Invasion of RBCs by merozoites is a tightly regulated process and relies on the integrity
of the RBC membrane and its lipid composition [294]. For example, artificially increased
cholesterol levels within the RBC membrane were shown to effectively inhibit P. falciparum
merozoite invasion [294]. Merozoite invasion into pre-treated RBCs was unaffected at dif-
ferent concentrations of MAFP. This suggests, that MAFP-treated RBCs retain an intact
plasma membrane and are viable.

To further control for non-specific toxic effects of MAFP, we pre-treated RBCs with ATK,
the reversible analogue of MAFP. Both MAFP and ATK are derivates of arachidonic acid and
only differ in their head group (cf. Figure 3.7). Pre-treatment with up to 300 uM ATK did
not inhibit either parasite invasion or progression supporting a specific target-directed action
of MAFP and the absence of non-specific toxic effects such as altered membrane fluidity or
increased permeability with these inhibitors.

The observed inhibition of P. falciparum progression in MAFP pre-treated RBCs supports
the hypothesis that a host RBC PLAg enzyme could be the target for the tested PLAg
inhibitors. More specifically, the phenotype could be explained by inhibition of host PRDXG6,
which was previously identified as the sole RBC PLAjg involved in lipid oxidation repair.
Thus, we tested whether Darapladib, MAFP and ATK can directly bind and inhibit PRDXG6.

6.8 Darapladib, MAFP and ATK target human PRDX6

To assess the binding of Darapladib, MAFP and ATK to PRDX6, we successfully produced
recombinant human PRDX6 in E. Coli (Figure 5.9). The production process provided yield
of 12.5 mg purified human PRDX6 from 1 L bacterial culture. The identity of PRDX6 was
confirmed by immunoblotting and the specific PLA> activity of basal and phosphorylated
PRDX6 corresponded to published data (Figure 5.9). We employed activity-based protein
profiling (ABPP) to investigate the binding of inhibitors to the active site of the PLAy activity
of PRDX6. Darapladib, MAFP and ATK, but not Varespladib reduced labelling of PRDX6
with the ABPP probe TAMRA-FP, indicating competitive binding of the PLA9y active site
(Figure 5.10). Notably, Darapladib reduced the labelling of PRDX6 with an ICsq of about
1 uM. MAFP prevented labelling of PRDX6 with a similar IC5p as Darapladib. However, for
inhibition of P. falciparum progression, MAFP has an about 16-fold higher IC5q as compared
to Darapladib (cf. Figure 5.4). The different IC59 of MAFP in the ABPP binding assay
and the in wvitro progression and growth assay can be explained by the fact that MAFP
is an irreversible inhibitor and forms a covalent bond with the active site serine. In fact,
MAFP carries the same fluorophosphonate head group as the ABPP-probe used in the assay,
TAMRA-FP. During the ABPP assay, recombinant PRDX6 was pre-incubated for 5 min with
the inhibitors before addition of TAMRA-FP. Thus, MAFP presumably forms a covalent
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bond to the active site serine of PRDX6 during the pre-incubation and inhibits the binding of
the ABPP-probe TAMRA-FP by uncompetitive inhibition. This, however, might not reflect
the binding of MAFP to PRDX6 in vitro where the substrate and inhibitors of PRDX6 are
present at the same time and access of MAFP to PRDX6 might be limited. The observation
that the sPLAg inhibitor Varespladib did not show binding to PRDX6 and correspondingly
neither inhibited P. falciparum blood stage progression and growth supports the hypothesis
that inhibition of PRDXG6 is responsible for the growth inhibition observed with Darapladib,
MAFP and ATK.

Consistent with the binding of Darapladib to the PRDX6-PLAo active site, Darapladib
inhibited the PLA9 activity of phosphorylated PRDXG6 in a dose-dependent manner with an
IC5p of around 0.5 uM (Figure 5.11). Notably, this IC5g for inhibition of the PLAg activity
of PRDXG6 is very similar to the IC5g for inhibition of blood stage progression and growth
which provides further evidence that inhibition of the PLA9 activity of PRDXG6 is deleterious
for blood stage development of P. falciparum. Remarkably, Darapladib is the first inhibitor
shown to inhibit the PLA9 activity of PRDX6 with an ICsq in the sub-micromolar range.

In order to understand the structural basis for the interaction of Darapladib with PRDX6,
we performed in silico docking studies. A potential binding pocket in close proximity to the
active site residues was identified with a binding pose of Darapladib allowing the formation
of multiple H-bonds and hydrophobic interactions (Figure 5.12). We compared the reported
binding of Darapladib to its classical target Lp-PLAo with the binding of Darapladib to
PRDX6 and identified similarities in the binding to the oxyanion hole which is essential
for the stabilisation of the tetrahedral intermediate during hydrolytic de-esterification [290].
However, the distances between the residues of the catalytic site in the crystal structure
of PRDX6 were found to be too large to allow efficient enzymatic activity [200]. We tried
to find a conformation with closer proximity of the catalytic triad residues using dynamic
simulations, but could not find such a conformation. It has been shown that phosphorylation
of PRDX6 greatly enhances its PLLAo activity. Thus, it is possible that the determined protein
crystal structure of unphosphorylated PRDX6 does not accurately reflect the monomeric
conformation of activated, phosphorylated PRDX6. The protein structure of phosphorylated
PRDX6 has not yet been determined. Nonetheless, these in silico docking studies further
underpin the finding that the PLAg activity of PRDX6 can be inhibited by Darapladib.

Taken together, we provide evidence that human PRDXG6 is a target for Darapladib, MAFP
and ATK. Furthermore, Darapladib inhibits the PLAy activity of PRDX6. In the literature,
inhibition of PRDX6 was shown to result in impeded oxidative stress management and lipid
oxidation repair. This in turn would explain the observed phenotype of increased oxidative
stress following Darapladib treatment and the restoration of progression and growth by ad-
dition of exogenous a-tocopherol. These observations support the hypothesis that host RBC
PRDXG6 is essential for blood stage growth of P. falciparum.
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6.9 Role of host PRDX6 in a rodent malaria model using
PRDX6 / mice

Mature RBCs are unique cells, as they lose their nucleus, ribosomes and protein translation
machinery during erythropoiesis [295]. Thus, all proteins present in mature RBCs have been
translated in erythropoietic progenitor cells before the loss of the translation machinery in
reticulocytes [295]. This means in turn that mature RBCs themselves cannot be genetically

altered.

6.9.1 Available approaches for genetic studies in RBCs

Three systems are available to perform molecular genetic studies on RBCs: Firstly, naturally
occurring polymorphisms of the gene of interest expressed in RBCs in human populations
can be used to observe differences in phenotypes associated with specific polymorphisms to
understand the function of the gene. Secondly, it is possible to manipulate genes in erythroid
progenitor cells and study the phenotypes of RBCs derived from them. Thirdly, one can study
transgenic knockout animal models to study the functional roles of genes in RBC biology.

Polymorphisms of PRDX6 in human populations are rare and individuals with a PRDX6 /-
genotype are not reported. The approach to study genetic polymorphisms in PRDX6 in
humans to understand its function in RBCs was thus not feasible.

Genetically altered, nucleated RBCs can be obtained by genetic manipulation of erythroid
progenitor cells via CRISPR/Cas9 followed by directed differentiation and enrichment of
transgenic RBCs [296]. For example, the immortalised JK-1 erythroleukemia cell line has
been shown to spontaneously differentiate into a sub-cell type resembling young, nucleated
RBCs (called jkRBCs by the authors), which can be enriched by a Percoll gradient [296].
While jkRBCs allow effective invasion of P. falciparum merozoites, further development of
invaded parasites into trophozoites and schizonts is impaired with only occasional observation
of parasites beyond ring stage [296]. Recently, a second immortalised erythroid progenitor cell
line, called EJ, was shown to differentiate into nucleated RBCs and to be amenable for CR-
ISPR/Cas9 knockout of target genes [297]. Similar to jkRBCs, EJ-derived nucleated RBCs
were shown to be readily invaded by P. falciparum and P. vivar merozoites, but invaded
ring stage parasites did not develop into trophozoites or schizonts [297]. For the matter of
this study, the phenotype of hypothetical PRDX6 inhibition by Darapladib, MAFP and ATK
blocks progression from trophozoite to schizont stages. As neither of the two erythroid pro-
genitor cell derived nucleated RBCs supports effective development of P. falciparum beyond
ring stage, the use of this approach for our study is unfortunately limited.

Thus, the only other option available to us was the use of transgenic PRDX6 /" mice

in a rodent malaria model. PRDX6/~ mice have been successfully generated in the lab of
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Table 6.1: Host cell tropism of different human and rodent malaria species and strains.
The host cell preference of different malaria species and strains for mature RBCs (mRBC) or retic-
ulocytes (Retic.), as well the respective duration of the blood stage life cycle is shown [309,311].

Species Strain Host | Host cell preference Blood stage cycle
P. falciparum 3D7 Human | mRBCs 46-48 h

P. berghei ANKA Rodent | Retic., also infects mRBCs 22-24h

P. yoelii 17X-NL Rodent | Retic. 18h

P. yoelii 17XL / YM | Rodent | mRBCs and Retic. 18h

PROF. ARON B. FISHER, University of Pennsylvania, and are viable, but show reduced male
fertility and a generally increased susceptibility to oxidative stress (overview in Section 3.6.5)
[226,229]. However, the use of PRDX6 /™ mice in a rodent malaria model has three major
limitations and shortcomings.

Firstly, murine and human RBCs are significantly different in multiple aspects: Human
RBCs are about twice as large as murine RBCs, have a roughly three times longer life span
than mice RBCs and show a higher affinity to oxygen [295,298,299]. While mice can de novo
synthesise antioxidant ascorbic acid (vitamin C), humans have lost the ability to synthesise
ascorbic acid about 2025 million years ago [300]. Accordingly, the glucose transporter protein
GLUT1, which has been shown to also transport dehydroascorbic acid into RBCs, is highly
abundant in human RBCs, but not found in murine RBCs [301,302]. Furthermore, human
and murine RBCs exhibit differences in ion-transport, signalling pathways and regulation of
erythropoiesis [303-306].

Secondly, despite a remarkable similarity between human and rodent-infecting malaria
parasites, multiple biological processes have been shown to be fundamentally different [307,
308]. While the lipid enzyme phosphoethanolamine-N-methyltransferase (PMT) has been
shown to be crucial for the sexual blood stage in human-infecting P. falciparum, the cor-
responding gene has been lost in rodent malaria parasites, such as P. berghei and P. yoelii
[266,307]. Furthermore, host cell tropism of malaria parasites, which refers to the ability
to infect mature RBCs and/or reticulocytes, also varies greatly between Plasmodium species
and strains as shown in Table 6.1. For example, P. falciparum exclusively infects mature
RBCs, while the rodent malaria strain P. berghei ANKA shows a preference for reticulocytes,
but can infect mature RBCs as well [309,310]. The duration of the blood stage cycle is also
different between human and rodent malaria species: The blood stage cycle of P. falciparum
and P. vivaz is around 48 h and 72 h for P. malariace. Contrastingly, all rodent-infecting
Plasmodium species have a cycle length of less than 24 h (Table 6.1) [309,311].

Thirdly, PRDX6 /™ mice have been shown to compensate the loss of PRDX6 with increased

expression of other antioxidant enzymes and higher glutathione levels [291]. In a study on
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dextran sodium sulphate (DSS)-induced colitis in PRDX6 /~ mice, the authors hypothesised
that PRDX6 should have a protective role during intestinal inflammation and PRDX6 /-
mice therefore should be more susceptible to colitis-induced oxidative stress during inflam-
mation [291]. Surprisingly, the study found that knockout of PRDX6 confers protection
against colitis and inflammation. When challenged with DSS, PRDX6 /~ mice showed a
significantly increased expression of antioxidant enzymes such as PRDX3, PRDX4, Nuc-
lear factor erythroid 2-related factor 2 (NRF2), glutathione synthetase (GSS) on both the
mRNA and protein level and had overall higher glutathione levels than WT mice [291].
Increased expression of PRDX3 and PRDX4 in PRDX6 /™ mice was also reported for a hep-
atic ischaemia/re-perfusion injury model and in the cigarette smoke-mediated lung inflam-
matory response [312,313]. Thus, PRDX6 /™ mice cannot be viewed as “wild-type mice
without PRDX6” and it remains unclear if observed phenotypes in PRDX6 /~ mice are due
to the knockout of PRDXG6, or due to compensatory responses leading to increased expression
of complementary antioxidant enzymes.

Summed up, the available models to validate the importance of host RBC PRDX6 for blood
stage growth using genetic approaches are limited. Genetically altered erythroid progenitor-
derived nucleated RBCs do not support complete intraerythrocytic growth which would be
essential to investigate the role of PRDX6 during trophozoite stage. Thus, we did not employ
this approach. The only available option for us was to use PRDX6 /™ mice in a rodent
malaria model. Infection of PRDX6 /~ mice with rodent malaria species, such as P. berghet
and P. yoelii, has not been investigated, yet. Despite the caveats of this model as described
above, we decided to test growth of rodent malaria strains P. berghei ANKA and P. yoelii
YM in PRDX67/~ mice.

6.9.2 In vivo growth and ex vivo progression in rodent malaria models

Blood stage P. berghei ANKA and P. yoelii YM infected mouse RBCs were used to infect
PRDX6 /" and WT mice by intravenous transfer and parasite growth was monitored by
flow cytometry. Growth of P. berghei ANKA was not significantly different in PRDX6 /-
and WT mice (Figure 5.13A). As P. berghei ANKA preferably invades reticulocytes, we
also assessed the growth of P. yoelii YM, which primarily infects mature RBCs. Growth of
P. yoelii YM was also not significantly different between RBCs from PRDX6 /™ and WT
mice (Figure 5.13B). Due to the biological differences between mouse and human RBCs (e.g.
size and ascorbic acid metabolism) and between human and rodent-infecting Plasmodium
species (e.g. blood stage cycle duration), the unaffected growth of P. berghei and P. yoelii in
PRDX6 /~ mice does not rule out a role for PRDX6 in the growth of P. falciparum in human
RBCs. Additionally, PRDX6 /~ mice have been shown to compensate the loss of PRDX6 with

an increased expression of complementary antioxidant enzymes and glutathione, especially
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when challenged with increased oxidative stress. This could explain why PRDX6 is not
essential for growth of P. berghei and P. yoelii in PRDX6 /™ mice.

We hypothesised that if Darapladib specifically inhibits PRDX6, the loss of PRDX6 in
PRDX6 /" mice should lead to a reduced efficacy of Darapladib for inhibition of progression.
As Darapladib has a very low bioavailability, it is not possible to reach sufficient concentra-
tions in blood plasma in vivo in WT and PRDX6 /~ mice [162]. Thus, we assessed the effect
of Darapladib on the ex vivo ring to schizont progression of P. yoelii YM infected PRDX6 /-
and WT RBCs (Figure 5.13C) [285]. The ex vivo ICs5q of Darapladib for P. yoelii progres-
sion in WT RBCs is 0.75 uM and similar to the IC5y observed in vitro for P. falciparum of
0.76 uM, suggesting a similar affinity of Darapladib to mouse and human PRDX6. Interest-
ingly, Darapladib also inhibited ex vivo progression of P. yoelii in PRDX6 /- RBCs, but with
a significantly higher IC5q of 3.4uM compared to WT RBCs. In the absence of PRDX6, 1uM
Darapladib had no effect on progression in PRDX6 /~ mice. This suggests that PRDX6 is a
specific target of Darapladib. However, Darapladib also inhibited progression in PRDX6 /-
RBCs at higher concentrations, suggesting that Darapladib can also target the compensatory
mechanisms that allow parasite progression in absence of PRDXG6 in PRDX6/~ RBCs. How-
ever, higher concentrations of Darapladib are required to target these compensatory enzymes
compared to PRDX6. Furthermore, these compensatory mechanisms do not appear to be
active in WT RBCs, as Darapladib efficiently blocks progression below 1 uM in WT RBCs.
The observation that the deletion of PRDX6 in the host RBC changes the 1Csq for progres-
sion inhibition by Darapladib further underpins the hypothesis that the target of Darapladib
is indeed a host enzyme, and not primarily a parasite enzyme.

Taken together, the use of PRDX6 /~ mice in a rodent malaria model is ambiguous as
it does not entirely reflect P. falciparum infection in humans. In particular, the reported
compensatory upregulation of antioxidant enzymes in PRDX6 /~ mice limits the relevance of
this model to study the specific role of PRDXG6 [291]. In vivo growth of P. berghei ANKA and
P. yoeliit YM was not different between PRDX6 /" and WT mice. On the other hand, Dara-
pladib showed a significantly reduced efficacy for ex vivo progression inhibition in PRDX6 /-
RBCs as compared to WT RBCs. This supports our hypothesis that host PRDX6 is a spe-
cific target of Darapladib and essential for blood stage progression of P. falciparum in human
RBCs. To understand the potential role of PRDX6 in blood stage growth, we investigated
the localisation of PRDX6 in P. falciparum infected RBCs.
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6.10 PRDXG6 is internalised by P. falciparum and co-localises with

host cell cytosol-containing vesicles

In 2009, KONCAREVIC ET AL. reported that P. falciparum internalises host RBC PRDX2
by an unknown mechanism [262]. Human PRDX2 is involved in the detoxification of small
molecule ROS like HyO2 and was shown to localise to the parasite cytosol [138,262]. We hypo-
thesised that PRDX6 could be internalised by P. falciparum in a similar manner. To study
internalisation of PRDX6, we selectively lysed the RBC membrane (RBCM) with saponin,
without affecting the integrity of the parasitophorous vacuolar membrane (PVM) or the para-
site membrane (PM) [314]. Thus, PRDX6 internalised by the parasite would be detectable
in the cytosol of saponin-treated parasites. Indeed, PRDX6 was detected in lysates of both
untreated and saponin-treated schizonts by immunoblotting (Figure 5.14A/B). This clearly
indicated that PRDXG6 is internalised by the parasite. We used hemoglobin as a control
for complete removal of the RBC cytosol from saponin-treated samples. Hemoglobin was
not detected in saponin-treated schizonts, confirming complete lysis of the RBCM. However,
P. falciparum internalises hemoglobin during HCCU and was furthermore shown to syn-
thesis hemoglobin itself [315,316]. The absence of a band for hemoglobin in saponin-treated
schizonts could be explained by the much higher abundance of hemoglobin in the RBC cytosol
as compared to the parasite [315].

Having established that PRDX6 is internalised by P. falciparum, we investigated the cel-
lular localisation of human PRDX6 within infected RBCs by immuno-fluorescence micro-
scopy. We found that PRDXG6 localises to vesicle-like structures with multiple foci around
the hemozoin-containing FV (Figure 5.14C). This suggested that PRDX6 is internalised via
an endocytotic pathway like HCCU. The RBC cytosol in infected RBCs showed a generally
reduced staining for PRDX6 as compared to uninfected RBCs. This is consistent with the
observation that the RBC membrane is highly permeabilised in infected RBCs, ultimately
leading to loss of RBC cytosol proteins through diffusion [33,34]. The loss of PRDX6 from
the RBC cytosol was also observed during storage of preserved RBCs [317]. Furthermore,
host RBC cytosol is digested by the parasite to create space for the intracellular development
of the parasite [34].

To validate the vesicular localisation and investigation of a possible endocytotic pathway,
we examined infected RBCs by immuno-electron microscopy. PRDX6 was found to localise to
host cell cytosol-containing vesicles (HcV) within the parasite (Figure 5.15). Notably, nascent
vesicles, which were still connected to the RBC cytosol, were identified and found to contain
a higher concentration of PRDX6 as compared to the RBC cytosol, indicating that PRDX6
may be selectively loaded into HeVs during HCCU (Figure 5.15 A4). PRDX6-containing HcVs
were also observed simultaneously at the PVM and FV surface in the same cells, suggesting
that after internalisation of PRDX6 at the PVM surface, PRDXG6 is transported to the FV
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within HeVs (Figure 5.15 A,B and D). PRDX6-containing HcVs were also observed within
the FV lumen at the inner surface of the FV membrane (Figure 5.15 A and D). Non-vesicular
PRDX6 was not detected within the FV lumen, suggesting that PRDX6 is immediately
digested after the release of HcVs into the FV lumen.

Summed up, the immuno-electron microscopy images clearly indicated that host RBC
PRDX6 is taken up alongside hemoglobin during HCCU and transported to the parasite
FV within HcVs. We hypothesised that if PRDX6 plays an important role for antioxidant
protection within HcVs, inhibition by Darapladib might interfere either in HCCU or transport
of HcVs to the FV.

6.11 Darapladib blocks HcV transport and delivery of hemoglobin
to the FV

We investigated the putative role of PRDX6 in HcV transport in P. falciparum blood stage
parasites using the protease inhibitor E64 and Darapladib. E64 blocks hemoglobin diges-
tion within the FV which leads to the accumulation of undigested hemoglobin in the FV
and swelling of the FV [51]. However, if HcV — and thus hemoglobin — transport to the
FV is disrupted by Darapladib treatment, hemoglobin cannot accumulate in the FV pre-
cluding the swelling of the FV due to E64. We examined parasites both by electron and
light microscopy. As expected, treatment with E64 resulted in large, swollen FVs filled with
electron dense hemoglobin (Figure 5.16). Interestingly, treatment with Darapladib com-
pletely precluded the swelling of the FV, indicating that Darapladib acts upstream of E64 by
disrupting transport of hemoglobin to the FV. The cytosol of parasites treated with Dara-
pladib, or Darapladib and E64 both contained multiple dark-coloured HcVs, which are not
found in untreated parasites. Hemoglobin did not accumulate in the F'V upon co-treatment
with E64 and Darapladib indicating that hemoglobin does not reach the FV in parasites
treated with Darapladib. The observed phenotype of accumulated HcVs within the parasite
cytosol shows striking similarities to the phenotype described in a recent report by JONSCHER
ET AL. where the deletion of PfVPS45 interrupted hemoglobin transport and arrest of HcVs
in the cytosol of P. falciparum parasites [50]. In their study, the authors specified translucent
structures observed in Giemsa-stained blood smears as arrested, hemoglobin-filled vesicles.
Similar translucent structures were visible in Giemsa-stained blood smears of Darapladib-
treated parasites suggesting the presence of arrested HcVs in the cytosol after treatment with
Darapladib (Figure 5.16).

The disruption of host cell cytosol transport to the FV was confirmed using the pH sensitive,
cell-impermeant fluorescent probe LysoSensor Blue/Yellow 10kDa dextran. To study vesicular

transport in P. falciparum infected RBCs, we preloaded RBCs with LysoSensor Blue/Yellow
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Figure 6.1: Model for Darapladib-inhibited host cell cytosol uptake in P. falciparum.
(A) Human PRDXG is internalised alongside hemoglobin (Hb) in host cell cytosol-containing vesicles
(HeV). The increased density of hemoglobin in HeVs leads to elevated oxidative stress levels causing
membrane damage. PRDXG6 is crucial for the repair of vesicular membranes to assure membrane integ-
rity and successful active transport. Without inhibition of PRDX6, the active transport is functional
and HcVs are delivered to the FV. Hb is digested and detoxified into hemozoin crystals in the FV.
(B) Upon treatment with E64, digestion of Hb is inhibited leading to the accumulation of Hb and
swelling of the FV. (C) Inhibition of PRDX6 by Darapladib prevents the detoxification and repair
of oxidised HcV membranes leading to the disruption of active transport of HcVs to the FV. Thus,
no hemoglobin is delivered to the FV and the FV appears shrunken and contains little to no hemo-
zoin. Abb.: Dar, Darapladib; FV, food vacuole; Hb, Hemoglobin; HcV, host cell cytosol-containing vesicle;
Hz, Hemozoin; PM, parasite membrane; PVM, parasitophorous vacuole membrane; RBC, red blood cell; ROS,
reactive oxygen species.

and subsequently allowed invasion by P. falciparum merozoites. DMSO-treated P. falciparum
infected RBCs successfully internalised the probe from the host RBC cytosol and transported
it to their acidic FV, yielding a strong yellow signal from the probe within the F'V. Treatment
of P. falciparum infected pre-loaded RBCs with Darapladib, however, greatly reduced the
yellow signal in the parasite indicating the disruption of transport of host cell cytosol to
the acidic FV (Figure 5.17). Another line of evidence that Darapladib inhibits hemoglobin
transport was provided by the observation that Darapladib significantly reduced the size of
hemozoin crystals in the FV (Figure 5.18).

Based on these findings, we formulated a hypothetical model for the role of PRDX6 and
Darapladib in HCCU and transport of HcVs (Figure 6.1): During HCCU, host RBC PRDX6

is internalised alongside hemoglobin in HcVs. The increased density of oxidant hemoglobin
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in HcVs leads to an increase of oxidative damage, ROS production and lipid oxidation. In-
ternalised PRDX6 plays an important role in the repair of oxidised vesicle membranes and
detoxification of ROS in HcVs. After budding off, HcVs are transported to the FV via an act-
ive transport machinery, potentially involving actin, dynamin, phosphatidylinositol 3-kinases
(PI3K) and SNARE proteins [51-54]. PRDX6 protects the integrity of the HcV membrane
and enables active transport of HcVs to the FV (Figure 6.1A). Ultimately, HcVs fuse with
the FV and release their contents into the FV lumen where hemoglobin and other proteins
such as PRDX6 are digested by proteases [36]. Free heme is detoxified by crystallisation
into hemozoin in the FV. Upon treatment with E64, HcV transport to the FV is functional
(Figure 6.1B). However, the inhibition of F'V proteases by E64 leads to accumulation of host
cell cytosolic proteins and swelling of the FV. In contrast, upon treatment with Darapladib,
the repair of HcV membranes and detoxification of ROS within HcVs by PRDXG6 is inhibited
(Figure 6.1C). This leads to extensive oxidative damage and disruption of active transport of
HcVs to the FV. Consequentially, HcVs accumulate in the parasite cytosol. As hemoglobin
is not successfully delivered to the FV, the FV remains small and shrunken with little or
no visible hemozoin. The disruption of HcV transport by inhibition of PRDX6 ultimately
leads to the death of the parasite. The observed phenotype of the co-treatment with Dara-
pladib and E64 is similar to the phenotype of treatment with Darapladib alone. This suggests
that Darapladib acts upstream of E64, as disruption of hemoglobin transport by Darapladib
prevented the E64-mediated accumulation of undigested hemoglobin in the FV.

Taken together our data suggests that host RBC PRDX6 serves as a kind of "transport
protection” for HcVs, which are especially prone to oxidative damage due to the increased
density of hemoglobin. Darapladib, as an inhibitor of the PLA9 activity of PRDX6, prevents
the lipid oxidation repair and oxidative stress relief in HcVs, leading to the disruption of
the active transport of HcVs. As a result, hemoglobin-filled HcVs accumulate in the para-
site cytosol and hemoglobin is not delivered to the FV. This is in line with the finding that
Darapladib-treated parasites die during trophozoite stage, where HCCU and HcV transport
are the key active processes for parasite development. Disruption of HcV transport by Dara-

pladib treatment blocks blood stage parasite development and growth.

6.12 Reversal of Artemisinin resistance by co-treatment with
Darapladib

As discussed in section 3.3.3, hemoglobin uptake and digestion is crucial for the activation of
the current state-of-the-art antimalarial drug Artemisinin. Resistance against Artemisinin
has been linked to reduced hemoglobin uptake in early ring stage leading to a decrease

in heme-induced oxidative stress and thereby impairing the activation of Artemisinin [45].
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For example, ART-resistance in P. falciparum NF54 C580Y is caused by impaired HCCU
in ring stages due to the C580Y mutation in the B-propeller of Kelch13 (K13), a protein
directly involved in ring stage HCCU complex formation [43,98]. The mutation is also found
in the ART-resistant P. falciparum field isolate 3815 (JEAN-CHRISTOPHE BARALE, personal
communication). Our findings suggested that Darapladib interrupts the transport of hemo-
globin to the FV and interferes in the detoxification of oxidative stress by inhibition of the
PLA5 activity of PRDX6. Thus, we explored whether co-treatment of ART-resistant parasite
strains with a Darapladib-Artemisinin combination could reduce parasite survival in a ring
stage survival assay (RSA).

Co-treatment of Darapladib and Artemisinin significantly and synergistically reduced sur-
vival of the P. falciparum ART-resistant strains NF54 C580Y and 3815. The measured para-
site survival for both NF54 C580Y and 3815 for co-treatment was significantly lower than
the calculated theoretical survival rate in case of a purely additive drug interaction [318].
Both NF54 C580Y and 3815 contain the K13 C580Y mutation, suggesting that for this muta-
tion, Darapladib reverses Artemisinin-resistance and shows synergistic inhibition of parasite
growth. However, Darapladib did not significantly reduce survival of the highly ART-resistant
P. falciparum strain 3601. In contrast to NF54 C580Y and 3815 strains, ART-resistance of
3601 is linked to the K13 R539T mutation, which confers a higher level of parasite survival
than the C580Y mutation [98,319, DIDIER MENARD, personal communication]. It remains
unclear if Darapladib failed to reduce survival of P. falciparum 3601 due to the K13 R539T
mutation, or if other ART-resistance mechanisms could play a role in P. falciparum 3601.

We will assess whether Darapladib blocks progression of the ART-resistant strains in con-
tinuous treatment and predict that Darapladib would effectively kill ART-resistant parasite
strains when administered continuously during the blood stage growth, as ART-resistance is
only observed in early ring stages and the effect of K13 mutations seems to be limited to
reducing HCCU during early ring stage. This remains to be tested experimentally.

The finding that Darapladib can restore ART-susceptibility and significantly decrease para-
site survival could have significant implications as Artemisinin-resistance is one of the major
threats in the control of malaria. An Artemisinin-based combination therapy (ACT) with
a PRDX6-targeting partner drug would be effective in two ways: Firstly, it could help to
restore ART-susceptibility during early ring stage and secondly inhibition of PRDX6 should
block parasite blood stage growth of ART-resistant strains of P. falciparum by impeded HcV

transport during trophozoite stage.
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6.13 Summary

Previously, the role of PLA9 enzymes during blood stage of P. falciparum was unclear in
the literature. Here, we have provided evidence that the host RBC enzyme PRDXG6 is es-
sential for P. falciparum blood stage growth. Human PRDXG6 is internalised by the parasite
alongside hemoglobin during HCCU and was found to localise to HcVs. To our knowledge,
PRDX6 is the first host enzyme shown to play an important role within HcVs. An effect-
ive inhibitor of PRDX6, Darapladib, was identified and disrupted transport of HcVs to the
FV, suggesting that PRDX6 could play a pivotal role in maintaining membrane integrity
to allow active vesicular transport. Furthermore, Darapladib significantly reduced survival
of ART-resistant parasites in a co-treatment with Artemisinin. Combined with the finding
that Darapladib raises oxidative stress in P. falciparum infected RBCs, we demonstrate that
Darapladib treatment restores ART-susceptibility.

The identification of a host RBC target which is essential for P. falciparum blood stage
growth allows the development of completely novel strategies for pharmacological treatment
and control of malaria. Targeting of host RBC enzymes would have the great advantage, that

parasites cannot attain resistance by mutation of target genes.

6.14 QOutlook and outstanding questions

In this study, we have discovered the important role of host PRDX6 in blood stage growth
of P. falciparum. This finding has opened up new questions which remain to be addressed in
further studies. The following section discusses several approaches and methods to investigate
these outstanding questions.

We have provided evidence that active transport of HcVs to the FV can be disrupted
by treatment with Darapladib. However, the molecular mechanisms for this disruption are
not understood. For example, it remains unclear whether PRDX6 inhibition leads to an
increase of lipid oxidation and oxidative stress within HcVs and whether this could cause
damage to the active transport machinery. To study the changes caused by Darapladib
treatment, the oxidative environment in HcVs will be investigated using small molecular
or fluorescent protein-based ROS sensors, such as roGFP, combined with super-resolution
microscopy before and after treatment with Darapladib [320,321]. Furthermore, oxidative
damage of proteins involved in HcV transport will be investigated by redox proteomics, which
allows to specifically assess oxidative modifications in the proteome of interest [322].

In this study, we used transgenic PRDX6 /~ mice in a rodent malaria model to confirm
our inhibitor-based results. Unfortunately, this approach was found to give ambiguous results
as the complete loss of PRDX6 causes compensatory expression of antioxidant enzymes in
PRDX6 /~ mice [291]. As an alternative, transgenic mice expressing PRDX6 with the D140A
mutation could be used. The PRDX6 D140A mutation selectively abolishes PLAy activity,
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but does not affect the peroxidase activity of PRDX6 [153]. Mice expressing PRDX6 D140A
have been generated in the lab of PROF. ARON B. FISHER, University of Pennsylvania [229].
The selective inactivation of the PLA9o activity may not induce compensatory expression of
antioxidant enzymes in PRDX6 D140A mice, as compared to PRDX6 /" mice. Thus, PRDX6
D140A-expressing transgenic mice may serve as a better model to study the effect of abolished
PLA5 activity of PRDX6 on the growth of P. berghei and P. yoelii.

We identified Darapladib as a potent inhibitor of the PL A9 activity of PRDX6. We demon-
strated that Darapladib binds recombinant human PRDX6 in an ABPP assay and provided
evidence that Darapladib inhibits the PLA9 activity of PRDX6. Moreover, treatment of
P. falciparum infected RBCs with Darapladib inhibits the progression of P. falciparum from
ring to schizont stage and blocks blood stage parasite growth. However, the binding of Dara-
pladib to PRDX6 in P. falciparum infected RBCs has not yet been directly demonstrated.
We also do not know if Darapladib binds other targets. We will use mass spectrometry-based
cellular thermal shift assay (CETSA) to confirm PRDX6 as a target for Darapladib in P. fal-
ciparum infected RBCs. In addition, with CETSA, we could also identify possible additional
targets of Darapladib in the RBC or P. falciparum.

Despite our finding that Darapladib inhibits the PLAy activity of PRDX6 with an ICsq
in the sub-micromolar range, Darapladib has multiple shortcomings as a drug for the PLA9
activity of PRDX6. Originally, Darapladib was developed as a selective inhibitor of extra-
cellular human Lp-PLAjg [160]. Thus, drug permeability and bioavailability were only of minor
concern in the development of Darapladib. However, as human PRDX6 is an intracellular
target, improved bioavailability, permeability and target affinity are crucial for pharmaco-
logically active PRDX6 inhibitors. Therefore, the chemical scaffold of Darapladib does not
serve as a good basis to develop improved inhibitors of the PRDX6-PLA9 activity. Improved
PRDX6 inhibitors are needed to further investigate the role of PRDX6 in P. falciparum blood
stage growth. To develop such inhibitors, we will identify drug candidates using in silico iden-
tification of hits with novel scaffolds, which will be further investigated by high-throughput
screening of small molecule libraries based on predicted hits and subsequent in vitro and in
vivo validation of hits. Identified lead compounds will be further optimised using medicinal
chemistry.

It was not possible to confirm the essentiality of host RBC PRDX6 for P. berghei and
P. yoelii blood stage growth in PRDX6 /= mice. The development of novel, specific, and
highly active PRDXG6 inhibitors with nanomolar ICsq in parasite growth assays could help to
validate PRDX6 as an essential enzyme for blood stage growth of P falciparum. Furthermore,
development of pharmacologically improved PRDX6 inhibitors could open up new approaches
for development of antimalarials that target host enzymes, which would preclude the devel-
opment of drug resistant parasites. Moreover, selective inhibition of host PRDX6 could also

help overcome emerging drug resistance against Artemisinin-based therapies.
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An efficient selective PRDX6 inhibitor may also find application for treatment of other dis-
eases, such as cancer, where PRDX6 plays a role. Cancerous tumour cells show an increased
production of ROS due to their elevated metabolism [217,223]. As described earlier, PRDX6
plays a role in ROS detoxification and antioxidant protection and is therefore thought to play
an important role in redox metabolism of cancer cells [138,153]. Indeed, overexpression of
PRDXG6 promotes cancer cell proliferation and migration in various types of cancer, including
cancer of the breast, lung, colorectal, gastric, ovarian, tongue, oesophagus, bladder, liver,
gingiva, skin and mesothelium (cf. Section 3.6.4) [153,217-222]. Accordingly, inhibition and
knockdown of PRDX6 has been shown to be deleterious for carcinogenesis of multiple cancer
types [217,219,220]. Thus, PRDXG6 is a potential target for treatment of cancer. Treatment
with novel selective PRDX6 inhibitors could reduce cancer cell proliferation and migration

and serve as valuable tool in cancer treatment and chemotherapy.
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AP2u ... Adaptor protein complex 2u
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BODIPY ........ Boron-dipyrromethene, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
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DTT ............ Dithithreitol
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EPS15 ... ... Epidermal growth factor receptor substrate 15
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Fe ..., Iron
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GFP ...... ... Green Fluorescent Protein

GPx ............. Glutathion peroxidase
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hoooe human
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MFT ............. Mean fluorescence intensity

MUFA .......... mono-unsaturated fatty acid

NRF2 ........... Nuclear factor erythroid 2-related factor 2
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PL .............. Phospholipid

PLA1o .......... Phospholipase Aj o

PLB ............. Phospholipase B

PRDX .......... Peroxiredoxin

PUFA ........... poly-unsaturated fatty acid

PV .o Parasitophorous vacuole

PVM ... Parasitophorous vacuole membrane

PS ... Phosphatidyserine

Py ... Plasmodium yoelii

Rab ............. Ras-associated binding (protein)
())RBC .......... (infected) Red blood cell

RBCM .......... RBC membrane



ROS ............ Reactive oxygen species

RT .............. Room temperature

SERCA ......... sarco/endoplasmic reticulum Ca?t-ATPase
sPLAy .......... secreted Phospholipase Ag
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ST v stereospecifically numbered
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IV Gen sequences

IV.i Human PRDX6 6x-His tagged

1
61
121
181
241
301
361
421
481
541
601
661

ATGCATCACC
GAAGCTAATA
ATTCTGTTCA
GCAAAGTTGG
TCCGTGGAAG
ACCGAGAAGT
GGCATGCTGG
TTCGTGTTTG
CGCAACTTCG
GTGGCTACTC
GAAGAGGAGG
AAAAAGTATC

6x His-Tag

ACCACCATCA
CCACGGTTGG
GCCATCCGCG
CGCCAGAATT
ATCACCTGGC
TACCGTTTCC
ATCCGGCGGA
GTCCGGATAA
ACGAGATCCT
CGGTTGATTG
CGAAAAAGTT
TGCGCTACAC

CCCCGGAGGG
TCGTATTCGT
TGACTTTACC
TGCGAAACGT
GTGGAGCAAA
GATTATCGAT
GAAGGACGAG
AAAACTTAAG
CCGCGTCGTG
GAAAGACGGT
GTTCCCGAAA
CCCACAGCCG

IV.ii hPRDX6-His in pET28a

T7

Xhol

TTGTTGCTGG
TTTCACGATT
CCGGTATGTA
AATGTTAAAC
GACATCAACG
GATCGTAATC
AAGGGTATGC
TTGTCCATTC
ATCAGCCTGC
GACAGCGTTA
GGCGTTTTCA
TAA

F1 ori
| M13 origin

PRDX6 in pET28a

6034 bp

GCGACGTTGC
TCCTGGGCGA
CCACGGAACT
TTATCGCCCT
CATATAACTG
GTGAACTGGC
CGGTCACCGC
TGTACCCGGC
AACTGACCGC
TGGTTCTGCC
CCAAGGAACT

KanR

CCCCAACTTT
CTCTTGGGGT
GGGCAGAGCG
GTCGATCGAC
CGAAGAGCCG
GATTTTGCTG
GCGTGTGGTG
TACCACGGGT
AGAGAAGCGC
TACAATTCCG
GCCGAGCGGT

CdE1oﬂmn

Figure IV.1: Vector map of human PRDX6 in pET28a plasmid.
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