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ABSTRACT

Resistance to front-line antimalarial therapies is a widespread issue, from early chloroquine
failure to the more recent concerns of Artemisinin Combination Therapy (ACT) failure.
Traditional methods of quantifying drug resistance focused on growth inhibitory, or ICsp,
concentrations of drug. In the clinical setting, however, parasites are exposed to much higher
concentrations of drug that kill parasites within hours. Defined as cytocidal activity, these
concentrations have only recently begun to be explored. Recent reports suggest that, drug targets
and molecular mechanisms of drug resistance differ at cytostatic versus cytocidal levels. To
investigate these possible targets and mechanisms of resistance at cytocidal levels of drug,
immunofluorescence assays were conducted to visualize PfAtg8 localization in chloroquine
sensitive versus resistant parasites treated at cytocidal drug concentrations.

In addition to understanding chloroquine resistance, the recent emergence of a delayed
clearance phenotype (DCP) and piperaquine resistance further warrant novel methods of probing
molecular mechanisms of drug resistance. Mutations in the propeller domains of a Kelch domain-
containing protein on chromosome 13 (K13) have been linked to DCP and traditional methods of
quantifying cytostatic or cytocidal activities of drugs fail to distinguish K13-mutant parasites from
wild-type parasites. In 2013, Witkowski et al. developed the ring-stage susceptibility assay (RSA)

using dihydroartemisinin to correlate DCP with an in vitro measurement: increased parasite



survival. This method was modified to investigate other endoperoxide drugs and of the seven
compounds tested, 0Z439 was only compound that circumvented the endoperoxide cross-
resistance pattern.

A high-throughput screen identified several potent antimalarials, including
phosphatidylinositol 3-kinase (PI3K) inhibitors. These PI3K inhibitors are not only extremely
potent antimalarials, but they were also found to inhibit the formation of Atg8 puncta in parasites
and were highly synergistic with ART derivatives. Based on recent studies suggesting the
involvement of elements in the autophagy cascade in artemisinin resistance, immunofluorescence
assays were done with K-13 mutant and wild type parasites and results suggest a dysregulation of
an autophagy-like process in the K13-mutant parasites. These results guided me towards
conducting single-point Chou-Talalay combination analyses to investigate the efficacy of
traditional ACTs in comparison with novel combinations involving an endoperoxide compound
plus various PI3K inhibitors. Synergy was observed in 0Z439-PI13K combinations in both DCP

and wild-type strains.
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CHAPTER |

INTRODUCTION

1.1 General Background
Malaria is a deadly disease affecting 300-500 million people worldwide and causes
approximately 600,000 deaths annually®. It is an infectious disease that mainly affects tropical and
subtropical regions of the globe (Figure 1.1), with almost half of the world’s population living in

areas that are at risk for malaria transmission®.

0 5.000 10,000 15,000 Kiometres

Water PPR. .

Mean point estimates of the age-standardised annual mean Plasmodium falciparur parasite rate in two 10 ten year olds (PPR, ) within the spatial limis of stable transmission B P takpeumiee 0%
Areas of no risk and unstable risk (PRAPI < 0.1%.) are also shown,

Bl raecoax

Gothing, P.W.*, Patil, AP.*, Smith, D.L.*, Guerra, CA., Elyazar, LR F, Johnston , G.L., Tatem, AJ. and Hay. S.1. (2011). A new world malaria map: Plasmodium falciparum
endemicity in 2010. Malaria Journal, 10: 378. BMC highly accessed article, “ndicales equal authorship

©2010 Malaria Atlas Project, available under the Creative Commons Attribution 3.0 Unported License.

N
0%

Figure 1. 1 Spatial distribution of Plasmodium falciparum malaria endemicity in 2010%. Mean
point estimates of the age-standardized annual mean of P. falciparum parasite rate in two to ten
year-old (PfPR2.10) within spatial limits of stable transmission. Areas of no risk and unstable risk
(PfAPI < 0.1%) are also shown. © 2010 Malaria Atlas Project, available under the Creative
Commons Attribution 3.0.



Malaria is a vector-borne disease caused by the unicellular Apicomplexan parasites of the
genus Plasmodia. There are more than a 100 species, of which 5 are known to infect humans: P.

vivax, P. ovale, P. malariae, P. knowlesi (zoonotic), and P. falciparum®. There have also been

recent reports of a sixth zoonotic species infecting humans with P. cynomolgi®,

P. vivax infections

are the most widespread, however, P. falciparum is the most lethal species.
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Figure 1. 2 Malaria parasite life-cycle. Credit CDC, Alexander J. da Silva, PhD, and Melanie
Moser, 2002°. Public domain content available from the Public Health Image Library (PHIL), ID#

3405.

The Plasmodium parasite has two hosts: human (asexual reproduction phase) and the

female Anopheles mosquito vector (sexual reproduction phase). Transmission occurs through a



bite from an infected female Anopheles mosquito. Injected sporozoites first invade and infect the
liver hepatocytes and then mature into schizonts during the exo-erythrocytic cycle (Figure 1.2),
which rupture to release merozoites into the human blood stream. Once in the blood stream,
parasites infect red blood cells (RBC), which is the stage responsible for the symptomatic phase
of the disease. Inside the RBC, parasites pass through a series of distinct developmental stages
over a 48-hour period (Figure 1.3): ring (0-15 h), early trophozoite (15-19 h), mid-trophozoite (19-
25 h), late trophozoite (25-30 h), schizont (30-44 h), RBC rupture producing merozoites (44-48
h), re-infection (0 h). Malaria parasites in the intraerythrocytic stage can also differentiate into the
sexual stage called gametocytes, of which male (microgametocyte) and female (macrogametocyte)
forms exist. These forms can be ingested by an Anopheles mosquito during a blood meal, where
they then undergo sexual reproduction in the mosquito midgut to form oocysts, which then rupture
to release sporozoites. These migrate to the mosquito’s salivary glands and can be inoculated into

a new human host to continue the parasite life-cycle.

Figure 1. 3 Representative giemsa-stained parasites showing erythrocytic stage morphologies.
From left to right: ring (0-15 h), early trophozoite (15-19 h), mid-trophozoite (19-25 h), late
trophozoite (25-30 h), schizont (30-44 h), schizont burst releasing merozoites (44-48 h). Black
regions denote hemozoin (malaria pigment). Reproduced with permission from Gligorijevic et al.®

During the trophozoite stage, the parasite is enclosed by the outer parasitophorous vacuolar
membrane and the inner plasma membrane, which are separated by the parasitophorous space
(Figure 1.4). This double-membrane structure encloses the parasite cytosol which contains a highly

3



specialized lysosomal organelle called the digestive vacuole (DV). It is within this DV that host
RBC hemoglobin is actively degraded to obtain amino acids and make space for parasite
development within the RBC. It is important to note that P. falciparum parasites have the ability
to obtain all amino acids necessary for survival through degradation of host hemoglobin with the
exception of isoleucine, which is not present in adult human hemoglobin’. Thus, it has been shown

that parasites can be starved by removal of isoleucine from the culture medium®.

PVM
RBC cytosol

Parasite cytosol

Figure 1. 4 Representation of a trophozoite infected RBC. Shows the RBC cytosol,
parasitophorous vacuolar membrane (PVM), parasite cytosol and parasite digestive vacuole (DV).

1.2 Autophagy in Apicomplexan Parasites

1.2.1 Cytocidal Drug Resistance

The quantification of antimalarial drug potency is typically conducted via long-term
continuous growth inhibition assays which allow for the calculation of an ICso — or the
concentration required to inhibit cell growth by fifty percent — for each drug tested®. These data
were extremely important in elucidating the distinction between chloroquine sensitive (CQS)

versus chloroquine resistant (CQR) malaria. It was then discovered, by Fidock et al. that the



molecular mechanism of resistance to CQ is primarily driven by mutations in the Plasmodium
falciparum Chloroquine Resistance Transporter (PfCRT)*. A QTL analysis was later conducted,
which supported the conclusion that mutated PfCRT is associated with elevated CQ 1Cso™.
Mutated PfCRT leads to decreased accumulation of CQ in the parasite digestive vacuole (DV),
which in turn, prevents CQ from acting on its target and confers resistance to CQ?®. There has been
extensive work done to characterize the various isoforms of PFCRT and these studies show that
there are differing levels of CQ and quinoline resistance conferred by the various isoforms of
PfCRT13,

All of the aforementioned studies, however, focus on growth inhibitory effects of quinoline
drugs and fail to recognize that, in a clinical setting, parasites are eliminated within hours, which
suggests that successful antimalarial therapy not only slows parasite growth but also Kills
parasites'®. Typically, plasma concentrations of CQ are in the 1-10 uM range, whereas ICsp levels
of CQ are in the 10-200 nM range. Resistance to quinolines at clinically relevant concentrations
found in human plasma had not been studied until recently. Cabrera et al. investigated CQ
accumulation at clinically relevant, or cytocidal, concentrations and found that a much higher than
expected concentration of CQ or fluorescent NBD - CQ can be found within parasites exhibiting
cytocidal CQ resistance®®. To study drug resistance at clinically relevant concentrations, Paguio et
al. developed an efficient assay to calculate LDso, or the drug concentration required to kill fifty
percent of parasites in a population'®. Results obtained through this assay showed that fold-
differences at 1Cso shown by CQS versus CQR parasites do not parallel fold-differences shown at
LDso — for example, whereas HB3 (CQS) versus Dd2 (CQR) ICsos are ten-fold different, the
corresponding LDses are over one-hundred-fold different!®. This analysis was conducted on

several other quinoline drugs and results showed a similar trend. Taken together, these data led to



the conclusion that molecular mechanisms of quinoline resistance must differ at cytostatic versus
cytocidal concentrations!®. In order to better understand these differences, it is necessary to

investigate drug-induced death mechanisms in malaria.

1.2.2 Malaria Cell Death Mechanisms

Since Plasmodium parasites lack caspase genes and other genes necessary to encode key
apoptosis regulators, it is unlikely that the apoptosis pathway is the cause of drug-induced death
in malaria®®. Importantly, no molecular alterations in the apoptosis pathway have been found for
CQR malaria. A QTL analysis on the progeny of a cross between P. falciparum strains HB3 (CQS)
and Dd2 (CQR) revealed three major loci associated with LDso CQ resistance’. First, similar to a
QTL analysis done with relation to CQ ICso'!, PfCRT also segregates with elevated LDso;
however, the LOD score was ~21 compared to ~40 when ICso is the measured phenotype. This
suggests that, although mutations in PFCRT may contribute to observed LDsg differences, they are
not sufficient to describe the entire cytocidal phenotype. Second, two new chromosomal loci that
were not previously associated with cytostatic CQR were found to be associated with elevated
LDso. These included a contribution from chr6 and defined a pairwise interaction between chr6 x
chr8 loci. Inspection of the chr6 and chr8 loci reveals multiple genes involved in processes linked
to vesicle traffic, proteasome function/proteolysis and lipid metabolism. For example, at least 6
genes within the chr8 locus encode proteins putatively involved in the proteasome pathway.
Candidate genes were also ranked based on the sequence similarity of strain HB3 (CQS) and strain

Dd2 (CQR), and the correlation of expression levels with the LD, phenotype. Four previously
vetted methods!® were used to identify genes or pathways that are most likely relevant to LDsy.

Interesting genes within the chré and chr8 loci that have high CDS scores include putative

orthologues of autophagy genes ATG11 and ATG14, several key metabolic regulators, multiple



kinases, and a putative E3 ubiquitin ligase. Also of note are several genes in the chr6 locus linked
to response to oxidative stress. Since autophagy is an orchestrated, vesicle mediated,
proteolysis/degradative pathway that is distinct from apoptosis and since “vesicle traffic”,
“proteasome/proteolysis”, “lipid metabolism”, “oxidative stress” and autophagy pathways often
overlap mechanistically, these findings suggested that an autophagy-like pathway may be
responsible for drug-induced death at cytocidal drug concentrations in P. falciparum.

Autophagy is a mechanism of intracellular degradation that is mediated by double-
membrane organelles called autophagosomes'®?’. Autophagosome formation is dependent on
several autophagy-related (Atg) proteins, which were first identified in S. cerevisiae yeast?*-?,
These proteins form distinct complexes necessary during initiation and elongation of the
autophagosomal membrane??. First, the initiation step requires the Atgl-Atgl3-Atgl7-Atg31-
Atg29 complex and Atg9-containing vesicles. Next, the phosphatidylinositol 3-kinase (P13K)
complex (Vps30/Atg6-Atgl4-Vpsl5-Vps34) produces phosphatidylinositol 3-phosphate (P13P)
which recruits the Atg2-Atgl18 complex. And finally, the Atgl2-Atg5-Atgl6 complex and Atg8-
phosphatylethanolamine (PE) conjugate are required for elongation of the phagophore membrane

and completion of the closure of the autophagosome (Figure 1.5). These proteins are highly

conserved in eukaryotes?3,
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Figure 1.5 Conservation of autophagy proteins in Plasmodium. Proteins essential for autophagy
are depicted as rectangles. Ovals represent proteins whose essentiality is not known. Black
indicates strong evidence for homology (e-value < 11%in initial BLAST within PlasmoDB). Gray
indicates homology less clear (initial e-value cutoff of 0.012). White indicates no orthologue was
identified. *Human proteins FIP200 and Atg101 thought to be functional homologues of yeast
Atg31/Atgl7/Atg29. Reproduced from Hain et al?*, available under the creative commons
attribution.

However, in apicomplexan parasites such as P. falciparum or the related T. gondii, only a

partial list of Atg proteins are conserved? (see also Figure 1.5). Importantly, in both P. falciparum
and T. gondii, the Atg8 conjugation system, including Atg3, Atg4, Atg7, and Atg8, are
conserved?®. Thus, most autophagy related studies in P. falciparum and T. gondii have focused on
Atg8 as a marker protein for the autophagosome?®. Furthermore, although no orthologue of mTOR
has been found in Plasmodium, homologues have been discovered of 15 of the 30 autophagy
proteins that have been identified in yeast?. These include Atgl, Atg2, Atg5, Atg6, Atgl2, Atgl4,
Atgl7, Atgl18 and Vps34, which may be conserved in P. falciparum®: 2728 and Atgl, Atg5, Atge,
Atg9, Atgl5, Atgl8 and Vps34 in T. gondii®. Interestingly, to date, Vps34 is the only
phosphatidylinositol 3’-kinase (PI3K) that has been identified in the Plasmodium genome and

suggests a possible regulation step in the absence of an mTOR homologue.



Plasmodium parasites lack caspase genes required for apoptosis mediated cell death and
no evidence has been found of alterations in the apoptosis pathway in relation to quinoline drug
resistance. Because many homologues of autophagy related proteins have been identified in
Plasmodium and recent discoveries implicate the autophagy pathway in cytocidal chloroguine
resistance, it is imperative that the functionality and role as a cell death mechanism of this pathway
be further investigated in malaria parasites. It is also useful to investigate the autophagy pathway
in related apicomplexan parasites, such as T. gondii.

Autophagy is a pathway that utilizes the lysosome as the final organelle in which cellular
component are deposited for degradation®. In higher eukaryotes, Rab7 is a key regulator in
trafficking of endosomal material to the lysosome®. Rab7 is necessary to the autophagy pathway
in mammalian cells due to its influence on the maturation of autophagosomes®! and during amino
acid starvation, Atg8 and Rab7 colocalize on the autophagosomal membrane3?. Apicomplexans
contain a basic set of Rabs, including Rab7%. Specifically, P. falciparum parasites possess a family
of 11 Rab proteins including a single Rab7 GTPase®*, suggesting that components of the pathway
involved with autophagosome maturation exist in malaria parasites. Through electron
micrographs, Tomlins et al. show that PfAtg8 localizes to double-membrane structures containing
PfRab7 that were near or inside of the parasite DV, which implicates the parasite DV as the final
lysosomic compartment during the malaria parasite autophagy cascade® and further supports the
hypothesis that malaria response to cell death includes an autophagy-like pathway rather than an
apoptosis pathway.

1.2.3 Autophagy is a Stress Response Mechanism
Several reports have investigated the role of the autophagy pathway in apicomplexan

parasites as a response to external stress, which leads to cell death. This pathway has been



implicated as a cell death mechanism in response to starvation, a commonly known method of
inducing autophagy, in both P. falciparum and T. gondii'” 2% 313539 Atg8 is commonly used as a
marker of autophagy as it is associated with the pre-autophagosome membrane at an early stage
and remains associated with the autophagosome during fusion with the lysosome, making it an
excellent indicator of autophagosome localization in the parasite®. In yeast and mammals, Atg8
has a diffuse, cytoplasmic distribution under nutrient rich conditions that becomes punctate upon
induction of autophagy*°.

In 2013, Gaviria et al., primarily through immunofluorescence assays using antibodies to
the autophagy indicator protein, Atg8, showed that a phenomenon similar to that described in yeast
was observed in P. falciparum?!’. Under control or nutrient rich conditions, the observed Atg8
staining pattern was diffuse and localized to the parasite cytoplasm. However, upon exposure to
nutrient depleted or starvation conditions, the Atg8 distribution changed to a punctate appearance
(Figure 1.6)Y". This suggests that, similar to yeast and other eukaryotes, the autophagy-like

pathway in P. falciparum can be induced through starvation conditions.

Control Starved

Figure 1. 6 P. falciparum parasite immunofluorescence staining visualized using spinning disk
confocal microscopy. Atg8 was labelled using TgAtg8 antisera. Panels A and D are transmittance;
B and E are Atg8 fluorescence; and C and F are overlays respectively. Left side are control
intraerythrocytic HB3 P. falciparum; right side are HB3 starved for 6 hours as described in
methods. Bar =5 pm.

Investigating the role of autophagy as a response to stress in the related apicomplexan

parasite, T. gondii can also provide useful information about this process. Unlike most
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apicomplexans, T. gondii parasites are readily amenable to genetic manipulations in the laboratory.
Additionally, cell biology studies are more readily performed in T. gondii due to the high efficiency
of transient and stable transfection, the availability of many cell markers, and the relative ease with
which the parasite can be studied using advanced microscopic techniques*'. Thus, for many
experimental questions, T. gondii is a useful model system to study the biology of other, related
apicomplexan parasites.

In 2012, Ghosh et al. described experiments to probe the autophagy pathway in T. gondii®.
It was first observed that under starvation conditions, the single mitochondrion in T. gondii cells
becomes fragmented, leading to parasite death. To determine the process by which the
mitochondrion becomes fragmented, the established PI3K inhibitor, 3-methyl adenine (3-MA) was
used. 3-MA is also known to inhibit autophagy by blocking the recruitment of lipid to the
autophagosome. Upon addition of 3-MA to the starvation treatment, mitochondrial fragmentation
was effectively blocked, suggesting that an autophagy-like process is responsible for T. gondii
cell-death under starvation conditions. Although these results implicate mitophagy as the process
for stress-induced cell death in T. gondii, similar mitochondrial fragmentation has not been
observed in P. falciparum.

Further work by Besteiro et al. investigates the localization of TgAtg8 containing vesicles
in T. gondii®®. As previously mentioned, Atg8 localization is a commonly used method to probe
the activity of the autophagy pathway and under starvation conditions, Atg8 containing vesicles
can be seen in a punctate pattern. Besteiro et al. conducted immunofluorescence microscopy to
visualize the localization of TgAtg8 under nutrient-rich conditions and it was observed that Atg8

is cytosolically localized, as expected. Under amino acid starvation, Atg8 staining was observed
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to be punctate, with the number of puncta per parasite also increasing as the incubation time in
starvation media was increased to eight hours.

In eukaryotic cells, Atg8 contains a C-terminal arginine residue, which is catalytically
cleaved by Atg4 to expose a C-terminal glycine residue on Atg8*2. However, in apicomplexan
parasites, such as P. falciparum and T. gondii, Atg8 does not possess this C-terminal arginine
residue. Instead, the C-terminal glycine residue is constitutively exposed?® 4344, Thus, it is thought
that the Atg4 homolog is responsible for recycling improperly conjugated Atg8*?. When Besteiro
et al. mutated TgAtg8 to code for a terminal alanine rather than the native glycine, it was observed
that fewer or no autophagosomes were labelled with Atg8. Additionally, using known PI3K
inhibitors such as 3-MA or wortmannin to investigate the inhibition of autophagy in combination
with nutrient depletion showed a reduction in the number of Atg8 labelled puncta. These results
provide a strong correlation between Atg8 puncta and induction of the autophagy pathway through
starvation. It was also shown that upon Atg3 depletion, few to no autophagosomes were labelled
with Atg8, which implies that Atg3 is also necessary for association of Atg8 to the autophagosome

membrane.

1.2.4 Autophagy as a Drug Target

Since there is evidence that an autophagy-like process may be responsible for starvation-
induced cell-death in P. falciparum and T. gondii, it is logical, then, to investigate the role of
autophagy in drug-induced parasite death as well. Thus, Gaviria et al. investigated the effect of
CQ on Atg8 labelled puncta in P. falciparum?!’. CQ is a lysosomatropic agent that is known to
prevent autophagosome-lysosome fusion in higher eukaryotes®, which is the final step in the
autophagy cascade®®*’. Similar to previous results under starvation conditions, a redistribution of

Atg8 puncta was observed under cytocidal concentrations of CQ but not with cytostatic
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concentrations of CQ. In addition to the observations from the previously mentioned QTL analysis,
in which a novel interaction between chré x chr8 was discovered implicating the autophagy
pathway, these observations support the hypothesis that cytocidal drug targets and mechanisms of
drug resistance are different from that of cytostatic drug targets and mechanisms of resistance.
Gaviria et al. also discovered that this autophagy-like cascade is dysregulated in CQR parasites'’.
When CQS and CQR parasites are subjected to the same absolute dose of 2XCQS LDso CQ (250
nM CQ), CQS parasites show an induction of Atg8 containing puncta but CQR parasites do not.
Upon treatment with similarly effective pharmacologic doses of 2XLDso CQ (250 nM for CQS
and 32 uM for CQR), CQR parasites do show an induction of Atg8 containing puncta, however,
similar to previous observations under ICso treatment, there are significantly fewer punta per cell

vs. CQS parasites (Figure 1.7).

A B
Control 2hr 4hr 8hr

- CQS ~ CQR

for (A) HB3 [CQS], and 32 uM for (B) Dd2 [CQRY]. In each case the transmittance-fluorescence
overlay is shown beneath the Atg8 fluorescence alone. Bar = 5 um. Reproduced with permission
from Gaviria et al., available under the creative commons attribution.
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The importance of the autophagy pathway in drug-induced parasite cell death is further
supported by work done in the related apicomplexan parasite T. gondii®’°. As described above,
T. gondii parasites provide an easily accessible model organism for studying common pathways
in other apicomplexan parasites. Lavine et al. investigated T. gondii cell death in response to
monensin treatment. Similar to Plasmodium parasites, no evidence was found to implicate an
apoptosis pathway in T. gondii®®. However, treatment of T. gondii parasites to a 6 or 24 hour pulse
of monensin yielded morphological changes that could be attributed to an autophagy-like
pathway®°. Under treatment with monensin, T. gondii parasites experienced a fragmentation of the
mitochondria. This result is consistent with previous observations of mitophagy by Ghosh et al.%.
It has also been found that monensin treatment causes an upregulation of Atgl in T. gondii*®. This
is important since Atgl must be activated in order to initiate the autophagy process?*. Lavine et al.
also observed a redistribution of Atg8 labelled puncta upon treatment of monensin, similar to
previously described observations?®: within 3 hours 80% of parasites showed increased Atg8
puncta and decreased cytosolic localization. These results corroborate the findings by Ghosh et al.
which, together, suggest that a mitophagy process is involved in starvation-mediated and drug-
induced T. gondii cell death.

Due to the overwhelming evidence that an autophagy-like pathway exists in P. falciparum
and related apicomplexan parasites, further studies have been conducted to investigate the effects
of other antimalarial compounds on the autophagy pathway in P. falciparum. In 2015, Mott et al.
showed that cytocidal concentrations of artemether (ATM) and lumefantrine, components of one
of the main-line therapies currently used in artemisinin combination therapies (ACTS), also induce
the punctate appearance of Atg8*°. Artemisinins have been reported to be activated by hemoglobin

degradation products, presumably heme or ferrous iron, thus inducing oxidative stress within the
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DV°%5, These results suggest that oxidative stress is another factor capable of inducing autophagy
in Plasmodium parasites. Additionally, it was shown that Atg8 puncta are induced by cytocidal
concentrations of amodiaquine as well*°.

In addition to studying the ability of stress, such as nutrient starvation or drug-induced cell
death, to induce an autophagy-like response in parasites, the inhibition of this pathway has also
been studied. The WHO strongly recommends the use of combination antimalarial therapies as
opposed to drug monotherapies as a method of reducing the risk of parasite development of drug
resistancel. By investigating drugs that induce the autophagy pathway and those that independently
inhibit this pathway, it should be possible to engineer novel drug combinations that act on the same
pathway in different manners, thus reducing the ability of P. falciparum parasites to adapt and
develop resistance to either drug used in the combination. This thesis begins to explore this
principle.

PI3K regulation is essential to the autophagy pathway in all eukaryotes?*?°. Since Vps34
is the only known PI3K present in P. falciparum, the effects of known inhibitors of mammalian
PI3Ks — such as GSK-2126458 (GSK) or NVP-BGT226 (NVP) — could provide crucial
information on a novel drug target in Plasmodium parasites, as well as provide a method of
inhibiting the autophagy pathway that may be induced by current front-line antimalarial therapies.
Mott et al., via immunofluorescence imaging, showed that when parasites under starvation
conditions were treated simultaneously with GSK or NVP, there was a significant decrease in the
amount of Atg8 positive-puncta compared to starvation conditions*® alone — similar to previous
observations in T. gondii where the known autophagy inhibitor, 3-MA, reduced the number of
Atg8 containing puncta®®. Autophagy is mainly a pro-survival response; however, overstimulation

of the autophagy response can lead to cell death®2. When parasites are starved, their fitness is
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compromised, thus autophagy is induced as a survival mechanism. However, administration of an
inhibitor simultaneously could also lead to parasite death through blockade of this survival
response®. If GSK or NVP actually do inhibit Pf\Vps34 function, it suggests a role for this key
regulator protein in the parasite autophagy response. It also suggests that this could be a crucial
drug target and that targeting this survival mechanism is deleterious to parasites.

The autophagy process in Plasmodium has also been tentatively linked to the recent
emergence of the artemisinin (ART) resistance phenotype®®*. ART is widely thought to cause
oxidative damage in malaria parasites through breakage of the endoperoxide bond. In 2015, Wang
et al. used a fluorescent ART analog to probe targets of ART in parasites in a proteomics study®3.
Interestingly, it was found that Atg18, which is a phosphatidylinositol 3-phosphate (PI3P) binding
protein that is essential to the autophagy pathway, covalently binds to the fluorescent ART probe®°.
This suggests that Atg18 may be one of the molecular targets of ART therapies and further supports
the role of autophagy as a response to drug-induced cell death in P. falciparum. Additionally, a
recent genome-wide association study identified that a locus on chrl0 containing Atgl8 was
associated with decreased sensitivity to DHA and ATM®3. This analysis was done employing
common antimalarials and several genetic loci associated with them were found in 94 P.
falciparum isolates from the China-Myanmar border area, a region with the longest history of ART
therapy. Specifically, it was discovered that a T38N mutation in Atgl8 was associated with
decreased DHA and ATM susceptibility. This suggests that, not only is Atgl8 a potential
molecular target of ART therapies, but also Atg18 could be linked to the observed ART delayed
clearance phenotype observed in Southeast Asia.

ART resistance is primarily characterized by mutations in the kelch domain of a protein on

chromosome 13 (K13) in P. falciparum parasites®®®’. A study by Mbengue et al. investigating the

16



role of Vps34 in ART resistance® discovered that K13 mutant parasites show increased levels of
Vps34 and, in turn, increased levels of the Vps34 product, PI3P. This study implies that increased
expression of Vps34 may be linked to decreased sensitivity to ART compounds in mutant K13
parasite strains®. This further highlights the necessity of investigating novel methods to target the
autophagy pathway in P. falciparum in order to circumvent developing drug resistance — the use
of PI3K inhibitors is just one method of attacking this problem.

Taken together, the aforementioned studies provide evidence that first, cytocidal — or cell-
kill effects of antimalarial drug must be investigated to better understand the molecular targets of
these drugs. Also, it is important to note that multiple studies have shown that apicomplexan
parasites such as P. falciparum and T. gondii possess machinery necessary for the autophagy
pathway and that this pathway may be a response to stress, either by starvation or drug treatment.
Most significantly, the autophagy pathway has been implicated as a mechanism of P. falciparum
resistance to quinolines as well as artemisinins. Additionally, there is evidence that this pathway
can be independently targeted by PI3K inhibitors, as a means to suppress the parasite survival
mechanism under external stress. In turn, investigating these approaches can lead to novel
candidate antimalarial combination therapies that are more effective at Killing parasites and

preventing the rise of antimalarial drug resistance.
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1.3 Resistance to Artemisinin Combination Therapies

1.3.1 Artemisinin Combination Therapies

Artemisinin (ART) Combination Therapies (ACT) are currently the front-line therapy for
treating Plasmodium falciparum malaria. The World Health Organization strongly urges
regulatory authorities in malaria endemic countries to halt the production and use of antimalarial
monotherapies in favor of using combination therapies. It is widely accepted that drug
combination therapies are more effective at killing parasites than monotherapies and are vital in
reducing the possibility of parasites developing resistance to either compound. These
recommended drug combinations typically include a fast-acting compound (such as artemisinin,
which exerts its effects within 1-2 hours to quickly kill parasites and is eliminated from the body
within hours) and a slow-acting partner drug (such as quinolines, which have a longer half-life on
the order of days and exist in the human blood-stream for extended periods of time after treatment
to prevent recurrence of the parasite infection). Commercial ACTs include combinations of:
artemether-lumefantrine (Coartem) and dihydroartemisinin-piperaquine (Duo-cotecxin), two of
the few ACTSs still effective against multidrug-resistant P. falciparum in Southeast Asia. Recent
reports of an artemisinin Delayed Clearance Phenotype (DCP) in P. falciparum may portend the
evolution of resistance to artemisinin related endoperoxide compounds and commonly used
ACTs*®%, The development of artemisinin resistance is of significant concern especially in
Cambodia and Thailand, where the first reports of DCP originated®-®3, especially since the Thai-
Cambodia border is considered the world’s hot-spot for the development of P. falciparum
multidrug resistance®*. Artemisinin resistance was first suspected in 2002 to 2005 and the first

cases of DCP were reported in 2008 and 2009.
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1.3.2 Delayed Clearance Phenotype

Clinically, the artemisinin resistance phenotype is defined as either: 1) a patient having a
parasite clearance half-time of greater than 5 hours or 2) a patient having detectable parasitemia
on the third day of drug treatment®®. Recently, resistance to the partner drug in Duo-Cotecxin —
piperaquine (PPQ) — has also been reported®® %7 Previous reports showed a delayed parasite
clearance, however, patients were still cured of malaria. Delayed clearance meant that ACT
treatment may have been required for 4 days instead of the normal 3 day treatment®. However,
recent reports have been published of complete ACT treatment failure, which implies parasites
have become resistant to both the fast-acting and slow-acting drugs in the combination®3 8567,
Additionally, the possibility of spread or emergence of artemisinin resistance within Africa, where
the majority of malaria related deaths occur®®, is of enormous concern as well as the complete
failure of other ACTs. Thus, it is crucial to investigate the mechanisms of ART resistance and
examine compounds that may be able to circumvent these resistance mechanisms before ART
resistance becomes a more widespread issue.

Traditionally, the quantification of drug resistance has been done by comparing 1Cso
values. These assays quantify the concentration of drug required to inhibit parasite growth by 50%.
In other words, 1Cso calculates the cytostatic potency of a drug. However, reports have shown that
the ICs assay cannot distinguish the ART resistance phenotype®®3. In 2010, Witkowski et al.
reported on a parasite strain that was subjected, under laboratory conditions, to three years of
artemisinin drug pressure. This strain, F32-ART, was able to tolerate up to 9 uM ART and was
established as a laboratory derived artemisinin resistant strain’. Interestingly, the F32-ART strain
was not distinguishable from the F32-control (non-drug pressured) strain via ICso (~9.9 nM ART

ICs0). Thus, Witkowski et al. reported the first assay to successfully correlate in-vitro findings with
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ART sensitivity. An assay was developed in which parasites were treated with high micromolar
doses of ART for 48 or 96 hours, after which the parasites were returned to drug-free media and
allowed to grow. The time it took for cultures to reach 5% parasitemia was recorded by giemsa
staining as well as by Rhodamine 123 fluorescent staining. Not only did this assay correlate a
quicker recovery time with the F32-ART resistant strain, but also it elucidated a quiescence
mechanism displayed by synchronized, ring-stage parasites as a method of ART tolerance.
1.3.3 Ring-Stage Susceptibility Assay

In 2013, Witkowski et al. developed an assay to better quantify the ART resistance
phenotype and characterized several laboratory adapted isolates using the ring-stage susceptibility
assay (RSA)®" ™. In the RSA, early ring-stage parasites are bolus-dosed with 700 nM
dihydroartemisinin (DHA) for six hours (a physiologically relevant dose and incubation time)’*
3, The parasites are then washed, cultured in drug-free media, and relative survival then
determined at 66 hours after removal of the drug. In the Witkowski method, parasite survival is
measured microscopically from giemsa smears, by two microscopists from whom each other’s
data were masked®’. Each microscopist counted at least 10,000 erythrocytes from giemsa smears
of each sample. If the disagreement between the two microscopists was greater than 20%, a third
microscopist would assess the slides. Quantitatively, the RSA allows for the calculation of
percentage of parasite survival after a bolus dose of 700 nM DHA and survival rates were directly
correlated with observations of clinical clearance time. Typically, sensitive parasite strains have
an RSA survival of ~0-1% and resistant strains have an RSA survival of >10%.

Amaratunga et al. subsequently introduced the use of two-color flow-cytometry to
accelerate analysis of RSA data’®. This method utilizes the DNA intercalating properties of SYBR

Green | and the membrane potential response of MitoTracker Deep Red to identify infected
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erythrocytes and subsequently categorize them as viable or non-viable. While MitoTracker Deep
Red has been shown to selectively accumulate within intact mitochondrial membranes in
mammalian cells as an indicator of a large membrane potential®, there has been little evidence to
discern the mitochondrial membrane potential in P. falciparum parasites. P. falciparum parasites
have acristate mitochondria’® and, although they do not conduct oxidative phosphorylation, there
is evidence that these parasites still require mitochondrial energy in the form of the electron
transport chain’’. MitoTracker dyes accumulate within membranes with high potential energy and
it is still unknown whether P. falciparum parasite mitochondria possess a membrane potential great
enough to cause MitoTracker accumulation. However, results from the Amaratunga et al. RSA™
do agree with results from the Witkowski et al. RSA®” and thus, the Amaratunga et al. method is

used as a more effective method of quantifying ART sensitivity (Figure 1.8).
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Figure 1. 8 Flow cytometry scatterplots. Scatterplots of DHA- (A) and DMSO-exposed (B)
Plasmodium falciparum parasites stained with SYBR® Green | (SG) and MitoTracker® Deep Red
FM (MTDR). In each plot, the percentage of viable parasites in 250,000 events is shown in the
upper-right quadrant. In a mode-normalized histogram overlay (C) of these upper quadrants,
populations of viable and pyknotic parasites are clearly separated in both samples. Percent survival
values for four Cambodian parasite isolates that differ in KH subpopulation (KH1, KH2, KH3, and
KH4) and K13-propeller allele (WT, C580Y, R539T, and Y493H) are shown in (D). For each
isolate, percent survival values calculated from microscopy or flow cytometry data were not
significantly different. Data from three independent experiments per isolate are shown. Reprinted
with permission from Amaratunga et al.”.

1.3.4 Molecular Marker of Artemisinin Resistance

There are many reports published that seek to determine the molecular mechanisms of ART
resistance>® 54 6.68. 7882 Approaches such as long-term growth assays, genome-wide association
analyses, genetic engineering of P. falciparum parasites, and targeted drug screens have been done
in an attempt to discover the molecular target of artemisinins as well as the mechanism by which

parasites evade artemisinin treatment.
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Multiple reports agree that a prolonged ring-stage and a quiescence mechanism during the
ring-stage contribute to ART resistance’® 88 |t is believed that ARTs require hemoglobin
metabolism in order to exert oxidative damage to parasites, leading to parasite death®. Thus, a
quiescent mechanism — or a method of prolonging the ring-stage — in essence, shields ART
resistant parasites from the toxic effects of the drug. Witkowski et al. used a laboratory derived
ART resistant strain (F32-ART- can withstand up to 9 uM ART) to microscopically visualize the
effects of ART treatment compared to parasites grown under control conditions over the same
course of 4 days’®. Witkowski et al. effectively showed that the F32-ART resistant parasites were
able to enter a quiescent state, evidenced by the continual appearance of ring-stages only during a
48-hour drug incubation (Figure 1.9). After removal of the drug, the parasites recovered and

proceeded through the normal parasite life-cycle stages.

23



R123 DAPI BRIGHT FIELD

Synchronized ring
parasites. A
No drug was added

24h ART (Y9uM)
treatment on parasites B

48h ART (9uM)
treatment on parasites C

24h after drug removal

D 4
24h after drug removal »

D‘
30h after drug removal

E ~

Figure 1. 9 Epifluorescence observations of parasites with or without drug pressure. (A) Before
drug pressure, ring forms are present (Rhodaminel23 [R123] positive; not detectable with DAPI,
no visible hemozoin). (B) After 24 h of drug pressure, quiescent ring forms are the only viable
stage present. (C) After 48 h of drug pressure, quiescent ring forms are the only viable stage
present. (D and D) Restoration of the parasite cycle with the presence of mature trophozoites and
young schizonts, respectively, 24 h after drug removal. (E) The presence of mature schizonts 30 h
after drug removal. Reprinted with permission from Witkowski et al.”.

Another consensus has been reached in the field is that single-nucleotide polymorphisms

(SNPs) in the propeller domains of a kelch domain-containing protein on chromosome 13 (K13)
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confer ART resistance®® &, In 2014, Straimer et al. genetically engineered P. falciparum
laboratory adapted isolates from Cambodia, as well as non-Cambodian parasite strains, to more
quantitatively assess the contribution of these K13 mutations to the RSA phenotype of each
strain®”. The RSA has been shown to correlate well with clinical observations of ART resistance
displayed by delayed clearance and is used to predict clinical outcomes through in-vitro methods®”
74 Straimer et al. effectively show that, by introducing a novel K13 mutation to non-Cambodian
laboratory strains (that were previously K13-wild type), it is possible to induce ART resistance
evidenced by a higher percentage survival in the RSA®’. Importantly, these findings also suggest
that, while K13 mutations are necessary to explain the RSA and clinical phenotype of ART
resistance, these mutations are not sufficient to account for the full observed phenotype (Figure
1.10). In other words, Cambodian isolates with differing genetic backgrounds and identical K13
mutations show varying RSA phenotypes. This implies that there are other factors in the parasite

genetic background, separate from the K13 locus, which also determine ART sensitivity.
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Figure 1. 10 K13-propeller mutations confer artemisinin resistance in clinical isolates and
reference lines in vitro, as defined in the Ring-stage Survival Assay (RSAQ-3h). (A-D) RSAQ-3h
survival for Cambodian isolates harboring native K13 mutations (shown in superscript) and ZFN-
edited isogenic clones carrying wild-type K13 alleles (superscript “rev”). (E—1) RSAQ-3h survival
for Cambodian isolates and reference lines harboring wild-type K13 alleles and ZFN-edited
isogenic clones carrying individual K13 mutations (shown in superscripts). (J) Impact of different
K13 mutations on RSAQ-3h survival in the Dd2 reference line, showing that 1543T and R539T
confer the highest levels of resistance. (K) Introduction of C580Y into multiple Cambodian clinical
isolates and reference lines, showing that this mutation confers varying degrees of in vitro
resistsance depending on the parasite genetic background. Reprinted with permission from Straimer
et al ¥’

While it is widely accepted that K13 mutations are a marker of ART resistance, Straimer
et al., indicate that there are other molecular mechanisms that are also responsible for the observed

phenotype. Also, it is not clear what the function of the K13 protein might be, since the protein
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has no known orthologues in other eukaryotes. It might be possible then that the unknown function

of PfK13 involves some role in autophagy or autophagy signaling.

Components in the autophagy process in Plasmodium have also been tentatively linked to
the recent emergence of the artemisinin (ART) resistance phenotype. A recent genome-wide
association study identified that a locus on chr10 containing Atg18 was associated with decreased
sensitivity to DHA and ATM®. A study by Mbengue et al. investigating the role of Vps34 in ART
resistance discovered that K13 mutant parasites show increased levels of Vps34 and suggested that
this may be linked to decreased sensitivity to ART compounds in mutant K13 parasite strains>*.
Studies have been done to investigate possible additional factors leading to ART resistance,
including genome-wide analyses of ART resistant and sensitive isolates from Cambodia. These
studies have found multiple targets of endoperoxide compounds in P. falciparum parasites. Some
such targets include fd (ferredoxin), arps10 (apicoplast ribosomal protein 10), mdr2 (multidrug
resistance protein 2), and crt (chloroquine resistance transporter)®. In addition to the widely-
studied SNPs found in K13 associated with ART resistance, other SNPs have been implicated as
possibly contributing to ART resistance as well. These include SNPs on chromosomes 10, 13

(apart from the K13 locus) and 142

In 2015, Mok et al. found 487 genes that were up-regulated and 511 genes that were down-
regulated in association with longer clearance half-life and thus also in association with ART
resistance®?. In particular, genes that were up-regulated included those involved in protein
metabolism, such as endoplasmic reticulum retention sequences, un-folded protein binding,
protein folding, protein export, posttranslational translocation, signal recognition particle (SRP),

proteasome, and phagosome. Most of the up-regulated pathways are known to participate in the
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overall unfolded protein response (UPR) in other eukaryotic species. Mok et al. suggest that an

up-regulated UPR may contribute to ART resistance in P. falciparum.

The aforementioned studies show that while there is a general understanding of markers of
ART resistance, much is still unknown about the molecular mechanisms of P. falciparum ART

resistance.

1.4 Drug Combination Analysis

As previously mentioned, artemisinin combination therapies are currently the frontline
treatment for P. falciparum malaria worldwide and the WHO strongly recommends against the use
of antimalarial monotherapiest. The use of Artemisia annua (Qing Hao) as a traditional Chinese
pharmacopeia included the treatment of fevers and chills®°, In the 1970s, the active principle in
this extract was isolated and identified as artemisinin, a sesquiterpene lactone. The effectiveness
of artemisinin is structurally due to the trioxane pharmacophore and compound activation occurs
via the cleavage of the endoperoxide bridge®. Optimization for solubility and other desirable
pharmacokinetic properties led to the development of related endoperoxide compounds:
artemether (ATM), dihydroartemisinin (DHA), artesunate (ATS), and artemisone (AMS).
Recently, the synthetic ozonide compounds OZ277 and OZ439, have also been developed to add
to the repertoire of compounds thought to cause oxidative damage in P. falciparum parasites®2,

Typically, ACTs consist of a fast-acting compound (such as artemisinin, which exerts its
effects within 1-2 hours to quickly kill parasites and is eliminated from the body within hours) and
a slow-acting partner drug (such as quinolines, which have a longer half-life on the order of days
and exist in the human blood-stream for extended periods of time after treatment preventing the
recurrence of the parasite infection). Commercial ACTs include combinations of: artemether-

lumefantrine (Coartem) and dihydroartemisinin-piperaquine (Duo-cotecxin).
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The available reports of ART-lumefantrine (LUM) synergy trace back to a study by Alin
et al. in 1999 that utilized a commonly-used technigue known as checkerboard analysis to quantify
the interaction via a probit method of data analysis®®. Examining two strains, T-996 and LS-21,
the authors noted synergy at the 1Csq, ICqq, and ICqyq levels, by converting growth data into quantile
units. The determination of synergy is based on predicted growth of the parasites, assuming the
two compounds act independently®®. Additionally, a study in 2007 by Thriemer et al. identified
ICso synergy between LUM and DHA utilizing the isobologram method®*, and Wong et al.
identified slight synergy between DHA and the LUM metabolite desbutyl-lumefantrine utilizing
the same technique®.

As previously described, the Thai-Cambodia border region is a hot-spot for emerging drug
resistance in P. falciparum and most recently, resistance to ART and PPQ have been reported as
well. It is imperative that novel drug combinations be explored before complete failure of front-
line antimalarial therapies. Techniques to identify synergistic partner drugs, as mentioned above,
include altering the concentrations and relative ratios of drugs through a checkerboard pattern on
the assay plate, as well as fixed-ratio serial dilutions. Either technique can be used to generate the
plot used to identify the interaction, known as an isobologram. Isobologram analysis requires the
analysis of many ratios of concentrations of the drugs in question, which leads to an extremely
time consuming experiment, requiring many assays to complete.

In 1984, Chou and Talalay developed a simpler method to identify the type of drug
interaction which only examines one drug concentration ratio at a time®. The fractional inhibitory
concentration (FIC) for each drug are calculated (Equation 1-3), which compare the activity of

each drug in combination with their activities when used as monotherapies. However, instead of
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plotting them on a graph as with isobolograms, these values are summed to generate a combination

index, or fractional inhibitory concentration index (FIC ngex)-

FICA — ICsg of Drug A in Combination (Equation 1)

ICs9 of Drug A alone

FICB — ICsg of Drug B in Combination (Equation 2)

ICso of Drug B alone

FICi4ex = FIC4 + FICy (Equation 3)

The Chou-Talalay analysis also provides a clear definition of synergy versus additivity
versus antagonism®. For instance, if the presence of an inactive compound simply augments the
activity of a drug, this is not synergy; it is potentiation. Synergy requires the presence of two active
compounds. Additionally, the combined activity of drugs A and B being greater than the
monotherapies does not mean the combination is necessarily synergistic; such a result could be
caused by additive or slight antagonistic interactions®”. Based on their calculations, Chou and
Talalay define additivity when the FIC,4ex equals 1. When the FIC,,4ex IS less than 1, the interaction
is synergistic; when it is greater than 1, the interaction is antagonistic®. Synergy could potentially
arise from inhibition of pathways that undergo downstream cross-talk, or through interacting with
the same pathway in two different locations, or perhaps by inhibiting two different pathways
completely. The isobologram or Chou-Talalay analysis only determines the nature of the
interaction, not how it comes to be.

Although those cut-offs hold mathematically, experimental variance leads to alteration.
The cut-offs used in experimental analysis can vary from synergy less than 0.5 and antagonism
greater than 4%, to just expanding the additive range to run from 1 to 2%. The choice of cut-offs
can be somewhat arbitrary. The Chou-Talalay method has been widely used to investigate the

interactions of antimalarial compounds such as artemisinin in combination with other natural
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products isolated from ART tea'®, the analysis of possible drug partners emetine/DHA®,
tapsigargin/ART, tapsigargin/0Z227%%, and the interaction of chalcone derivatives and ART%,
Importantly, until recently all examination of drug combinations in vitro focused on
cytostatic conditions. Recent examination of combinations at both the cytostatic and cytocidal
levels demonstrates the possibility of altered interaction, not only between CQS and CQR strains,
but also within the same strain at different levels'®. For instance, the combination of CQ and
amodiaquine (AQ) in Dd2 parasites is additive at the cytostatic level, but highly antagonistic under
cytocidal conditions. Such differences reinforce the need to examine possible novel combination
therapies at both cytostatic and cytocidal levels to generate a complete description of the

interaction.

1.5 Objectives

To completely understand resistance to a drug, it is important to understand the targets of
the drug not only at the cytostatic level but also the cytocidal level. Mechanism of resistance at the
cytostatic level may give vital insight in to developing therapies to overcome resistance, however,
the more critical mechanisms of resistance that aids in developing therapies appear when
investigating drug resistance at a cytocidal level. This is the level of drug the parasites endure
clinically and thus are killed by. The importance of investigating parasite resistance to drug-
induced death gets amplified when looking at the obstacle of drug resistance from a clinical
perspective. The first part of this study will aim to achieve exactly this: studying the resistance to
CQ at cytocidal levels of the drug. Traditionally drug resistance has always been studied with
respect to the difference in ICso or growth inhibitory concentrations. However, as mentioned
above, parasites are killed when a drug is administered to a patient, not merely growth inhibited.

This was made accessible by the development of an efficient assay to assess cytocidal activity of
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drugs by Paguio et al. Using this assay in combination with quantitative trait loci (QTL) analysis,
genetic loci associated with cytocidal CQ resistance will be studied. Results from this initial
analysis will be further investigated giving new insight into death mechanisms in Plasmodium
parasites as well as the mechanisms of resistance to drug-induced cell kill.

It is important, not only to investigate cidality in Plasmodium parasites, but also to identify
novel therapies to overcome resistance to cydality. This can be done by identifying drugs that are
active against resistant as well as sensitive parasites. The current recommendation by the WHO is
to administer drugs as combinations in order to prevent the rise of resistance to new therapies:
ACTs are examples. Although effective, most ACTs were found empirically without investigation
of drug-drug interactions or mode of action (MOA). This has resulted in ACTSs that have partner
drugs that act on similar pathways: Coartem is an example. Thus, mutations that alter the
sensitivity to one drug may also alter the effectiveness the partner drug. Ideal partner drugs would
have compatible pharmacokinetics and pharmacodynamics, modes of action (MOA) that do not
promote concurrent resistance, efficacy against existing drug-resistant parasites, and no toxicity.
To identify such combinations, our laboratory pursued a high-throughput drug combination screen
in collaboration with the National Center for Advancing Translational Science (NCATS), using
compounds having diverse MOAs. Leads from these assays were further analyzed to understand
drug targets and in vivo activity.

A more recent and critical burden faced in efforts to eliminate malaria from the world is
the emergence of resistance to ACTs. What first appeared as a delayed clearance phenotype (DCP)
has now developed in to treatment failure and recrudescence. Thus, the most significant challenge
the malaria community faces now is identifying mechanisms of resistance to ACTs and developing

combination therapies to overcome resistance. As mentioned above, previous efforts to develop
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ACTs did not consider drug MOAs when choosing partner drugs. Thus, ACTs such as ATM-LUM
(Coartem) consist of two drugs that act on similar pathways. Going forward, it is crucial to
investigate combination therapies that take into account the drug MOASs and pair two compounds
that are not only potent antimalarials but also target different molecular pathways in malaria
parasites or target the same pathway at different locations. Mutations in the kelch domain of a
protein on chromosome 13 (K13) have been shown to correlate with the clinical DCP. Due to the
rise of resistance to current treatments containing ART, ATM or DHA, additional endoperoxide
containing compounds and novel synthetic ozonides will be investigated against both wild-type
and mutant K13 parasite strains to investigate cross-resistance. More recent studies have also
implicated components of the autophagy pathway in the mechanism of resistance to artemisinins.
Thus, the autophagy pathway in parasites exhibiting a mutated as well as wild-type K13 will be
investigated. Finally, drugs such as PI3K - which possess a potentially different mechanism of
action versus endoperoxides - inhibitors will be evaluated as potential partner drugs along with
traditional artemisinins as well as more recently discovered ozonide endoperoxide compounds,

particularly OZ439, which have shown promise in clinical trials as monotherapy.
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CHAPTER I

MATERIALS & METHODS

2.1 Materials

Routine chemicals, media, and solvents were reagent grade or better, purchased from Sigma-
Aldrich (St. Louis, MO) or Fisher Scientific (Newark, DE), and used without further purification,
unless otherwise noted. Sterile Tissue culture and all other laboratory plastics were purchased
from Fisher Scientific (Newark, DE).

AQ dihydrochloride dihydrate, CQ diphosphate, and QD hydrochloride monohydrate were
purchased from Sigma-Aldrich (St. Louis, MO). Compounds for high-throughput screening were
obtained from suppliers such as Tocris Bioscience, Selleck Chemicals, Santa Cruz Biotechnology
and Sigma Aldrich. GSK212, NVP BGT226, Torin2, and PIK 93 were provided by the Thomas
Laboratory at the National Center for Advancing Translational Science (NCATS) at the National
Institutes of Health (NIH)

Plasmodium falciparum clone HB3 (Honduras, CQS), Dd2 (Indochina, CQR), 7G8 (Brazil,
CQR), and FCB (Thailand/S. Africa, CQR), and progeny of the HB3 x Dd2 genetic cross GCO3
(CQS) were obtained from the Malaria Research and Reference Reagent Resource Center
(Manassass, VA). CamWT, CamWT®%®% Cam3.11R®, Cam3.11°%% and Cam3.1IR%%T were
obtained from Dr. David Fidock at the Department of Microbiology and Immunology at Columbia
University.

Fura-2 AM and dextran-conjugated Fura-2 were purchased from Invitrogen Corporation
(Carlsbad, CA). lonomycin, poly-L-lysine, RPMI 1640, hypoxanthine, and Giemsa stain were
from Sigma-Aldrich (St. Louis, MO). No. 1.5 coverslips and HBSS buffer (without free calcium,

magnesium, and phenol) were ordered from Fisher Scientific (Pittsburgh, PA). EGTA was
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obtained from VWR (Batavia, IL). All other chemicals were reagent grade or better and purchased
from commercial sources.

Rabbit anti-TgAtg8 antisera and affinity-purified Rabbit anti-TgAtg8 IgG were obtained from
Dr. Anthony Sinai at University of Kentucky. Mouse anti-TgAtg8 monoclonal antibodies are
described in section 2.2.5. Rabbit anti-PfREX1 antiserum was obtained from Dr. Don Gardiner at
The Queensland Institute of Medical Research. Rat anti-PfACP antibodies were obtained from Dr.
Sean Prigge at Johns Hopkins University. Goat serum, goat anti-rabbit and, goat anti-mouse
fluorescently-labeled secondary antibodies (conjugated to DyLight 488, 594, and 649
fluorophores) were obtained from Jackson Immunoresearch Laboratories, Inc (West Grove, PA).
Goat anti-rat AlexaFluor594 secondary antibodies were obtained from Invitrogen. 10X PBS, 10X
PBS-Tween 20, and 100% Triton X-100 were obtained through Fisher Scientific (Pittsburgh, PA).
Paraformaldehyde, 10% glutaraldehyde, and Fluoregel mounting media with TES buffer were

obtained from Electron Microscopy Sciences (Hatfield, PA).

2.2 Methods

2.2.1 Plasmodium falciparum Culturing

Off-the-clot, heat-inactivated pooled type O" human serum and type O™ human whole blood
were purchased from Valley Biomedical Products and Services, Inc. (Winchester, VA). Custom
5% 02/5% CO2/90% N gas blend was purchased from Roberts Oxygen (Rockville, MD).

All P. falciparum strains were maintained using the method of Trager and Jensen'®* with minor
modifications'®. Briefly, cultures were maintained under an atmosphere containing 5% CO2, 5%
0., and 90% N gaseous mix at 2% hematocrit and 1-2% parasitemia in RPMI 1640 supplemented

with 10% type O human serum, 25 mM HEPES (pH 7.4), 23 mM NaHCO3, 11 mM glucose, 0.75
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mM hypoxanthine, and 20 pg/L gentamicin, with regular media changes every 48 h. Parasites
were synchronized to the ring stage by treatment with 5% (w/v) sorbitol for 10 min, as needed.
Parasitemia was cut down regularly by getting an aliquot of the iRBC culture and diluting with
freshly washed RBCs. Fresh RBCs were initially washed 4 times with incomplete media (IM)
(RPMI 1640, 24mM NaHCOgz, 11mM glucose, 0.75mM hypoxanthine, pH 7.4), kept as a 50%
suspension in IM, and stored at 4 °C. For experiments, hematocrit was cut to 1% and parasitemia
set to > 5%.

All cultures were routinely synchronized by 5% D-sorbitol treatments to obtain rings as
described in detail®. The first two treatments are in cell cycle 1, 4 and 14 h after the first visually
observed RBC invasion event (most of the culture consists of schizonts). In this way, 0—4-hour-
old rings are primarily left after the first synchronization, and lingering other stages are further
eliminated at 14 h. The third treatment is 4 h after the first observed invasion in the following cell
cycle. In general, parasite cultures were centrifuged at 1500 rpm for 5 minutes and the supernatant
discarded. 5% D-sorbitol was added at 5 times the volume of the pellet and incubated for 10 min.
5 mL of complete media (CM) were added and the sample centrifuged as before. The washed pellet
was resuspended in CM. The parasites were then returned to culture conditions until the next
synchronization. When quantification of PFATG8 puncta was desired, CQ pulse was done for 6
hours using highly synchronized parasites at the mid trophozoite stage, followed by washing to

remove drug as described®*,

2.2.2 Sample Preparation for Single Cell Photometry
Coverslips were prepared by pipetting 500 puL of 0.1% (w/v) poly-L-lysine on to them and

leaving for 10 min. They were then dried and stored at 4 °C until used. Trophozoite-infected RBCs
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were resuspended at 0.5% hematocrit in IM supplemented with 25 mM HEPES pH 7.4 and 200
uL were placed on a poly-L-lysine coated coverslip; the cells were incubated for 3 min under
standard cell culture atmosphere. Non-adherent cells were washed off and the coverslip was
mounted on a custom-designed perfusion chamber for microscopy work. For perfusion
experiments, the parasites were always maintained under constant perfusion at 3 mL/min of a
physiologic buffer (HBSS with 5% O3, 5%CO2, and 90% N2 at 37° C). Fura-2 AM (in DMSO
stocks) was added to the samples at a final concentration of 5 uM. 0.1% v/v Pluronic F-127 was

added to improve dye loading into iRBCs. Samples were kept at 37 °C for 45 minutes.

2.2.3 In situ Calcium Calibration of Fura-2

For calibrations, perfusates were prepared from 2 stocks: 1) HBSS + 25 mM HEPES + 10 mM
EGTA (pH 7.4); 2) HBSS + 10 mM EGTA +25 mM HEPES + 10 mM CaCl2 (pH 7.4). Solutions
of designated concentrations of free calcium were prepared by mixing both stocks at different
ratios. The free calcium concentration was calculated using the “winmaxc32” engine (provided by
Professor Chris Patton from Stanford University

http://www.stanford.edu/~cpatton/webmax/webmaxcS.htm); parameters were set at pH 7.4, 37°C,

EGTA, ionic strength 150 mM. Before experiments, 10 uM ionomycin was added in order to clamp
the internal free calcium concentration to the concentration in the perfusate. Intact trophozoite-
stage parasites were first perfused with with calcium-free buffer (without ionomycin) at a rate of
1 mL/min. Ratiometric measurements were performed in 5 cells corresponding to resting free
calcium. This process was repeated for each perfusate containing ionomycin and a designated level
of calcium (54, 127, 217, 488, 1,000, and 23,700 nM); ratiometric data were collected for ~15 cells

at each calcium concentration and within both compartments.
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Data were processed and analyzed with Microsoft Excel, SigmaPlot 12.0, and Origin 5.0.
Calibration curves were fitted to sigmoidal curves and calcium concentrations were extrapolated

from the best fit.

2.2.4 Single Cell Photometry

Single cell experiments were done as previously described® . The single cell photometry
(SCP) apparatus consisted of a custom-built Nikon Diaphot epifluorescence microscope equipped
with a 100X oil immersion objective capable of UV transmission (Fluoro, N.A. 1.25, 160/017); a
16-bit Sensys CCD camera (Tucson, AR) was attached to the side port of the microscope.
Excitation light was provided by a computer controlled xenon arc lamp (LAMBDA LS, Novato,
CA). 2 band-pass filters at 340 nm and 380 nm filtered UV light for ratiometric illumination of
Fura-2 (Asahi Spectra Co., Ltd., San Jose, CA). The filters were housed in a Lambda-10 filter
wheel controlled through the acquisition software (Imaging Workbench). The excitation light was
transported by a liquid light guide (Novato, CA), collimated, and passed through the microscope
optics. A filter cube housing a 400 nm dichroic mirror combined with a 410 nm long-pass filter
was used to separate excitation from emission light. The power before objective was measured
with a near UV power meter (Metrologic Model No. 45-545). In my experiments, the exposure
time was set at 500 ms followed by a 10 sec recovery in total darkness. For ratiometric
measurements, data from 2 excitations (340 and 380 nm) were collected from a region of interest
(ROI) within the parasite. A second region of interest was drawn in the vicinity of the parasite for

background subtraction.
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2.2.5 Preparation of Affinity Purified ATG8 IgG and ATG8 Monoclonal Antibody 2K19

A RACE validated cDNA encoding Toxoplasma gondii TJATG8 (ToxoDB accession number
TGGT1_003400) was used as template to amplify the full length coding region using the primers
(CACCATGCCATCGATTCGCGACGAAGTGTCC and TTACCCCAGAGTGTTCTCTGAA-
-GAGTATTCCACGTACA) in the laboratory of our colleague Dr. Anthony Sinai (University of
Kentucky). The amplicon was subcloned into pET100 establishing an in frame N-terminal His tag.
Following expression in E. coli, the recombinant His-TgATG8 was purified on nickel magnetic
beads (Invitrogen) and used as the immunogen to immunize a single rabbit (Cocalico,
Reamstown,PA). The resulting antiserum was affinity purified using the bead immobilized
crosslinked antigen and eluted using low pH.

Generation of a monoclonal antibody was contracted to AbMART.com (Shanghai, China) and
accomplished using a synthetic polyprotein containing 6 tandemly arrayed epitopes. Epitopes were
selected based on the highest homology between TJATG8 and PFATGS. Supernatants from clones
yielding > 3 fold signal in an ELISA at 1:128K dilution were screened by IFA on both Toxoplasma
and Plasmodium. Multiple clones recognizing the epitope HRIRAKYPNR in Toxoplasma
(HKIRSKYPNR in Plasmodium) gave excellent reactivity in both organisms. The clone 2K19 was
selected for detailed work as it was found to be an IgG1 isotype (data not shown) and gave the

best-defined signal in both organisms.

2.2.6 Immunohistochemistry
For starvation, cells at the mid trophozoite stage were pelleted and resuspended in HBSS
supplemented with 0.1 mg/mL hypoxanthine, 25 mM HEPES, and 20mM sodium bicarbonate.

Cells were gassed and incubated at 37°C for a desired interval (typically 6 hours) before fixation.
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For drug treatments, highly synchronized mid stage trophozoites were treated as described** using
drug concentrations noted in the text. Resultant cell pellets were resuspended in complete media
and treated as below. Cells were washed 3 times with 25 mM HEPES, fixed with 4%
formaldehyde/0.0075% glutaraldehyde in PBS for 30 min, permeabilized with 0.1% Triton X-100
for 10 min, reduced with 0.3 mg/mL sodium triacetoxyborohydride for 10 min, blocked with 5%
goat serum for 1 hour, and sequentially treated with antibodies diluted in 5% goat serum/PBS
Tween-20 with PBS washes in between; antibody treatments lasted 1 hour at 37°C in the dark. The
primary antibody was raised in either rabbit (TgAtg8) or mouse (monoclonal 2K19); the secondary
antibody was raised in goat against rabbit or goat against mouse 1gG and conjugated to secondary
antibodies described previously. Cells were attached to #1.5 coverslips and mounted using
“Fluorogel” mounting media. Samples were imaged using a customized Nikon Eclipse TE 2000-
U spinning disk confocal microscope with 405, 491, 561, and 642 nm laser lines at 200 ms
exposure and 35% laser power. For experiments involving mouse antibodies, the primary antibody
solutions were prepared at 1:250 and the secondary (typically goat anti mouse DyLight488) at
1:500. For experiments involving primary antibodies raised in rat or rabbit, primary solutions were
prepared at 1:250 and secondary solutions (goat anti rat AlexaFluor594 and goat anti rabbit

DyLight488 or DyLight649) at 1:500.

2.2.7 Spinning Disk Confocal Microscopy
2.2.7.1 SDCM Setup

Spinning disk confocal microscopy (SDCM) was performed as previously described®: 1%,
A 2003 model Perkin-Elmer UltraView SDCM device was used, containing a Yokogawa CSU21

spinning disc confocal scan head with a fixed 50 um pinhole, and a Nikon TE 2000 inverted
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microscope (Figure 2.1). Image acquisition was done using SlideBook 6 software. The microscope
was fitted with 1.40 NA oil condenser and with a 1.49 NA, 100 x TIRF oil objective with a
correction collar. Important additions to the commercially available instrument include a Uniblitz
high-speed shutter, a Hamamatsu ORCA ER cooled CCD camera, a Coherent Innova 300 Ar/Kr
laser capable of 800 mW output power, and a NEOS acousto-optic tunable filter (AOTF) (for fast
illumination control). This system was fitted with customized Nikon differential interference
contrast (DIC) optics consisting of a linear polarizer, an analyzer, a condenser, and objective
Nomarski prisms. In addition, the customized apparatus is mounted on a Newport Corp. pneumatic
vibration isolation table to further minimize image blurring and other artifacts. For acquisition of
transmittance images, DIC optics were used. Interference by polarized light is divided by the first

and recombined by the second Nomarski prism.

Camera Lam \ i
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Figure 2. 1 Schematic of the customized SDCM device used in this work. For DIC experiments
illumination of the sample follows the halogen lamp light path through the condenser, polarizer,
and Wollaston prism to the specimen and then through the second prism, analyzer, spinning disc
with pinholes, dichroic mirror, and emission filter to the camera. For fluorescence measurements,
light is from the laser through the AOTF, fiber coupler, and then via an optic fiber through the
collimation optics and both spinning discs, to the specimen. On the way to the camera, fluorescent
light passes back through the disc pinholes, a dichroic mirror, and then again, an emission filter in
reaching the camera.
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2.2.7.2 Image Acquisition

Prior to data acquisition in DIC mode, the Kéhler equal field illumination was achieved. This
was done in the following manner: the sample was mounted, lamp turned on, the lamp iris and the
condenser iris would be completely closed. Only a diffuse circle inside the field of view was
illuminated. The objective was focused on the sample and the condenser was aligned to show a
sharp bright octagon in the field of view. The octagon was centered with the condenser centering
screws, condenser iris opened enough to illuminate the whole field of view and the lamp iris
opened fully. DIC data were collected with type A immersion oil (n=1.515), a halogen lamp for
transmittance illumination, and an LP520 filter for transmittance filtering. Spacing in z- was set to
0.2 pm according to Nyquist criterion'®’, appropriate for deconvolution. Transmittance was
focused until hemozoin (Hz) within the parasite DV was clearly visible and presented the largest
diameter possible. This put the initially defined z-axis focal plane well within the confines of the
DV. Once found, this z-axis position was defined as “0 um”. A series of DIC images were acquired
in successive 0.2 pm z-axis displacements, scanned through the parasite from the -3 pm to +3 pm
positions.

For acquisition of fluorescent images, A= 405, 491, 561, and 642 nm laser lines was used.
Fluorescence collection experiments were done similarly to DIC experiments described
previously. Transmittance was focused until Hz presented the largest diameter possible, which
defined the z-axis position as “0”. The microscope settings were then switched to fluorescence
imaging and a series of images was acquired in successive 0.2 um z-axis displacements (Figure

2.2).
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igure 2. 2 Representative 31 z -slices acquired to generate the 3-dimentional image using Imaris.

2.2.7.3 Cell Fluorescence Data Analysis

Deconvolution of the fluorescent data was performed with the iterative maximum
likelihood estimation (MLE) algorithm adapted by AutoQuant X2 which allows either a
theoretically calculated'®® or experimentally obtained point spread function (PSF). An
experimental PSF can be obtained by mixing subresolution (d=0.17 um) fluorescent beads in cell
culture and then imaging them under the same conditions that were used for data collection for
parasites. The PSF was used to initialize the deconvolution routine, and data sets (z-stacks) were
deconvolved using 15 iterations''%'t, The deconvolved z-stacks were assembled to generate a 3-
dimentional image using Imaris 7.5.2 (Figure 2.3). Using the “spots” routine in Imaris 7.5.2, puncta
were defined and distances were measured from each spot to a single point within the DV as
defined by the center of hemozoin optical density . These distances were exported to Microsoft

Excel and the resulting data were plotted as number of puncta vs. distance from hemozoin.
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Figure 2. 3 Multiple angles of a representative 3-dimentional image generated using the z-slices
in Figure 2.2. Imaris 7.5.2 was used for this process.

2.2.8 Antiplasmodial Assays

Antiplasmodial cytostatic (growth inhibitory, or ICsy) and cytocidal (cell killing, or LDsp)
activity was determined for the strains discussed above as previously described ® 4, with minor
modifications. The cytocidal assay utilizes a 6-hour bolus dose with high concentrations of drug
followed by washing drug away and growth in the absence of drug for 48 h, while the cytostatic
assay utilizes continuous growth for 72 hours in the constant presence of low concentrations of
drug. For both assays, test compounds were dissolved in deionized water, 50% EtOH, or DMSO.

In the 1Csp assay, serial drug dilutions were made using complete media and 100 pL aliquots
were transferred to 96-well clear-bottom black plates. Culture for plate examination is prepared by
generating a Giemsa smear to count parasitemia. This culture is prepared at 4% hematocrit and 1%
parasitemia. Following addition of 100 uL of culture to the plated drugs, the cultures in the plate
are now at 1% parasitemia, 2% hematocrit. Plates were transferred to an airtight chamber gassed
with 5% C0O2/5% 02/90% N, and incubated at 37 °C for 72 hours.

For the LDso assay, asynchronous or synchronous P. falciparum cultures at 2% hematocrit
and 2% parasitemia were treated with drugs for 6 hours and then the drug was completely washed
away. This was done by first spinning the culture containing plate at 700g for 3 mins using the
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Eppendorf 5804 centrifuge. The supernatant is removed and the pellet is re-suspended in 200 uL
of fresh complete media. This washing step is done 2 more times. After a final re-suspension,
washed plates were incubated at 37 °C for 48 h.

After 72 hours for ICso plates or 48 hours for LDsp plates, 50 uL of 10X SYBR Green I dye
(diluted using complete media from a 10,000X DMSO stock) was added and plates were incubated
for an additional 1 hour at 37 °C to allow DNA intercalation. Fluorescence was measured at 538
nm emission (485 nm excitation) using a Spectra GeminiEM plate reader (Molecular Devices;
Sunnyvale, CA). Linear standard curves of measured fluorescence vs. known parasitemia were
prepared immediately prior to plate analysis. Background controls included fluorescence from un-
infected red blood cells. Data was analyzed using MS Excel and ICsy, and LDsy values were
obtained from sigmoidal curve fits to % growth/survival vs. drug concentration data using
SigmaPlot 12.0. Reported values are the average of three independent assays, with each assay
conducted in triplicate (nine determinations total) and reported + standard error of the mean

(S.E.M.), unless otherwise noted.

2.2.9 Drug Combination Assays Using the Chou-Talalay Method

The effect of combining two drugs together was assayed through use of the Chou-Talalay
method of fixed-ratio analysis® 2. Briefly, the two compounds were initially screened for their
individual cytostatic and cytocidal activities, as described in Section 2.2.8. Combination analyses
were initially run at fixed ratios of these determined values (1:1 unless noted). This results in a set
of concentrations all at a multiple or fraction of the compounds’ individual ICseS or LDsgs. A

combination stock, set at four times the ICso or LDsy, is serially diluted seven times to yield a range
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of concentrations that can generate a combination growth or survival curve, see Table 2.1 for a

diagram of the plate layout.

Table 2.1 Sample diagram of plate for Chou-Talalay method assay

HB3 (CQS) Dd2 (CQR)
1 2 3 5 6 7 8 9 10 11 12
A 138 zm Q;I'/II\D/I/ No drug HB3 128 Em ﬁu\aﬂ/ No drug Dd2
B 50 nM ATM/ 50 nM ATM/
40 nM NVP 40 nM NVP
C 25 nM ATM/ 25 nM ATM/
20 nM NVP 20 nM NVP
D 12.5 nM ATM/ 12.5 nM ATM/
10 nM NVP 10 nM NVP
E 6.25 nM ATM/ 6.25 nM ATM/
5nM NVP 5nM NVP
F 3.13nM ATM/ 3.13 nM ATM/
2.5 nM NVP 2.5nM NVP
G 1.56 nM ATM/ 1.56 nM ATM/
1.25 nM NVP 1.25 nM NVP
H 0.78 nM ATM/ 0.78 nM ATM/
0.63 nM NVP 0.63 nM NVP

These samples are processed as described above, using conditions of either the cytostatic
or cytocidal assay. These data are then plotted versus each drug’s individual concentrations. For
each drug in each assay, there is a 50% point, termed the “pseudo”-ICsp or “pseudo”-LDsp, that
represents the activity of one drug in the combination. This value is then used to generate a
fractional inhibitory concentration (FIC) or fractional lethal dose (FLD) using the following

equations for compounds A and B %112
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Pseudo - IC;,,

FIC, =
(1) IC50A
FIC, - Pseudo - IC,,
ICSOB

By summing these two values, a combination index (or FICngex, FLDindex) Can be generated®®

112

2)  FIC,, =FIC,+FIC,

Index

The FIC index of a combination is then used to assign synergy, additivity, or antagonism.

The cut-off values for these designations vary 113, but those selected for this work were 114:

Synergy- FICindex <1.0
Additivity- 1.0< FICjndex <2.0

Antagonism- FICndex >2.0

FICindex and FLDindex Values were averaged from at least 2 independent trials, each trial done

in triplicate and are shown +/- standard error of the mean (SEM).

2.2.10 High-Throughput Screening of Drug Combinations

Initial 1C50-based screening for drug synergies were made possible through a fortuitous
collaboration with the Thomas Laboratory, National Center for Advancing Translational Sciences

(NCATS), National Institutes of Health (N1H) #°.
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2.2.10.1 Parasites, Parasite Culture, Quantitative High Throughput Drug Assay and
Matrix Combination Screening

Methods for the SYBR gqHTS and calculation of IC50 and definition of curve classes have
been described 5117, Plating of compounds in matrix formation using acoustic droplet ejection
and numerical characterization of synergy, additivity and/or antagonism have also been described
118 This format is capable of testing compounds in pairwise matrix blocks for the rapid and
systematic classification of drug pairs. Briefly, 5 pL of cells are plated using a Multidrop Combi
dispenser (Thermo Fisher Scientific) and a small cassette into a 1,536-well tissue culture treated
plate. Cells were directly added to the plates immediately after the compounds were acoustically
dispensed using an ATS-100 (EDC Biosystems). The plates were covered with stainless steel cell
culture lids and incubated at 37 °C with 5% COg, under 95% humidity. This high-throughput
screening study was only possible due to the development and optimization of the acoustic
compound dispense method at the National Center for Advancing Translational Sciences
(NCATS). It is a valuable recourse and my lab was fortunate to form a collaboration with NCATS

which gave me access to this remarkable facility and its work.

2.2.10.2 Compound Screening Collection

The compound screening collection consisted of most known antimalarials and an annotated
set of all FDA approved drugs for all disease indications as well as commercially available
molecules in advanced clinical stages of development. The latter were obtained by NCATS, from
suppliers such as Tocris Bioscience, Selleck Chemicals, Santa Cruz Biotechnology and Sigma
Aldrich (among others). Priority was given to compounds based on known or generally accepted

mechanisms of action, clinical status, FDA approval, or novelty in MOA.
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2.2.10.3 Quality Control Criteria
The quality control score is a numerical characterization of the quality of a combination that
attempts to take into account single agent performance and the presence of noise in the dose
combination region of the matrix 18,
1 3 5 5 4 5 5

24 40 44 47 42 52 58
78 82 82 94 84 87 87

90 97 99 96 99 95 95
94 102103 99 100 103 102

103 109 100 106 99 105110
113 97 105113109 101 108
106 103 107 109 105 103 102

Lumefantrine (nM)

98 101 99 104102 98 101
101 102 104 104 97 99 106

50 25 125 62 31 16 08 04 0.2 0

Artemether (nM)
Figure 2.4 Example of heat map generated by high-throughput screening at NCATS.

It is composed of a number of heuristics, developed by examination of a series of matrix
screening runst!8, The calculation, done at NCATS, is performed on the bounded (0-100) response
matrix and considers the following conditions:

DMSO negative control response lies between 80 and 100. Both single agents should display
a valid dose response curve and provide a valid IC50 value. If single agents have a valid curve fit,
the range of growth responses should have a relative standard deviation greater than 20 . For a
combination matrix, the relative standard deviation of the dose combination sub-matrix should be
greater than 25. The responses in the dose combination should also not exhibit random distribution
across the matrix. This is measured by Morans | 1°. It is considered that a combination will exhibit

spatial autocorrelation if the p-value is less than 0.05.
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Each combination is tested against the five conditions and the result is expressed as a vector,
defined as
c={C}i=1..5
where Cj=1 if the i’th condition is true, 0 otherwise.
The final score is obtained by computing the dot product of the binary vector and a
weight vector, W of the same length as C. The latter allows us to assign an importance to each of
the five conditions noted above. The final score is given by
5
QCScore = Z C;W;
i=1
Currently, the weight vector is defined as W ={ 2, 5, 3, 5, 3 }allowing for a minimum score
of 0 (the combination passes all QC criterion) and maximum score of 18 (combination fails all QC
criterion). A combination with a score of 0 is deemed as good quality and suitable for further
consideration. Increasing values of the QCScore indicate poorer quality combination responses.
It should be noted that the score can identify false positive — combinations that are scored well,
but on visual inspection turn out to be poor quality. The score is meant to provide an initial ranking
and should not preclude manual inspection.
21.4 82.2 90 84.2 65.3 5.0
72.9 100 100 100 100 96.9 EY
92.7 100 100 100 100 0.56

838! 93.1 93.6 97.3 100 0.19

74.1 47.2 54.1 75 73.7 0.06

Methylene Blue (nM)

47.1 .7 41.3 42.3 58 0.0

5.0 1.67 0.56 0.19 0.06 0.0

Artesunate (nM)

Figure 2.5 Example of an unacceptable heat map generated by high-throughput screen at NCATS.
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In addition to the previously described metrics'!8

, analysis of combinations at NCATS was
expanded to include two other quantifiers of synergy - DBsumPos and DBsumNeg. These are
defined as the sum of positive deviations from the Bliss model and the sum of the negative
deviations from the Bliss model, which defines synergy and antagonism in terms of predicted
additive activity as the sum of the monotherapy activities minus their product. Positive deviations
in the observed activity denote antagonism, while negative deviations denote synergy *%°. In

contrast to simply summing all the deviations from the Bliss model, these two variables

characterize the extent of synergy and antagonism within a set of dose combinations.

2.2.11 QTL Analysis
Using mean LDsg for each of the progeny of the HB3 x Dd2 cross, genome-wide scans
were run using Pseudomarker 2.04 to detect quantitative trait loci (QTL) associated with the drug
response. Genome-wide significance thresholds which correct for multiple testing errors were
determined by permutation testing (n=1000 permutations). The strength of the association between
a given locus and the trait (LDspo) is expressed as a logarithm of odds (LOD) score. Loci that
exceeded the 99" percentile (p<0.01), the 95" percentile (p<0.05), and the 37" percentile (p<0.63)
were identified respectively as highly significant, significant, and suggestive QTL. Two-
dimensional linear regression genome scans were run to test for potential loci interactions and joint
LOD scores were calculated to identify significant interactions.
Candidate genes within QTL loci were selected as described previously 2%, In brief, candidate
genes were selected based on four selection criteria: (1) genomic position, (2) structural
polymorphisms, (3) correlation between LDsg and expression phenotypes for each parasite, and

(4) gene annotations and enrichment analysis. PlasmoDB verion 8.2 was used for SNP density
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scoring (CDS), and gene annotations. Gene enrichment analysis for biological processes and
molecular functions was performed using MADIBA 8.2(2011.10). Expression phenotypes for
genes within our loci taken from Gonzales et al.*??, Permutation testing (n=1000) confirmed

significance of GO enriched terms within the loci of interest.

2.2.12 Ring-Stage Susceptibility Assay (RSA)

The RSA was developed based on the observation that wild-type versus parasites that
contain mutations in the propeller domains of a kelch domain-containing protein on chromosome
13 (K13) respond differently to drug treatments at the early ring stage of development *’. In this
assay, highly synchronized early ring stage parasites were exposed to 700 nM dihydroartemisinin
for 6 h, washed with IM supplemented with 25 mM HEPES (pH 7.4) to remove drug, resuspended
in complete medium (RPMI 1640 supplemented with 0.5% Albumax Il, 25 mM HEPES (pH 7.4),
23 mM NaHCOg, 11 mM glucose, 0.75 mM hypoxanthine, and 20 pg/L gentamicin), and cultured
at 37°C under an atmosphere containing 5% CO3, 5% Oz, and 90% N2 gaseous mix. In this original
method thin blood smears were prepared and stained with Giemsa and survival rates were assessed
microscopically by counting the proportion of viable parasites with normal morphology at 66 h
after drug removal. This method was subsequently improved by the introduction of the use of two-
color flow-cytometry to accelerate analysis of RSA data ’*. In this method, SYBR green | was used
to stain DNA in both viable and pyknotic parasites and MitoTracker deep red FM was used to
selectively stain mitochondria in only viable parasites. | modified the RSA to obtain dose-response

curves in order to quantify potency of the different endoperoxide drugs .
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2.2.13 Flow Cytometry

Flow cytometry experiments were conducted as previously described’®. Briefly, a Becton
Dickinson (BD) FACSaria Ilu flow cytometer was used. Data was collected in the FSC (forward
scatter), SSC (side scatter), FITC (488 nm excitation, 520 nm emission / 30 nm band pass filter)
and APC (633 nm excitation, 660 nm emission / 20 nm band pass filter) channels. On the FSC x
SSC plot, data were gated to exclude cellular debris. On the FITC x APC plot, data were gated to
exclude uninfected RBCs (Y axis) and to distinguish low (less viable) vs high (viable) MitoTracker
Deep Red staining (X axis) using contour plots. Once gating limits were established for control
(no drug treatment), the same gating was used for each sample exposed to variable drug
concentrations. FCS Express 4 and Microsoft Excel software were used to calculate % survival.

Sigmoidal curve fits of the raw data using SigmaPlot 12.0 were used to calculate RSLDsp.
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CHAPTER 11

A PROCESS SIMILAR TO AUTOPHAGY IS ASSOCIATED WITH CYTOCIDAL

CHLOROQUINE RESISTANCE IN PLASMODIUM FALCIPARUM

Chapter 111 previously published in part as; Gaviria, D.; Paguio, M. F.; Turnbull, L. B.; Tan, A.;
Siriwardana, A.; Ghosh, D.; Ferdig, M. T.; Sinai, A. P.; Roepe, P. D. A Process Similar to
Autophagy Is Associated with Cytocidal Chloroquine Resistance in Plasmodium falciparum. PLoS
One. 2013, 8, €79059, doi:10.1371/journal.pone.0079059 © 2013, with permission extending to
all reproduced content under the terms of the creative commons attribution license, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and

source are credited.

Contributions of authors:
A.S. performed cell culture, immunological experiments and developed the method and carried

out puncta quantification via Imaris, and contributed to writing the manuscript.

3.1 Abstract
Antimalarial drug resistance is a constant threat and it is imperative that molecular
mechanisms of this resistance be elucidated so that novel therapies can be targeted to these
pathways. Previous work has shown that cytostatic versus cytocidal concentrations of chloroquine
(CQ) could have different cellular targets. Since clinically relevant treatment of malaria involves
parasite death induced by high plasma concentrations of drug, further studies are required to better

understand the possible mechanisms of cell-death in Plasmodium parasites and how these relate to
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drug-induced death as well as drug resistance. As part of a large, interdisciplinary project in our
laboratory to elucidate cytocidal antimalarial drug resistance, immunofluorescence studies were
conducted to visualize PfAtg8, a commonly used marker of autophagy. Results show that an
autophagy-like pathway is induced at cytocidal concentrations of chloroquine and that this

response is dysregulated in chloroquine resistant parasites.

3.2 Background

Many antimicrobial drugs are both cytostatic and cytocidal, including quinoline
antimalarial drugs such as CQ * 124125 That is, under certain conditions a drug slows the rate of
cell growth or impairs cell division such that the rate of proliferation of a mass population of the
microbe is reduced, and under other conditions the drug Kills the microbial cell. Often, cytocidal
(cell kill) activity requires higher dose of drug, longer drug exposure time, or both. Cytostatic
potency is usually quantified via 1Cso values, whereas cytocidal potency is quantified via LDsg
values.

However, to date, almost all laboratory based quantification of antimalarial drug potency,
and hence quantification of all antimalarial drug resistance phenomena, has been done with ICso
values alone. Such quantification has proved critical for defining the genetics and biochemistry
behind resistance to the cytostatic effects of CQ (CQR®S)10-11:126-128 and for identifying new drug
leads with excellent cytostatic potential vs CQR malaria’?®. It is sometimes assumed that 1Cso
values measure the “cell kill” effect of a drug. Although this can be true in specific cases, in many
others this is not the case. Since laboratory CQ ICso are in the 10°-10"% M range, but peak plasma
levels of CQ in patients are ~1000 times higher (10°-107> M range)***'*2, clarification of these

points is essential for fully understanding CQR.
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That is, although the mechanism of CQR®® is becoming clear, much less is known about
resistance to the cytocidal effects of CQ (CQR®C). This is a critical piece of missing information,
given that parasite survival determines the rate of adaptation to selection by drugs. A recent report
suggests that although decreased CQ accumulation within CQR P. falciparum is clearly related to
elevated CQ ICsq, it is not necessarily relevant for elevated CQ LDso™. Surprisingly, much higher
concentrations of CQ or fluorescent NBD - CQ can be found within parasites exhibiting cytocidal
CQ resistance, even though reduced drug uptake is generally accepted to be the principle basis of
CQR™. It has also been reported that, for both 4 amino quinolines similar to CQ and quinoline
methanols similar to quinine (QN), ICso is correlated with the ability of the drugs to inhibit
hemozoin crystallization under close to physiologic conditions, but LDsg for the same drugs is
not!33-13  patterns of 1Cso versus LDso for a variety of quinoline drugs also suggest that the
mechanisms for cytostatic versus cytocidal CQ resistance in P. falciparum are not entirely the
same'®. Taken together these data suggest that the cellular targets relevant for quinoline
antimalarial drug cytocidal activities may differ from targets for cytostatic activities. Drug DV
localization and drug/heme binding is the likely basis of CQ cytostatic pharmacology, but perhaps
not the entire basis of CQ cytocidal pharmacology'® 3313, Since drug resistance is due to
disruption of drug/drug target interactions, then different targets for cytostatic versus cytocidal
effects predict distinct mechanisms of cytostatic vs cytocidal resistance, unless resistance is merely
due to increased catabolism of the drug (which is not the case for CQR or QNR in P. falciparum).

With respect to P. falciparum CQR®S, elevated CQ ICso and reduced parasite CQ
accumulation are well correlated with mutations in the DV membrane CQ transporter PFCRT*?8,
suggesting that CQR®S is due to decreased drug accessibility to heme targets within the parasite

DV, However, resistance to the cytocidal effects of CQ is predicted to include alterations in
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additional targets, access to these additional targets®®, and/or to encompass mutations in key
regulators of P. falciparum cell death pathways as recently hypothesized?®. With regard to this last
point, being a single celled organism, and due to the lack of caspase genes and other genes that
encode key apoptosis regulators within the P. falciparum genome, it is questionable whether the
canonical apoptosis pathway is the cause of drug - induced cell death for the malarial parasite!®.
Some evidence for an apoptotic - like cell death pathway for P. falciparum involving metacaspases
has been presented'36-13 put there is disagreement on how relevant these observations are for P.
falciparum death via different drugs'*°. More importantly, no molecular alterations in apoptosis
have been found for CQR malaria.

These points led us to rank the progeny of the HB3 (CQS) x Dd2 (CQR) P. falciparum
cross for CQ LDsp and to perform LDse—directed quantitative trait loci (QTL) analysis. Progeny of
this genetic cross have proven invaluable to analysis of CQR phenomenal®il: 1% 141 By
quantifying CQ ICso values for these progeny, a single locus on chr7 was previously identified as
controlling the difference between CQR and CQS strain CQ ICso'%. Subsequent sequencing, in
vitro drug pressure, and transfection results showed that multiple amino acid substitution mutations
within a single gene in the chr7 locus, pfcrt, causes the large shift in 1Cso values that has historically
defined CQR and CQS status® 142143 Allelic exchange experiments that directly replaced the
“wild type” CQS associated pfert allele with mutant CQR associated pfcrt resulted in elevated CQ
ICso without the need to condition or select cells with CQ*. The degree to which CQ ICso was
elevated for these allelic exchange transfectants was analogous to that seen for highly drug selected
CQR strains (70%-90% of the corresponding strain 1Cso shift)'#4, suggesting that the presence of
mutant PFCRT protein was in-and-of-itself sufficient (or nearly sufficient) for conversion to a CQR

phenotype. However, subsequent QTL analyses suggested that additional genetic components,
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such as inheritance of different chr5 loci containing mutations and varying copies of pfmdrl, may
combine with PFCRT mutations in various isolates to confer the range of CQ ICso and variable
ICso patterns for different drugs now known to exist across the globe! 126-127. 141 | contrast, QTL
analysis in this paper shows a complete lack of the key chr5 locus previously identified for CQR®S,
and identifies additional and unique genomic loci specific to CQRC. Examination of genes in
these loci suggests candidate pathways that may contribute to CQR®C. Relatedly, LDso analysis of
pfcrt allelic exchange progeny further supports my overall conclusion that although some PfCRT
mutations in and of themselves confer nearly complete resistance to CQ cytostatic effects as
defined by ICso shift!*, they are less important for cytocidal CQ resistance as defined by LDso
shift. Using antibodies to the autophagy indicator protein ATG8 and high - resolution fluorescence
microscopy, it was observed that a drug-induced autophagy-like cascade is dysregulated in CQR®®
P. falciparum. Taken together, and considered alongside additional recent work with the related
parasite T. gondii®, my data suggest that a dysregulated autophagy-like process, combined with

PfCRT mutations, promotes elevated CQ LDsg in CQR P. falciparum.

3.3 Results
Using a more rapid SYBR Green assay® in place of traditional 3H-hypoxanthine
incorporation, our quantification of CQ ICso for pfcrt transfectants agrees with that published
previously (Table 3.1). Clones C4P% and C67¢® 144 show approximately 8—fold and 6—fold shifted
CQ ICso, relative to control transfectants (C2°°%®) or the parental CQS strain GCO3 (Table 1; e.g.
187 nM/24 nM, C4P92 ys C2CC03%) That is, cytostatic CQ resistance for these clones is very close
to that seen for laboratory strains Dd2 and 7G8 as noted earlier'*, suggesting that the Dd2 mutant

PfCRT isoform and the 7G8 mutant PFCRT isoform are necessary and sufficient (or nearly
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sufficient) for the ICso quantified CQR phenotypes in these widely studied drug selected strains.
As hypothesized previously'#*, it is perhaps possible that somewnhat lower expression of PfCRT in
the allelic exchange transfectants relative to the laboratory strains might be responsible for the
measured ICso shifts of 80% —90% of that observed in strains Dd2 and 7G8,

Table 3. 1 Average CQ ICso and CQ LDso (+/— [S.E.M.]). At least 3 separate assays in each case,
each assay done in triplicate for >9 determinations each) for strains GC03 (CQS), Dd2 (CQR),
7G8 (CQR), C2%¢93 (control CQS transfectant), C4P9 (CQS strain GCO3 after allelic exchange

with CQR Dd2 pfcrt allele), and C67¢8 (CQS strain GCO03 after allelic exchange with CQR 7G8
pfcrt allele).

Strain E%AIS?O[SEM]) a(lgnll[/)-afsw])
GCO3 22.1[1.7] 0.0531 [0.005]

Dd2 206 [26.3] 15.7 [1.82]

7G8 161 [14.1] 3.99 [0.62]

C26C08 24.4[1.9] 0.0960 [0.008]
C4Pd2 187 [21.0] (90%) 1.10 [0.082] (7 %)
C67¢8 128 [12.8] (79%) 0.910 [0.067] (23%)

Regardless, recently it was shown that when expressed as a ratio of LDsp, “cytocidal” CQR
was not the same as “cytostatic” CQR defined by ICso ratios**. When CQ LDso are quantified for
CQR clones C4P% and C67¢8 as described™* and the ratio versus control clone C2¢©3 calculated,
our group find that these clones are 10—fold and 8—fold cytocidal CQR (“CQR®®”), whereas strains
Dd2 and 7G8 are 130—fold and 35—fold CQRCC, respectively (Table 3.1 and see also Paguio et
al.}¥). That is, in contrast to exhibiting 80% — 90% of the CQ ICso shifts, the allelic exchange
transfectants exhibit only 7% — 23% of the CQ LDso shifts for laboratory strains harboring the
same PfCRT mutant isoform (Table 3.1). This indicates that although mutant PfCRT protein is
indeed responsible for most of the CQR®S phenotype (measured by CQ ICso), it makes a smaller

contribution to the CQR®C phenotype (measured by CQ LDso) observed in the same strains.
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Thus, the QTL mapping approach was leveraged within an available genetic cross to
compare genetic profiles of the two phenotypes and to search for additional genetic loci
contributing to CQR®C. CQ LDso was quantified for progeny of the HB3 (CQS) x Dd2 (CQR)
cross using the recently described high throughput assay** (Table S3.1, Appendix A). Three major
QTL loci associated with LDso were identified. First, similar to CQ ICso— directed QTL the chr7
locus harboring pfcrt segregates with the elevated LDso phenotype (not shown, see Fidock et al.'©).
The LOD score (~21) is lower than the LOD score when ICs is the measured phenotype (~40)%-
11t should be emphasized that the magnitude of the LOD score reveals how well a locus
segregates with a phenotype across a given population (in this case, progeny from the HB3 x Dd2
cross), but does not define the relative biochemical contribution of proteins encoded by that locus
to the phenotype in question. Behavior of pfcrt transfectants that isolate PFCRT mutations in a
common genetic background shows that the biochemical contribution of mutant PFCRT to elevated
CQ LDsg is lower relative to its contribution to elevated CQ ICso (Table 3.1), nonetheless, PFCRT
mutations remain a prominent contribution to the mechanism of elevated L Dsq.

Second, two new chromosomal loci, not previously associated with any CQR phenomena,
are associated with elevated CQ LDso in CQR progeny of the HB3 x Dd2 cross (Figure 3.1). One
is a novel contribution from chr6 (0 cM —17.3 cM) that can increase CQ LDso for CQR progeny
of the cross (Figure 3.1B). Furthermore, this locus interacts with chr8 (77.5 cM) with significant
additive effects (Figure 3.1E). In addition to defining a genetic architecture for CQ LDsp that is
distinct from that previously defined for CQ ICso (Figure 3.1C), the loci contain genes that may
contribute to CQRCC but that are not involved in CQR®S. In contrast, QTL scans of ICso for the
same CQR progeny identify a segment of chr5 (carrying the pfmdrl amplicon) as contributing to

elevated 1Cso*! (Figure 3.1A), and as described previously*!, pairwise interaction between the chr5
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segment and the chr7 locus is associated with elevated ICso in the CQR progeny (Figure 3.1D).
Results from many studies show that the relevant gene in this segment of chr5 is likely pfmadr14¢-
149 However, importantly, LDso - directed QTL analysis does not identify this chr5 fragment
(Figure 3.1C) or the chr5xchr7 pairwise interaction. Instead, it isolates a fragment of chré (Figure
3.1B), and defines a chr6 x chr8 pairwise interaction relevant for elevated LDso (Figure 3.1E). In
sum, these data force us to conclude that the LDso and 1Cso phenotypes share a critical feature

(mutant PfFCRT found on chr7) but are otherwise genetically distinct.
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Figure 3. 1 LDso vs ICso directed QTL analyses for CQR HB3 x Dd2 cross progeny. A) ICso QTL
scan for CQR progeny shows a peak on chr5 (asterix) that encompasses pfmdrl as previously
described!!. Notably, the chr6 locus that is pertinent for the LDso scan (Figure 3.1B) does not pass
the suggestive threshold on this 1Cso scan. B) LDsp QTL scan for CQR progeny shows a peak on
chr6 (asterix; L.0.D.=2.5, passing the suggestive threshold). The locus that includes pfmdrl does
not pass the suggestive threshold for this scan (Figure 3.1C). C) To more clearly highlight the
differences in genetic architecture for LDso vs 1Cso phenotypes, an overlay of the two QTL scans
is shown. The CQR progeny LDsg QTL scan is shown in blue, while the CQR progeny 1Cs0 QTL
scan is in black. The overlay shows quite clearly that the pfmdrl locus does not factor at all into
the LDso phenotype, and that the chr6 locus does not factor at all into the 1Cso phenotype. Thus,
the 1Cs0 and LDso phenotypes are genetically distinct. D) Similarly, the interaction locus between
chré & 8 does not appear on a ICsg pair-wise scan. However, additive effects between chr5 and
chr7 loci are seen, as previously reported*!. E) Pair-wise scan of the CQR progeny shows that chr6
and chr8 loci (circle) have additive effects on LDso (L.O.D.=4.3).
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Our interpretation is that the CQR®® and CQR®® mechanisms overlap (each requires mutant
PfCRT), but that the relative contribution of PFCRT to CQR®C is less than, or mechanistically
distinct from, its contribution to CQR®® (Table 3.1) and that high level CQRC requires additional
factors (Figure 3.1B, E). The question then becomes how might genes in chr7, chr6, and chr8 loci
act together to elevate CQ LDso up to 250-fold (Table S3.1, Appendix A; note CQ LDso=32 uM
for 3BA6), when Dd2 mutant PfCRT in and of itself only appears to elevate CQ LDsg 10-fold
(Table 3.1).

Inspection of the chr6 and chr8 loci reveals multiple genes involved in processes linked to
“vesicle traffic”, “proteasome function/proteolysis” and “lipid metabolism” (Table S3.2 & S3.3,
Appendix A). For example, at least 6 genes within the chr8 locus encode proteins putatively
involved in the proteasome pathway (Table S3.3, Appendix A). Candidate genes were also ranked
based on the sequence similarity of strain HB3 (CQS) and strain Dd2 (CQR), and the correlation
of expression levels with the LDso phenotype (Tables S3.2 & S3.3, Appendix A). Thus, four
previously vetted methods'® were used to identify genes or pathways that are most likely relevant
to LDso. Interesting genes within the chr6 and chr8 loci that have high CDS scores include putative
orthologues of autophagy genes ATG11 and ATG14, several key metabolic regulators, multiple
kinases, and a putative E3 ubiquitin ligase (Table S3.2 & S3.3, Appendix A). Also of note are
several genes in the chr6 locus linked to response to oxidative stress. Due to the nature of
chromosomal fragment inheritances in the HB3 x Dd2 cross, the chr6 x chr8 additive effect defines
a much smaller region of the chré segment. This segment harbors only 20 genes, with 7 of those
encoding proteins involved in lipid metabolism.

Elevated LDso indicates resistance to cell death. Cell death is often mediated by signal

transduction that controls a programmed cell death (PCD) pathway®. Importantly then, it was
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137 or other

observed that the chr6 and chr8 loci do not harbor any candidate Pf metacaspases
molecules that typically regulate apoptotic PCD. In other words, no genetic evidence was found
from the HB3 x Dd2 cross for atypical apoptosis related to CQR®. Autophagy (“self-eating” upon
starvation or stress) is an alternate pathway that has been linked to cell death for several cell
typest®-1%2 including the related apicomplexan parasite T. gondii®®-%. It is an orchestrated, vesicle
mediated, proteolysis/degradative pathway that is distinct from apoptosis. Since apoptosis genes

29 ¢

were not found in chr6 or chr8 loci, and since “vesicle traffic”, “proteasome/proteolysis”, “lipid
metabolism”, “oxidative stress” and autophagy pathways often overlap mechanistically, we
wondered if altered autophagy might be related to LDso.

However, no experiments to our knowledge have been done to test if autophagy occurs in
intraerythrocytic P. falciparum. The universal stimulus for autophagy is starvation, which also
unambiguously induces cell death. An unambiguous feature of induction of autophagy in
eukaryotes is redistribution of ATG8 protein (called Lclll in mammals) from a more localized and
diffuse pattern to a more widely disbursed, more punctate pattern that defines the sites of
autophagosome formation and/or recruitment of autophagosomal “cargo”®®. Specific ATG8
antisera raised versus T. gondii ATG8 protein (anti TJATG8) show excellent cross reactivity vs
P. falciparum ATGS8 because PFATGS is ~70% identical to TJATG8'®. A PFATGS doublet was
identified at predicted masses of 15 & 17 kDa in immunablots of fractionated parasites (Fig. 3.2D)
that is consistent with well-known de-lipidated and lipidated forms of ATG8%3. IFA analysis using
ATG8 antiserum suggests an autophagy-like process is active in intraerythrocytic P. falciparum
trophozoites (Figure 3.2, 3.3). As expected, control iRBC trophozoite parasites grown in complete

media show a cytosolic PFATGS distribution (Figure 3.2A, green) that appears somewhat punctate,

perhaps due to at least partial localization to the apicoplast?’. However, notably, when highly
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synchronized trophozoites are placed in starvation medium for 6 hrs, PFATGS is redistributed in a
much more expanded punctate fashion (Figure 3.2B, green), as recently reported®. Closer
inspection reveals puncta at the parasite periphery, possibly near the RBC membrane. Co — staining
with a marker for Maurer’s cleft (anti - PFREX1, red) shows that some PfATGS8 appears to be
routed to very near Maurer’s cleft (MC) (yellow dots, Figure 3.2B middle). The well -
characterized inhibitor of autophagy, 3-methyl adenine (3-MA) partially reverses the starvation
induced PFATGS8 puncta redistribution (Figure 3.2C), similar to what has recently been found for

T. gondii®e.

Transmittance REX1 ATGS Overlays
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Figure 3. 2 PFATGS8- positive puncta. Shown are puncta for (A) control HB3 iRBC grown under
normal culture conditions (B) HB3 iRBC grown for 6 hours under starvation conditions and (C)
HB3 iRBC grown under starvation conditions plus the autophagy inhibitor 3 methyl adenine (3
MA). Shown are transmittance (left), immunofluorescence vs antiPfREX1 (Maurer’s cleft marker;
red; second column), immunofluorescence vs antiTgATG8 (cross reacts with PFATGS; green, third
column) and overlays (right). Bar=5 um. Also shown (D) are western blot data for iRBC harboring
HB3 (CQS) and Dd2 (CQR) trophozoites grown under control culture conditions. Two separate
gels for two independent sets of samples (two iRBC isolations for each culture) are shown. This
data show a clear doublet at 15 and 17 kDa, similar to all other studies of eukaryotic ATG8 protein.
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Our group is aware of only one exception?’, where ATG8 was resolved to a single band instead of
the usual doublet with a polyclonal antisera raised against a recombinant GST-PfATGS8 fusion.
We suggest three possible reasons for the discrepancy: 1) the use of higher density [15% acrylate]
gels relative to Kitamura et al. in order to resolve the low mass doublet, 2) not using parasites
solubilized with saponin as in Kitamura et al. which would release de-lipidated ATG8 into wash
supernatant, 3) perhaps abundance of one PFATGS8 species (presumably de-lipidated) is higher in
trophozoites relative to schizonts examined in Kitamura et al.

Affinity purified 1gG from the antisera as well as monoclonal antibody 2K 19 raised against
a highly conserved Apicomplexan ATG8 motif yield results similar to polyclonal TQJATGS8
antisera (Figure 3.3). Another recent report?” presents data consistent with some localization of
PfATGS to the parasite apicoplast for control schizonts growing in normal media. My colleague,
David Gaviria and | also obtain data consistent with partial (but not exclusive) localization of
PfATGS to the apicoplast for control trophozoites and schizonts, by co — staining for apicoplast —
specific PFACP protein (Figure 3.4). We note that the trophozoite (feeding) and schizont (nuclear
division/parasite replication) stages of parasite development would be expected to utilize
autophagy machinery in different ways®*1> and that further study of PFATGS in trophozoites vs

schizonts is warranted.

Starved

Antiserum

H‘

[ —— e — O — | —_—
Figure 3. 3 Comparison of antisera vs monoclonal Ab staining. Shown are results for TJATGS8
antisera (bottom row) vs staining using a monoclonal antibody raised versus a highly conserved
Apicomplexan ATG8 epitope (top row). Panels A, G, D, J are transmittance, B, H, E, K are ATG8
fluorescence, and C, I, F, L are overlays, respectively. Left side is control intraerythrocytic HB3
P. falciparum; right side is HB3 starved for 6 hours as described in methods. Bar=5 pm.
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Figure 3.4 Parasites co-stained with anti-ATG8 (green) and anti-apicoplast (red) antibodies. Panel
A: transmittance image. Panel B: anti-PfAtg8 antibody imaging. Panel C: anti-ACP antibody
(apicoplast) imaging. Panel D: DAPI nuclear staining. Panel E: a merged image of the Atg8 and
ACP channels. Panel F: a merged image of all three channels. Some overlap between ATG8 and
apicoplast localized ACP (E and F) suggests partial (but not complete) co-localization of PFATG8
and apicoplast as previously suggested?’. Scale bar = 5um.

My colleague, David Gaviria and | next tested if cytocidal levels of CQ induced similar
PfATGS8 redistribution. Indeed, CQS parasites show similar extensively distributed PTATG8
puncta when they are treated at 2xL.D50 cytocidal dose of CQ (Figure 3.5A), but not when they
are treated with 2xIC50 cytostatic dose (Figure 3.6). Thus, the autophagy — like cascade induced
by starvation is also involved in the response to cytocidal levels of CQ, but not response to
cytostatic levels. When CQR parasites are treated with the same absolute dose (2xCQS LDsg dose;
250 nM), the punctate redistribution of PFATG8 was not observed. However, when CQR parasites
are treated with 2xCQR parasite LDsg dose (e.g. a similar effective pharmacologic dose, ~32 uM
for strain Dd2) some PFATGS redistribution is observed (Figure 3.5B), but the ATG8 response

appears somewhat muted.
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Figure 3. 5 PFATGS re-distribution, CQ vs time. CQS (strain HB3; A) and CQR (strain Dd2; B)
parasites were grown in control media (left column) or in media plus 2xLDso dose of CQ (250 nM
for HB3 Figure 3.4A, 32 uM for Dd2, Figure 3.4B) for 2, 4 or 8 hours (column 2, 3, 4 respectively).
The top row in panels A and B is transmittance, the second (green) is staining for PFATGS, the
third is DAPI to visualize the single trophozoite nucleus, and the bottom row for each panel
presents the overlay. Bar=5 pum.
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Figure 3. 6 CQS (HB3, A) and CQR (Dd2, B) parasites treated with ICso Ztop row each panel) and
2 X ICsp (bottom row) doses of CQ (25, 50 nM and 125, 250 nM, respectively) for 6 hours.
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To quantify this behavior, our group devised a method based on spinning disk confocal
microscopy and 3D Imaris rendering of z stacks to plot radial distributions of PFATG8 puncta
relative to hemozoin optical density (Figure 3.7). Essentially, very optically dense hemozoin
within the DV is used to define a “center” point of reference for the iRBC parasite (Figure 3.7 left)
and distinct, clearly defined spots of ATG8 fluorescence (Figure 3.7 middle, Scheme 3.1) are then
measured for their relative distance (x,y,z) from the center of hemozoin optical density (white

lines, Figure 3.7 right).

Figure 3. 7 Semi automated computational method for quantifying the distribution of ATGS8
puncta relative to hemozoin crystals within the DV. A) Hemozoin within the DV is detected by
transmittance, the outline of <10% transmittance is defined (labeled “DV”, left panel) and the
center of this outline then defined by voxel analysis using Imaris software. (B) The center of
distinct ATG8 puncta (bright green dots) are labeled using the option ‘Add new measurement
points’ in Imaris. (C) Distances from the hemozoin center to the ATGS8 puncta centers are then
computed (white lines) and data collated in Excel.

Scheme 3. 1 Cartoon representation of 3D puncta quantification method used in the present work.
Hemozoin density (red “x”) is used as the origin, and distances to PFATGS8 positive puncta are
defined for the reconstructed confocal z stack of images, relative to hemozoin, using 3D Cartesian
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(x,y,z) coordinates. The cartoon shows an abbreviated depiction of 3 SDCM “slices”, but as
described in methods the z stack data set for each cell is a fully assembled, iteratively deconvolved
3D image constructed from approximately 15 — 20 z slices (see Gligorijevic et al.'% for additional
detail).

Using these methods, I quantified PFATGS8 puncta abundance at >3.5 pum for CQS HB3,
CQR Dd2 and C4P% parasites +/— starvation and across a range of bolus CQ dosages (Figure 3.8).
These puncta distributions show that starvation produces similar number and similar radially
distributed patterns of peripheral PFATGS8 puncta for CQS and CQR parasites (compare far left
and far right bars in each panel Figure 3.8), but that 2xCQS LDso dose of CQ (250 nM) only
produces high numbers of distal radially - distributed puncta for CQS strain HB3 (Figure 3.8A
top), not for CQR strain Dd2 (Figure 3.8B middle). C4P% transfectants, wherein CQR is mediated
solely by allelic exchange with CQR associated mutant pfcrt, show PfATG8 behavior that is
intermediate relative to CQS HB3 and CQR Dd2 (Figure 3.8C bottom), and again, Dd2 shows a

muted ATGS response (hashed bars indicate 2xLD50 dose for each strain).
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Figure 3. 8 Quantified PFATGS puncta distribution for synchronized trophozoite parasites. Shown
are CQS HB3 (top) CQR Dd2 (middle) and transfectant C4°% (bottom) under different conditions.
Far left, “CM”=control culture conditions, far right, “SM”=1iRBC in starvation media for 6 hr. In
between are puncta quantified for iRBC treated for 6 hrs with the indicated [CQ]. Black bars in
each panel denote 2x1Csq [CQ)] for the strain, hashed bars denote 2xLDso [CQ] for the strain. Data
are the average of at least 20 iRBC, +/—S.E.M, and puncta that are >3.5 um from DV hemozoin
optical density are plotted. The three phenotypes are distinct, as evidenced by statistical
comparison of results upon 250 nM and 3.6 UM treatments common to all three strains; for 3.6
UM data, HB3 vs Dd2, HB3 vs C4P% and Dd2 vs C4P%?, P value <0.05 in each case. For 250 nM
data, HB3 vs Dd2 or HB3 vs C4P% P value <0.05, but Dd2 vs C4P%>0.05. That is, as proposed
in the text, C4°% is intermediate relative to HB3 and Dd2: both Dd2 and C4P9 differ from HB3,
but C4P% shows behavior similar to Dd2 at lower dose CQ, but different behavior vs Dd2 at higher
dose.
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My colleague, David Gaviria and | further tested the association between peripherally
distributed PFATG8-positive puncta and CQR status by examining 4 other well-characterized
strains, two CQS (strains 3D7 and Sudan 106) and two CQR (strains FCB and 7G8). Upon
starvation for 6 hours, all 4 strains distribute PFATG8—positive puncta in a peripheral fashion
similar to starved HB3, Dd2, and C4P% (Figure 3.9). However, CQR strains do not show an
increase peripheral puncta at 250 nM CQ (2xCQS LDso) whereas both CQS strains do. Also, even
though 2xCQR LDsg (32 uM) induces formation of peripheral puncta for the CQR strains, similar
to CQR strain Dd2 (Figure 3.9), the numbers are reduced relative to 2xCQS LDso treated CQS. In
terms of statistical significance of these data, P<0.01 when puncta produced for any CQS strain is
compared to puncta data for any CQR strain upon 250 nM CQ exposure. However, P values are
>0.5 when any two CQR or any two CQS strains treated with the same dose are compared. This

suggests that redistribution of PFATG can serve as a marker to quantify sensitivity to cytocidal

CQ.
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Figure 3. 9 Quantified PFATGS puncta at >3.5 um from hemozoin for synchronized trophozoites.
Two additional CQR and two additional CQS strains are analyzed. Shown are puncta counts for at
least 20+/— S.E.M. grown under control conditions (“CM?”, left side each panel), upon starvation
(SM; far right, each panel) and upon dosing for 6 hrs with either 2xICsq or 2xLDsg concentrations
of CQ (50 nM and 250 nM for CQS strains, and 250 nM and 32 uM for CQR strains, respectively).

My colleague David Gaviria next inventoried sequences of all P. falciparum orthologues
of autophagy pathway proteins that can be identified at this time (see also Brennand et al. 2011%°)
using available genomes, and note that a number of putative orthologues of key autophagy proteins
are mutated in Dd2 (CQR) vs HB3 and 3D7 (CQS) parasites. For example, a recently identified P.
falciparum P13 -kinase (PF3D7_0515300)%% appears to us to be a \Vps34 orthologue, based on its
very high identity to ScVps34 (E-value=1x10"7%; homology index score=567). A similar
conclusion was also reached by Kitamura et al.?’. During autophagy in other eukaryotic cells,

Vps34 produces copious PI3P at the developing autophagosome, where ATG8 protein also
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localizes. PfVps34 from CQR strain Dd2 shows point mutations and deletions relative to CQS
strains HB3 and 3D7 that could conceivably affect function or regulation. Quite interestingly then,

156 very similar to the

this enzyme has recently been localized to near Maurer’s cleft organelles
PfATGS relocalization upon starvation that is reported here. It remains to be determined if these
additional autophagy gene mutations uniformly segregate with CQR®® phenomena for
geographically distinct isolates of CQR P. falciparum. Importantly, LDso quantification for these

isolates will need to be performed, which will require the ability to culture these isolates over long

time periods.

3.4 Discussion
Data in this paper reveal three important concepts:

1. Mutant PfCRT protein, while responsible for the majority of the shift in CQ ICso that has
traditionally characterized CQR P. falciparum strains Dd2 and 7G8#4, is only responsible for
10-20% of the shift in CQ LDso for the same strains of CQR parasites. PFCRT is thought to
confer CQR®® by reducing access of CQ to DV—localized heme target and thereby reduce the
ability of the drug to inhibit heme — hemozoin biomineralization?® 143, However, recent data®®
shows that DV levels of CQ are not necessarily correlated with CQ LDso. In addition, other
recent work*33-134 shows that the ability of CQ or QN analogues to inhibit hemozoin formation
correlates with their 1Csg activity, but not with their LDso activity. Thus, our observations are
not as surprising as they might initially appear, and one important implication is that targets in
addition to inhibition of hemozoin crystallization are likely relevant for the cytocidal activity

of quinoline antimalarial drugs.
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2. LDso— directed QTL analysis in the well-characterized HB3 x Dd2 genetic cross shows that
the chr5 segment previously identified as modulating PFCRT mediated CQR®S does not
contribute to CQR®®. Other distinct differences in genetic architecture include two novel loci,
on chr6 and chr8, associated with elevated LDso. These loci are enriched for genes that encode
proteins linked to proteosome and autophagy pathways, but do not contain genes encoding
metacaspases or other proteins that regulate apoptosis (Tables S3.2-S3.7, Appendix A).
Several recent observations suggest interesting cross talk between proteasome and autophagy
pathways'®"8  thus enrichment for both processes in the LDso loci is intriguing.

3. Staining for a definitive marker of autophagy (ATG8 protein puncta) shows cell death from
LDso CQ treatment is linked to an autophagy — like process and that this process is altered in
CQR parasites. Interestingly, the Roepe laboratory finds that starvation and CQ-induced death
lead to accumulation of PFATG8- positive puncta to near Maurer’s clefts (MC). These poorly
understood organelles are known to be involved in export of proteins from the parasite to the
red cell plasma membrane but they are also believed to have several other functions, including
vesicle fusion®®®.

To our knowledge, only three studies have attempted to distinguish CQ cytostatic and
cytocidal activities in vitro'* 124160 pyt only recently has LDso been quantified®*, allowing QTL
analyses as presented here. All previous cellular quantification of antimalarial drug resistance
phenomena of which we are aware has been solely via I1Cso ratios. 1Cso does not quantify cytocidal
(parasite kill) potency; formally it defines growth inhibition potency versus mass populations of
parasites. It is certainly true that killing some parasites over time with a drug prevents growth seen
in control cultures, but it can also be true that a drug in continuous culture does not kill parasites,

but merely slows the cell cycle, changes multiplicity of schizogony, or has other effects that yield
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ICso of a given value for mass populations of parasites'?®. CQ appears to exhibit both dose
dependent (“Cmax”) (Gligorijevic et al.!? and this work) and time dependent (“Tmic”)*®! parasite
killing. In studies that report ICgo data there may be greater “mixing” between CQ cytostatic and
cytocidal effects relative to studies that report 1Cso data. In this paper, we made the first attempt in
our knowledge to more fully separate CQ ICso and LDso phenomena for progeny of the HB3xDd?2
Cross.

It has been previously reported that some strains are much more CQR® than CQR®S 14,
and that the rank order of LDso and ICs for different drugs varies (meaning the drugs to which a
parasite shows the highest ICsp are not necessarily the drugs to which it shows the highest LDsg**).
Plotting CQ ICs0™ vs CQ LDso (Table S3.1, Appendix A) for HB3xDd2 progeny yields poor
correlation (r?<0.4; not shown). Also, a recent study shows that CQ transport ability for 13 mutant
PfCRT isoforms found in 13 different CQR strains does not correlate with CQ ICso for those
strains'®. Considering these observations along with the current data suggests that parasite
resistance to cytocidal effects of CQ is influenced by additional genetic or physiological events,
along with PFCRT mutations. The initial analysis suggests these events include alterations in a
novel pathway showing some similarities to autophagy.

In all eukaryotic cell types examined, the re-distribution of ATG8 protein to more widely
disbursed puncta marks the induction of autophagy by starvation®3. In all other examples, the
membranes to which ATG8 is routed are synthesizing double membraned autophagosomes and
copious phosphatidyl inositol 3’ phosphate (PI3P) via Vps34. It is striking then that previous work
completely unrelated to the present study places PfVps34 near MC, similar to above observed
localization for some re-routed PFATG8%. In all eukaryotic cell types examined, autophagosomes

containing high levels of ATGS8 and PI3P lipid then engulf cytosolic or organellar targets, fuse
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with lysosomes, and the contents are then degraded, serving as nutrient pools that temporarily keep
the starving cell alive. In the case of P. falciparum, the parasite trophozoite undergoes heightened
accumulation of PFATG8- associated vesicles at or near the MC upon starvation and cytocidal CQ
treatment. The parasite trophozoite does not appear to engulf and degrade its sole mitochondrion
to provide additional food upon starvation. Indeed, starvation induced mitochondrial
fragmentation by autophagy in T. gondii causes cell death®. Instead, the unique properties of the
RBC, which is devoid of de novo biosynthetic activity as a host cell, necessitates enhanced
endocytosis to acquire extracellular food. We suggest that under starvation pressure the parasite
up regulates additional endocytosis from the red cell cytosol using (at least in part) the vesicle
formation and fusion functions of encoded autophagy machinery. This might be consistent with
PfATGS vesicles eventually interacting with the parasite DV, analogous to ATG8 positive vesicle
fusion to lysosomes in other eukaryotes after they recruit nutritional “cargo”.

In yeast and higher eukaryotes, membrane association of ATG8 is mediated by lipidation.
The terminal G residue of ATG8 that becomes lipidated is blocked, necessitating proteolytic
cleavage by ATG4 as a prelude to membrane association'®. Notably however, P. falciparum
PfATGS8 terminates with G, thus ATG4 proteolysis to reveal G as in other species is absent,
suggestive of constitutive membrane association®®®. In reality however, PFATGS exists in both the
unlipidated and lipidated forms (Figure 3.2D) suggesting mechanisms other than ATG4 regulate
PfATGS8 dynamics. We propose that a low level of constitutively activated autophagy is present in
iIRBC parasites, and that CQR parasites have developed resistance to CQ induced perturbations in
autophagy. Accumulation of PfATGS8 puncta upon toxic CQ treatment is consistent with either
upregulation of puncta formation or inhibition of autophagosome fusion, so CQR parasites could

in theory have perturbations in either (or both) steps of the autophagy pathway.
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Interestingly then, CQ is a known potent inhibitor of autophagy in other cell types. Its
diprotic weak base character promotes profound accumulation in acidic compartments such as
lysosomes, autophagosomes, and vacuoles. At doses that correspond to LDsg, CQ is known to
block the fusion of autophagosomes with lysosomes/vacuoles and also raises the pH of these
compartments, thereby inhibiting processes that require acidic pH (e.g. intra lysosomal
proteolysis'®® 152) A few molecular possibilities specific to P. falciparum are that LDso dosages
of CQ (i) block the fusion of endocytic vesicles carrying hemoglobin to the DV (in fact, a
somewhat overlooked paper®® shows that CQ LDso doses do indeed lead to a buildup of undigested
Hb trapped within arrested parasite vesicles), (ii) inhibit falcipain and plasmepsin activity by
raising the pH in endocytic vesicles and/or the DV, (iii) inhibit fusion of autophagosomes and/or
other vesicles with their target organelles. Other lysosomotropic agents would be expected to
mimic this CQ pharmacology. Interestingly then, certain alkaloids that inhibit autophagy also show
antimalarial activity'®41%. One example is voacamine, a tertiary alkaloid isolated from Peschiera
fuchsiaefolia stem bark that shows good antimalarial activity (238 ng/mL vs strain D6 and 290
ng/mL vs strain W2), and which has also been reported to chemosensitize MDR cancer cells in an
autophagy-dependent manner®®. Overall, since P. falciparum has been subjected to decades of
cytocidal CQ selective pressure, it is logical that the parasites would evolve resistance to CQ
autophagy inhibition.

With regard to the starvation effects that we observe, work in the Goldberg laboratory has
shown that P. falciparum meets its amino acid requirements by a combination of hemoglobin
degradation and uptake of free amino acids from the medium® 67188 \When some extracellular
amino acids are removed, the parasite responds by up-regulating additional hemoglobin transport

and degradation; hemoglobin, however, lacks the essential amino acid lle, so parasite survival is
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conditional under these circumstances'®. Conversely, if the hemoglobin pathway is inhibited, the
parasite survives by acquiring additional amino acids from the extracellular medium. If Ile is
withdrawn the parasite can enter a hibernatory state®. These observations suggest that (i) malaria
parasites are able to sense amino acid levels in the medium and (ii) they possess a system that can
respond to the lack of some extracellular amino acids by regulating intracellular transport to the
vacuole. During starvation induced autophagy, other eukaryotic cells respond to low amino acid
levels in the medium by trapping cytosolic material in transport vesicles, which will eventually
fuse and release cargo into a lysosome or vacuole to then be digested to amino acids. Although for
intraerythrocytic P. falciparum the “cargo” is presumably within the host cell cytosol, starvation
induced autophagy reported here could be somewhat reminiscent of elevated hemoglobin
endocytosis in P. falciparum.

We wondered if autophagy genes in the identified chr6/chr8 loci might be hinting at
mutations in other Pf autophagy gene (PfATG gene) orthologues for CQR parasites. A partial
inventory of PFATG gene orthologues has been published® but does not include important co
factors such as Vps34, Pex14, Vpsl5, etc. My colleague David Gaviria re-queried the Pf genome
with a more complete set of 42 autophagy related genes. Remarkably, a number of candidate
orthologues (16 of 42) lie within QTL loci previously associated with drug resistance phenomena,
or within “eQTL” gene sets that are up/down regulated in trans by resistance associated eQTL®°,
Also, after alignment of Dd2 (CQR) vs HB3 and 3D7 (CQS) alleles via Broad Institute data
(http://www.broadinstitute.org/) for one particularly intriguing candidate PfVps34
(PF3D7_0515300; E-value 10~7* and homology index score 567 relative to ScVps34), our group
finds that the alleles encode K at codon 423 for Dd2 in place of Q found for HB3 and 3D7, deletion

of a N residue found at position 578 for HB3 and 3D7, and a deletion of 24 codons relative to HB3
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and 3D7 (from codon 931 to 955). Interestingly, this deletion is within what could be predicted as
a C2 regulatory domain that presumably binds Ca?*; a similar C2 domain prediction for this protein
has also been made by two other groups®® 10, Since a clear TOR orthologue is missing within the
P. falciparum genome®® altered regulation via mutant PfVps34 is one possibility for the altered
cascade seen in CQR strain Dd2.

Regardless, we predicts that multiple routes to dysregulated autophagy will be found for
various strains and isolates of CQR®C P. falciparum, analogous to how multiple routes to
dysregulated programmed cell death are found in various multidrug resistant tumor cell lines’?,
At LDso doses, via its well-known lysosomotropic behaviort®® 172 CQ will inhibit vesicle formation
and vesicle fusion, two processes that are essential to autophagy. Since these processes are
controlled by a number of proteins, many mutations are possible for altering CQ response.

In sum, we find that mutant PfCRT protein confers the majority of CQR®® as defined by
CQ ICsp shift, but only partial CQR®® as defined by LDso shift. Not surprisingly then, the data also
show that distinct genetic architecture is associated with CQR®S vs CQR®C, that a specialized P.
falciparum autophagy cascade is induced by LDsg doses of CQ but not I1Cso doses of the drug, and
that altered regulation of this unique autophagy-like process is present in CQR®® parasites.
Consistent with a clear role for autophagy in cell death for other apicomplexa®®°, altered PFATGS
redistribution indicative of a novel autophagy-like cascade appears to be associated with CQR®
for intraerythrocytic P. falciparum trophozoites. Elucidating additional molecular events
controlling perturbation of autophagy signaling for CQR P. falciparum, potentially involving at
least two dozen autophagy gene orthologues®®, should prove to be a fertile area of future research.

Among additional data needed to elucidate the pathway further are precise measurements of ATG8
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puncta flux, meaning the rate of ATG8 vesicle production versus presumed fusion with either MC
and perhaps the DV.

Finally, regardless the exact role of the novel autophagy-like process for iRBC trophozoites
that is described here, we propose that CQR®C requires prior acquisition of CQR®S, meaning that
parasites must first be able to survive lower ICso dose via PFCRT mutations, before they can
survive higher LDso dose via acquiring additional autophagy mutations. Precise measurements of
ICs0 vs LDso phenomena among geographically diverse isolates of CQR P. falciparum will further

test this hypothesis.
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3.5 Appendix A

Table S3. 1 CQ LDsp values of the HB3 x Dd2 cross progeny. Averages (+/- S.E.M.) from at
least 3 independent experiments, each done in triplicate. Also shown is pfcrt allele expressed in
the strains (“R” = Dd2, “S” = HB3 allele). See Methods and Paguio et al.* for additional detail.

Strain glflgte CQ LDso (nM) SEM.
7C170 S 36.5 2.2
7C188 S 41.0 2.9
7C159 S 41.2 3.7
QC13 S 41.6 2.8
B4R3 S 48.1 3.1
CH3-61 S 48.4 4.0
SC05 S 49.7 45
QCO01 S 50.7 4.3
GCO03 S 53.1 5.2
7C7 S 53.4 49
7C3 S 71.4 6.0
TCO8 S 78.8 7.3
B1SD S 85.1 6.8
7C126 S 89.1 51
7C46 8047.5 654
7C183 R 11,747.2 40
TCO05 R 14,298.1 1621
7C424 R 15,129.5 877
D43 R 18,251.2 1916
QC34 R 18,455.7 1823
1BB5 R 19,798.1 1772
7C421 R 20,475.4 1303
7C12 R 20,478.0 1343
7C408 21,552.4 2169
3BD5 R 21,579.4 2107
7C111 R 23,778.1 1137
SCO01 R 23,997.2 2576
GCO06 R 27,3949 1175
3BAG6 R 31,837.2 2934

82



Table S3. 2 All genes included in the LDsg chromosome 6 locus. HB3xDd2 CDS Score from

PlasmoDB version 9.3 (2013) depicts the number of SNPs per 1000 basepairs.

Gene ID I HB3xDd2 Expression
PlasmoDB 9.3 Description M €bsS Correlation
Score
PF3D7_0622100 | conserved Plasmodium protein, unknown function 17.3 0.25 -
PF3D7_0622200 | radical SAM protein, putative 17.3 0.39 -
PF3D7_0622300 | conserved Plasmodium protein, unknown function 17.3 - 0.3
PF3D7_0622400 | conserved Apicomplexan protein, unknown function 17.3 - -
PF3D7_0622500 | RNA methyltransferase, putative 17.3 - -
PF3D7_0622600 | conserved Plasmodium protein, unknown function 17.3 - -0.22
PF3D7 0622700 ?Srr]\gteig\;ed Plasmodium membrane protein, unknown 173 i 0.2
PF3D7_0622800 | leucyl tRNA synthase 17.3 0.69 0.15
PE3D7 0622900 tran_scription factor with AP2 domain(s), putative 173 0.17 0.13
- (ApiAP2)

PF3D7_0623000 | chorismate synthase (CS) 17.3 1.26 -0.33
PF3D7_0623100 | coronin binding protein, putative 17.3 - 0.15
PF3D7_0623200 | ferredoxin NADP reductase (FNR) 17.3 0.9 -0.14
PF3D7_0623300 | EGF-like membrane protein, putative 17.3 - -
PF3D7_0623400 | RNA-binding protein mei2 homologue, putative 17.3 - 0.11
PF3D7_0623500 | superoxide dismutase (SOD2) 17.3 - -
PF3D7_0623600 | transcription or splicing factor-like protein, putative 17.3 0 -
PF3D7_0623700 | ATP dependent DEAD-box helicase, putative 17.3 0.59 0.43
PF3D7_0623800 | protein kinase, putative (TKL4) 17.3 1.11 0.19
PF3D7_0623900 | ribonuclease HII, putative 17.3 1.15 -0.43
PF3D7_0624000 | hexokinase (HK) 17.3 - -0.24
PF3D7_0624100 | conserved Plasmodium protein, unknown function 14.4 - -
PF3D7_0624200 | conserved Plasmodium protein, unknown function 14.4 - -0.24
PF3D7_0624300 | conserved Plasmodium protein, unknown function 14.4 - -
PF3D7_0624400 | conserved Plasmodium protein, unknown function 14.4 - -0.43
PF3D7_0624500 | anaphase promoting complex subunit, putative 14.4 - -0.38
PF3D7_0624600 | SNF2 helicase, putative (ISWI) 115 0.12 0.01
PF3D7 0624700 glu-?act(ia\t/)élglucosaminylphosphatidylinositol deacetylase, 115 i 0.09
PF3D7_0624800 | conserved Plasmodium protein, unknown function 115 0 -
PF3D7_0624900 | conserved Plasmodium protein, unknown function 115 - -
PF3D7_06250001 | phosphatidic acid phosphatase (PAP) 2.9 - -0.09
PF3D7_06250002 | phosphatidic acid phosphatase 2.9 - -0.09
PF3D7_0625100 | sphingomyelin synthase, putative 2.9 0.83 -0.11
PF3D7_0625200 | conserved Plasmodium protein, unknown function 2.9 0.86 0.1
PF3D7_0625300 | DNA polymerase 1, putative 2.9 0.46 0.12
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Table S3.2 (cont.)

Gene ID _— HB3xDd2 Expression
PlasmoDB 9.3 Description M CbsS Correlation
Score
PF3D7_0625400 | conserved Plasmodium protein, unknown function 2.9 1.61 0.39
PE3D7 0625500 ?Srr]\gteigvned Plasmodium membrane protein, unknown 29 i 0.47
PF3D7_0625600 | poly(A) polymerase PAP, putative 2.9 0.53 -0.21
PF3D7_0625700 | conserved Plasmodium protein, unknown function 2.9 - -
PF3D7_0625800 | conserved Plasmodium protein, unknown function 2.9 - -
PF3D7_0625900 | conserved Plasmodium protein, unknown function 2.9 - -0.38
PF3D7_0626000 | conserved Plasmodium protein, unknown function 2.9 0.38 -0.08
PE3D7 0626100 g)lj:gtc;\r/e;ductase, short-chain dehydrogenase family, 59 0.87 0.24
PF3D7_0626200 | conserved Plasmodium protein, unknown function 2.9 - -0.52
PF3D7_0626300 | 3-oxoacyl-acyl-carrier protein synthase I/11 (FabB/FabF) 2.9 - 0.33
PF3D7_0626400 | Secl4 domain containing protein 2.9 2.59 0.12
PF3D7_0626500 | conserved Plasmodium protein, unknown function 2.9 1.05 -
PF3D7_0626600 | conserved Plasmodium protein, unknown function 2.9 - 0.05
PF3D7_0626700 | conserved protein, unknown function 2.9 0.89 -0.16
PF3D7_0626800 | pyruvate kinase (PyrK) 2.9 1.3 -0.32
PF3D7_0626900 | mitochondrial ribosomal protein L46 precursor, putative 2.9 - -0.38
PF3D7_0627000 | conserved Plasmodium protein, unknown function 2.9 - -
PF3D7_0627100 | ankyrin-repeat protein, putative 2.9 0.19 0.21
PF3D7_0627200 | myosin light chain, putative 2.9 0 0.12
PF3D7_0627300 | c3h4-type ring finger protein, putative 2.9 - -0.17
PF3D7 0627400 g]uittaotci\t;gndrial import inner membrane translocase subunit, 29 i .0.34
PE3D7 0627500 4_—methyl-5_(B-hydroxyethyl)-thiazol monophosphate 29 i 012
- biosynthesis enzyme
PF3D7_0627600 | conserved Plasmodium protein, unknown function 2.9 0.84 0.27
PF3D7_0627700 | transportin 2.9 1.16 -0.14
PF3D7_0627800 | acetyl-CoA synthetase, putative 2.9 2.67 -0.18
PF3D7_0627900 | conserved Plasmodium protein, unknown function 2.9 - 0.2
PF3D7_0628000 | 6-pyruvoyltetrahydropterin synthase (PTPS) 2.9 - -0.25
PF3D7_0628100 | HECT-domain (ubiquitin-transferase), putative 2.9 0.55 0.39
PF3D7_0628200 | protein kinase PK4 (PK4) 2.9 0.76 0.01
PF3D7_0628300 | choline/ethanolaminephosphotransferase, putative (CEPT) 0 - 0.24
PE3D7 0628400 conse_rved Plasmodium membrane protein, unknown 0 i 0.04
- function

PF3D7_0628500 | conserved Plasmodium protein, unknown function 0 1.05 -
PF3D7_0628600 | conserved Plasmodium protein, unknown function 0 - 0.23
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Table S3.2 (cont.)

Gene ID _— HB3xDd2 Expression
PlasmoDB 9.3 Description M CbsS Correlation
Score

PF3D7_0628700 | conserved Plasmodium protein, unknown function 0 0.58 -0.4
PF3D7_0628800 | glutamyl-tRNA(GIn) amidotransferase subunit B, putative 0 6.8 -0.07
PF3D7_0628900 | RAP protein, putative 0 0 -0.41
PF3D7 0629000 | conserved protein, unknown function 0 - -
PF3D7_0629100 | nicotinate phosphoribosyltransferase, putative 0 - -0.32
PF3D7_0629200 | DnalJ protein, putative 0 - 0.03
PE3D7 0629300 phosphatidylcholine-sterol acyltransferase precursor, 0 0.77 0.29

- putative (PL)
PF3D7_0629400 | RNA binding protein, putative 0 - -0.29
PF3D7_0629500 | amino acid transporter, putative 0 0.55 -0.08
PF3D7_0629600 | conserved Plasmodium protein, unknown function 0 - -
PF3D7_0629700 | SET domain protein, putative (SET1) 0 0.99 -0.13
PF3D7_0629800 | cullin-like protein, putative 0 0.29 -
PE3D7 0629900 secl4-|ik_e cytoso_lic factor or phosphatidyl_inositol/ 0 i 0.39

- phosphatidylcholine transfer protein, putative
PF3D7_0630000 | CPW-WPC family protein 0 0 -
PF3D7_0630100 | conserved Plasmodium protein, unknown function 0 - -0.03
PF3D7_0630200 | secreted ookinete protein, putative (PSOP6) 0 - -
PF3D7_0630300 | DNA polymerase epsilon, catalytic subunit a, putative 0 0.69 -0.21
PF3D7_0630400 | conserved Plasmodium protein, unknown function 0 - -
PF3D7_0630500 | microtubule-associated protein ytm1 homologue, putative 0 1.34 -
PF3D7_0630600 | conserved Plasmodium protein, unknown function 0 3.91 0.07
PF3D7_0630700 | conserved Plasmodium protein, unknown function 0 0.51 -0.39
PF3D7_0630800 | conserved Plasmodium protein, unknown function 0 3.38 -0.05
PF3D7_0630900 | DEAD/DEAH box ATP-dependent RNA helicase (Has1p) 0 2.77 0.31
PF3D7_0631000 | Tetratricopeptide repeat protein, putative 0 - -
PF3D7_0631100 | Plasmodium exported protein (PHISTb),unknown function | 0 - -
PE3D7 0631200 erythrocyte membrane protein 1 (PfEMP1), pseudogene 0 ) )

- (VAR pseudogene)
PF3D7_0631300 | RESA-like protein 0 - -

Pfmc-2TM Maurer's cleft two transmembrane protein

PF3D7_0631400 | (o P 0 - -0.31
PF3D7_0631500 | Plasmodium exported protein (hyp4), unknown function 0 - 0.16
PF3D7_0631600 | Plasmodium exported protein (hyp5), unknown function 0 - 0.13
PF3D7_0631700 | rifin, pseudogene 0 - -
PF3D7_0631800 | rifin (RIF) 0 9.72 -0.24
PF3D7_0631900 | stevor (stevor) 0 - 0.03
PF3D7_0632000 | rifin (RIF) 0 - -0.09
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Table S3.2 (cont.)

HB3xDd2

Gene ID I Expression
PlasmoDB 9.3 Description cM CbsS Cofrelation
Score
PF3D7_0632100 | rifin (RIF) 0 - -
PF3D7_0632200 | rifin (RIF) 0 - -
PF3D7_0632300 | rifin (RIF) 0 - -
PF3D7_0632400 | rifin (RIF) 0 - -
PF3D7_0632500 | erythrocyte membrane protein 1, PFEMP1 (VAR) 0 - 0.05
PF3D7_0632600 | rifin, pseudogene (RIF pseudogene) 0 - -
PF3D7_0632700 | rifin (RIF) 0 - -
PF3D7_0632800 | erythrocyte membrane protein 1, PFEMP1 (VAR) 0 - -0.25
Table S3. 3 All genes included in the LDsg interaction Chr6 (cM11.5) x Chr8 (cM77.5).
HB3xDd2 CDS Score from PlasmoDB version 9.3 (2013) depicts the number of SNPs per 1000
basepairs.
Gene ID Chr Description HB3 x Dd2 Expressi_on
PlasmoDB 9.3 CDS Score | Correlation
PF3D7_0808000 8 | conserved Plasmodium protein, unknown function 1.22 -0.3
PF3D7_0807900 8 | tyrosyl-tRNA synthetase, putative - -0.24
PF3D7_0807700 8 | serine protease, putative - 0.4
PF3D7_0807600 8 | conserved Plasmodium protein, unknown function 4.24 0.13
PF3D7_0807500 8 | proteasome subunit alpha, putative - -0.38
PF3D7_0807300 8 | Rab GTPase 18 (RABL18) - 0.08
PF3D7 0807200 8 conse_rved Plasmodium membrane protein, unknown i .0.07
function
PF3D7_0807000 8 | gas41 homologue, putative - 0.41
PF3D7_0806600 8 | kinesin-like protein, putative 0.35 0.35
PF3D7_0806400 8 | glycosyltransferase family 28 protein, putative - -0.01
PF3D7_0806300 8 | ferlin like protein, putative 0.59 0.38
PF3D7 0806200 8 :C:Srr]]stei:)\;ed Plasmodium membrane protein, unknown 0.33 -0.26
PF3D7_0805900 8 | conserved Plasmodium protein, unknown function 0 0.3
PF3D7_0805800 8 | conserved Plasmodium protein, unknown function 0 0.3
PF3D7_0805100 8 | conserved Plasmodium protein, unknown function - 0.38
PF3D7_0805000 8 | alpha/beta hydrolase, putative - -0.28
PF3D7 0804500 8 ;:Sr?(s;tei:)\;ed Plasmodium membrane protein, unknown 158 .0.36
PF3D7_0804400 8 | methionine aminopeptidase 1c, putative (MetAP1c) 0.45 0.21
PF3D7_0804300 8 | conserved Plasmodium protein, unknown function 2.99 -0.01
PF3D7_0803800 8 | 20S proteasome beta subunit - -0.03
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Table S3.3 (cont.)

Gene ID Chr Description HB3 x Dd2 Expressi_on
PlasmoDB 9.3 CDS Score | Correlation
PF3D7_0805400 8 | acetyltransferase, putative - -
PF3D7_0805500 8 | conserved Plasmodium protein, unknown function - -
PF3D7_0805600 8 | apicoplast phosphatidic acid phosphatase, putative - -
PF3D7_0805700 8 | serine/threonine protein kinase, FIKK family (TSTKO) - -
PF3D7_0807400 8 | conserved Plasmodium protein, unknown function - -
PF3D7_0807800 8 | proteasome subunit alpha type 5, putative - -0.11
PF3D7_0807100 8 | RNA helicase, putative 0.25 0.09
PF3D7_0806900 8 | conserved Plasmodium protein, unknown function - 0.01
PF3D7_0806800 8 | vacuolar proton translocating ATPase subunit A, putative - 0.15
PF3D7 0806700 8 conse_rved Plasmodium membrane protein, unknown 194 0.13
function

PF3D7_0806500 8 | DnaJ protein, putative 0.49 0.18
PF3D7_0806100 8 | conserved Plasmodium protein, unknown function - 0.18
PF3D7_0806000 8 | AAA family ATPase, putative 0.82 0.05
PF3D7_0805300 8 | conserved Plasmodium protein, unknown function 0.53 0.48
PF3D7_0805200 8 | conserved Plasmodium protein, unknown function - 0.42
PF3D7_0804900 8 | GTPase activator, putative 0.68 -0.39
PF3D7_0804800 8 | peptidyl-prolyl cis-trans isomerase (CYP24) - -0.08
PF3D7_0804700 8 | conserved Plasmodium protein, unknown function 0.17 0.37
PF3D7_0804600 8 | U2 snRNA/tRNA pseudouridine synthase, putative - -0.19
PF3D7_0804000 8 | cactin homolog, putative - 0.12
PF3D7_0804100 8 | small nucleolar RNA snoR06 - -
PF3D7_0803900 8 | unspecified product - -
PF3D7_0804200 8 | Plasmodium RNA of unkown function RUF3 - -
PF3D7_0624600 6 | SNF2 helicase, putative (ISWI) 0.12 0.01
PE3D7 0624700 6 N-acgtylglucosaminylphosphatidylinositol deacetylase, ) 0.09

- putative
PF3D7_0624800 6 | conserved Plasmodium protein, unknown function 0 -
PF3D7_0624900 6 | conserved Plasmodium protein, unknown function - -
PF3D7_0625000.1 | 6 | phosphatidic acid phosphatase (PAP) - -0.09
PF3D7_0625000.2 | 6 | phosphatidic acid phosphatase - -0.09
PF3D7_0625100 6 | sphingomyelin synthase, putative 0.83 -0.11
PF3D7_0625200 6 | conserved Plasmodium protein, unknown function 0.86 0.1
PF3D7_0625300 6 | DNA polymerase 1, putative 0.46 0.12
PF3D7_0625400 6 | conserved Plasmodium protein, unknown function 1.61 0.39
PE3D7 0625500 5 conse_rved Plasmodium membrane protein, unknown i 0.47

- function
PF3D7_0625600 6 | poly(A) polymerase PAP, putative 0.53 -0.21
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Table S3.3 (cont.)

Gene ID Chr Description HB3 x Dd2 Expressi_on
PlasmoDB 9.3 CDS Score | Correlation
PF3D7_0625700 6 | conserved Plasmodium protein, unknown function - -
PF3D7_0625800 6 | conserved Plasmodium protein, unknown function - -
PF3D7_0625900 6 | conserved Plasmodium protein, unknown function - -0.38
PF3D7_0626000 6 | conserved Plasmodium protein, unknown function 0.38 -0.08
PF3D7_0626100 6 | oxidoreductase, short-chain dehydrogenase family, putative 0.87 0.24
PF3D7_0626200 6 | conserved Plasmodium protein, unknown function - -0.52
PF3D7_0626300 6 | 3-oxoacyl-acyl-carrier protein synthase I/11 (FabB/FabF) - 0.33
PF3D7_0626400 6 | Secl4 domain containing protein 2.59 0.12
Table S3. 4 Enriched molecular functions for LDso Chr 6 locus.
Term Description p-value
All transferase terms transferase 0.0024
G0:0016740 transferase activity 0.0049
G0:0003824 catalytic activity 0.0234
GO:0016772 transf_er_ase activity, transferring phosphorus- 0.0357
containing groups
All zinc-finger terms zinc-finger 0.0380
All nucleotidyltransferase terms | nucleotidyltransferase 0.1294
Table S3. 5 Enriched biological processes for LDso Chr 6 locus.
Term Description p-value
G0:0016070 RNA metabolic process 0.0250
All zinc-finger terms zinc-finger 0.0380
G0:0034641 cellular nitrogen compound metabolic process 0.0821
G0:0006807 nitrogen compound metabolic process 0.1114
G0:0055114 oxidation reduction 0.2201
Table S3. 6 Enriched molecular functions for LDsg Chr 6 x Chr 8 interaction locus.
Term Description p-value
All proteasome terms proteasome 0.0233
G0:0070011 peptidase activity, acting on L-amino acid peptides | 0.0586
pfa03050 Proteasome 0.0712
G0:0008233 peptidase activity 0.0817
All Protease terms Protease 0.0870
All hydrolase terms hydrolase 0.0902
G0:0003824 catalytic activity 0.1578
G0:0004175 endopeptidase activity 0.1623
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Table S3. 7 Enriched biological processes for LDso Chr 6 x Chr 8 interaction locus.

Term Description p-value
All proteasome terms proteasome process 0.0233
pfa:03050 proteasome process 0.0712
All Protease terms Protease process 0.0870
All hydrolase terms hydrolase process 0.0902
G0:0006508 proteolysis 0.0930
G0:0019538 protein metabolic process 0.1329
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CHAPTER IV
HIGH-THROUGHPUT MATRIX SCREENING IDENTIFIES SYNERGISTIC AND

ANTAGONISTIC ANTIMALARIAL DRUG COMBINATIONS

Chapter IV previously published in part as; Mott, B. T.; Eastman, R. T.; Guha, R.; Sherlach, K. S.;
Siriwardana, A.; Shinn, P.; McKnight, C.; Michael, S.; Lacerda-Queiroz, N.; Patel, P. R.; Khine,
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combinations. Scientific reports 2015, 5, 13891 © 2015 with permission extending to all

reproduced content.

Contribution of authors:
A.S. conducted cell culture, single-cell photometry experiments to measure changes in DV and
cytosolic [Ca?*], immunofluorescence assays to visualize and quantify PfAtg8 puncta localization,

and contributed to writing the manuscript.

4.1 Abstract
Drug resistance in Plasmodium falciparum parasites is a constant threat. Novel therapies
must be discovered at a faster rate, especially drug combination therapies. A high-throughput
screen was conducted at cytostatic levels to identify novel, potent antimalarial drug combinations.
One interesting class of “partner drug” compounds identified was phosphatidylinositol 3"-kinase

(P13K) inhibitors. Results in chapter 3 suggest that an autophagy-like pathway is involved in stress-
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induced cell-death as well as cytocidal chloroquine resistance. Thus, the discovery that PI3K
inhibitors were both potent antimalarial drugs and excellent partner drugs for combination therapy
was particularly intriguing and their action was further analyzed. Results indicate the ability of
these PI3K inhibitors to significantly reduce the autophagy-related puncta response. Another
interesting class of compounds revealed in the screen was ion channel modulators. The role of
these compounds in calcium homeostasis and mitochondrial membrane polarization, both
closely tied to parasite viability, were investigated further. Results suggest a relationship
between the effects of ion channel modulators on calcium homeostasis and mitochondrial
membrane polarization. Evaluation of drugs and drug combinations requires an appreciation of
both 1Cso (cytostatic) and LDso (cytocidal) activities. Thus, particularly potent and intriguing
drug combinations identified in the high-throughput screening were further analyzed using the

Chou-Talalay method for assessing synergy.

4.2 Background

Emergence of resistance to antimalarial therapy has been an ongoing challenge for
scientists for many decades. Resistance to quinolines such as chloroquine (CQ)*"® and drug
combinations such as sulfadoxine-pyrimethamine (SP)'"*, have led to the investigation and
discovery of many novel antimalarial drugs and combinations. Current antimalarial treatments rely
on drug combinations as recommended by the World Health Organization!”. These combinations
include pairing CQ, amodiaquine (AQ), or mefloquine (MQ) with SP, atovaquone
(ATQ)/proguanil, quinine (QN) with either tetracycline or doxycycline!’® or artemisinin
combination therapies (ACTs)}""18, WHO-recommended ACTs include artemether (ATM) +
lumefantrine (LUM), artesunate (ATSU) + AQ, artesunate + MQ, dihydroartemisinin (DHA) +

piperaquine (PPQ), and artesunate + SP’>. The benefits of using combination therapies have been
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known for decades'’®'® and they are the standard policy for diseases such as human
immunodeficiency virus (HIV) infections and tuberculosis!®', Some of these combinations
therapies are administered due to necessity as sometimes monotherapies fail with certain patients.
However, the purpose of administering drug combinations in malaria is different; it is mainly to
prevent or delay the emergence of resistance®?,

This concept can be understood with a simple example: Assuming the mutation rate leading
to resistance is 10~ in a malaria parasite population, out of a parasite load of 10! in a person, there
will be 10'x107°=100 parasites carrying a novel mutation to resistance. If this person is treated
with a monotherapy, the likelihood of these 100 new parasites surviving is higher and will lead to
recrudescence. However, if a drug combination is administered, assuming the drugs have different
mechanisms of action, the parasites will have to gain mutations in two genes simultaneously to
acquire resistance, thus dramatically reducing the likelihood of emergence of resistance
(10'x107x10°=10"7, which is one infection out of ten million)*®?,

When designing an ACT, two factors should be considered: 1) the partner drug should have
a longer half-life and 2) it should have a different mechanism of action (MOA). In the case of
ATM + LUM, the pharmacokinetic properties of the two drugs complement each other. ATM is
absorbed rapidly and metabolized to DHA. Both have a half-life of approximately 1 hour. LUM
on the other hand, is absorbed more slowly and eliminated slowly as well; having a half life of 3-
6 days'®3. There is also evidence of these drugs being synergistic in a preclinical setting, however,
these claims remain unverified through independent methods'®. The combination of a highly
active drug with a slow-clearing drug ensures the rapid reduction in parasitemia as well as
complete clearance of parasites over an extended period of time!®3, Although above mentioned

factors should be considered when designing an ACT, most current ACTs were found empirically
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without full validation of drug-drug interactions or mode of action (MOA) and therefore may not
represent ideal combinations. For example, partner drugs such as mefloguine (MQ) or
lumefantrine (LUM) appear to act on pathways similar to those of ART-derived drugs and
mutations that modulate susceptibility to one drug may also alter effectiveness of the other, leading
to increased tolerance to both compounds!*® 185186,

The most intricate method to investigate synergy between potential partner drugs involves
the generation of a plot named an isobologram®®’. To generate this plot, the activity of partner
drugs must be assessed at multiple ratios between the drugs as well as by themselves (for example;
ratios of 1:0, 1:1, 1:2, 1:3, 3:1, 2:1 0:1). Results from this analysis can be used to generate values
named fractional inhibitory concentrations (FIC). These values are used to generate an
isobologram that illustrates whether a drug combination is synergistic, antagonistic, or additive.
However, this method is time consuming and requires performing a large number of individual
assays. In order to investigate synergy in a simpler, yet mathematically sound method, David Chou
and Paul Talalay, developed a technique, which is now known as the Chou-Talalay (C-T)
method®: 18, This method is simple in nature and flexible. Results from this method are not
dependent on the mechanism of action or the units used. It is efficient because of its simplicity and
thus, economical as well. Most importantly, it gives a numerically indexed conclusion'®. As in
the case of generating isobolograms, an FIC needs to be calculated initially in this method.
However, compared to an isobologram analysis, C-T analysis only requires one fixed ratio of the
pair of drugs tested. The FIC values calculated for individual drugs are then added to generate an
FICindex, and this is the term that gives the indication of the nature of interaction between drugs.
Based on their derivations, Chou and Talalay assigned synergy when the FICngex is less than 1. An

FICingex Of 1 indicated additivity and greater than 1 indicated antagonism. However, cutoffs for
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definition of drug pair behavior are sometimes altered from these values based on experimental
variance and other factors - for example, in the literature, synergy has been defined as being less
than 0.5 to antagonism being greater than 4 %,

Similar to the study of potency of single drugs on malaria parasites, drug combination
analysis has been traditionally done at cytostatic concentrations. Similar to the observation of the
difference in drug target and mechanism of action at cytostatic versus cytocidal concentrations®”
133135 recent work by Gorka et al. indicates a difference in drug interaction at these varying levels
of drug'®®. Therefore, it is also important to investigate the effect of drug combinations at cytocidal
concentrations as these are the concentrations relevant for killing parasites. This analysis has to be
expanded to also ensure that the partner drugs would have compatible pharmacokinetics and
pharmacodynamics, MOAs that do not promote concurrent resistance, efficacy against existing
drug-resistant parasites, and no toxicity. Another factor demanding the development of novel drug
combinations is the disturbing emergence of parasites exhibiting reduced clearance following ACT
treatment®> 7% 18 Developing effective, long lasting drug combinations requires evaluation of
large numbers of known and candidate antimalarials. While large-scale single agent screens have
identified novel antimalarials, there remains a need for an assessment of new antimalarial drug
combinations!®-1% Therefore, high-throughput combination screens were performed in
collaboration with scientists at the National Center for Advancing Translational Science (NCATS)

using compounds with diverse mechanisms of action (MOASs) to identify multiple classes of

compounds that interact favorably against P. falciparum.
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4.3 Results

Initially, 2317 single agents were evaluated, including known antimalarials, approved and
investigational drugs and mechanistically annotated small molecules against three P. falciparum
strains (3D7, HB3 and Dd2). The activities of many pharmacologically diverse agents were
confirmed including alvespimycin (human HSP90 inhibitor), propafenone (ion channel modulator)

and carfilzomib (human proteasome inhibitor) (Figure 4.1).
HB3
Dd2

3D7

< 20um 5.0uM 1.0uM 0.1uM 0.1um 1.0um 5.0um > 20uM

Figure 4. 1 Heat map representation of 2317 approved and investigational drugs. (Data available
at http://pubchem.ncbi.nlm.nih.gov/)

Other notable findings were the potent activities associated with small molecules targeting
human phosphatidylinositide 3-kinases (hPI13K) including GSK-2126458, NVP-BGT226, Torin 2,
and PIK 93. The Plasmodium falciparum genome is known to contain only one PI3K®, thus,
these compounds were of particular interest. The involvement of autopaghy in the resistance
mechanism to chloroquine as well as the potential of Vps34 being a regulatory step in the
autophagy cascade in the absense of an mTOR homologue in the Plasmodium genome!’ aids in
driving the interest in this class of compounds.

Next, eleven iterative combination screens were performed, with compounds selected from
the single agent screen based on potency, mechanistic interest and clinical status. A comprehensive
set of 240 combinations of interest was further assessed in duplicate against two individual cultures
for each of the three parasite strains. The approved and investigational drugs included a

collection of antimalarials including dihydroartemisinin (DHA), artemether (ATM), artesunate
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(ATS), CQ, MQ, amodiaquine (AQ) and piperaquine (PPQ) as well as drugs designated for

numerous and diverse indications. To better understand the standard-of-care for treating malaria

infections, the currently approved ACTs (ATM-LUM, AS-MQ, ATS-pyronaridine, ATS-AQ,

DHA-PPQ) were analyzed. Consistent with previous reports both ATM-LUM and ATS-MQ

were noted to interact favorably%%193,
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Figure 4. 2 Combination data (10x10 plots) for drug combinations representing the standard of

care (ATM + LF, ATS + MQ).

Several combinations exceeded the synergy noted for ATM-LUM and ATS-MQ

including 13 drug combinations listed in Table 1. Additionally, many hitherto unexplored drug

combinations were identified as being synergistic or additive, including combinations of

approved antimalarials (ARTs, LUM, MQ) with ion channel modulators (e.g. nicardipine),

novel mitochondrial targeting agents (e.g. ML238), drugs targeting human enzymes and

receptors (e.g. BIX-01294, alvespimycin and NVP-BGT226), and agents currently undergoing

single agent clinical assessment in malaria trials (tafenoquine) (Table 1).
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Table 4. 1 Noteworthy synergistic combination results from >4,000 discreet combinations tested.
Data is against P. falciparum 3D7. Mechanistic class reflects general terms and is not intended
to cover all putatively contributing pharmacologies of the drugs listed (may reflect hypothesized
mechanism based on mammalian target).

Drug A Mechanistic Class Drug B Mechanistic Class
ATM Endoperoxide Alvespimycin HSP90 inhib.

ATM Endoperoxide M.B. oxid. stress inducer
ATM Endoperoxide NVP-AUY992  HSP90 inhib.

ATM Endoperoxide NVP-BGT226  PI3K inhib.

ATM Endoperoxide Reserpine Ca?* channel inhib.
ATM Endoperoxide Quisinostat HDAC inhib.

ATM Endoperoxide KN-62 CaM kinase Il inhib.
ATM Endoperoxide LUM Heme conversion inhib.
ATS Endoperoxide MFQ Heme conversion inhib.
ATS Endoperoxide Propafenone Na* channel inhib.
DHA Endoperoxide LUM Heme conversion inhib.
DHA Endoperoxide M.B. oxid. stress inducer
LUM Heme conversion inhib. NVP-BGT226  PI3K inhib.

LUM Heme conversion inhib. Manidipine Ca?* channel inhib.
LUM Heme conversion inhib. Rifampin Protein synthesis inhib.
LUM Heme conversion inhib. Midostaurin multikinase inhib.
MFQ Heme conversion inhib. Nicardipine Ca?* channel inhib.
MFQ Heme conversion inhib. Midostaurin multikinase inhib.

AQ Heme conversion inhib. BIX-01294 methylation inhib.
Atovaquone e transport chain inhib. ML238 e transport chain inhib.
Atovaquone e transport chain inhib. Decoquinate e transport chain inhib.
Atovaquone e transport chain inhib. Genz-669178 PfDHODH inhib.
ML238 e transport chain inhib. Genz-669178 PfDHODH inhib.
NITD-609 Protein synthesis/PfATPase4 inhib.  Trichostatin A HDAC inhib.
Leptomycin B Nuclear export inhib. Nanchangmycin = Antibiotic
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The calcium channel inhibitor verapamil is known to reverse CQ resistance in P.
falciparum. Several reports demonstrate that this phenotype is the result of verapamil’s
interaction with the P. falciparum CQ resistance transporter (PfCRT) altering carrier-mediated
drug efflux of CQ%1%, At least one study failed to associate the level of CQ efflux with
sensitivity in the presence and absence of verapamil and a recent analysis confirmed that diverse
PfCRT variants differ in their ability to modulate CQ transport®? 197, Results indicate that the
level of synergy found for antimalarials and ion channel modulators is maintained across the
CQ sensitive (CQS) 3D7 and HB3 strains and the CQR Dd2 strain (Figure 4.3A). This
generalized and consistent level of synergy in both CQR and CQS lines is noteworthy given
that the potential contribution of drug transporters might otherwise be theorized to result in

differential synergy in these lines.
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Figure 4. 3 Disruption of calcium homeostasis and alteration of mitochondrial potential for
selected drugs and drug pairs. (A) Examination of the combination responses of KN-62 and
ATM in three parasite lines via an isobologram analysis of the mitochondrial membrane
potential as judged by a combination JC1 assay (panel 1) and isobolographic analysis of the
viability combination response (panel 2). (B) Time lapsed capture of calcium dependent Fura
—2 fluorescence for two live side-by-side intraerythrocytic strain Dd2 parasites showing rapid
loss of digestive vacuole (DV) Ca?*(bright green inner circle, top panels) upon perfusion with
cytocidal (2 x LDso) dose of CQ (see methods).

An examination of calcium homeostasis and mitochondrial membrane polarization, both
closely tied to parasite viability, was conducted for potential insight into the mechanism of these
combination responses. Utilizing single cell photometry, | noted an acute release of Ca?* from
the parasite digestive vacuole (DV) with a concomitant increase in cytosolic Ca2* upon
treatment with CQ (Figure 4.3B, Table 4.2). A similar increase in cytosolic Ca?* was noted for
ATM, LUM, propafenone, nicardipine, reserpine and KN-62 (Table 4.2). Calcium homeostasis
is regulated in all cells through several complementary mechanisms including the action of
membrane transporters and the use of ER and lysosomal (DV) stores!®®. Mitochondrial
Ca?* uptake is also an important regulatory process and pronounced Ca?* uptake can be
accompanied by a transient loss of polarization which can be detected experimentally. By
monitoring the mitochondrial potential in all three P. falciparum strains (3D7, HB3 and Dd2)
in response to selected drugs applied singly or in combination, it could be determined which
agents altered mitochondrial membrane potential and assess if these actions were synergistic
(Figure S4.1-S4.4, Appendix B). Strikingly, each of the drugs shown to cause an increase in
cytosolic Ca?* was found to induce mitochondrial depolarization (Table 4.2, Figures S4.1-S4.4,
Appendix B). Furthermore, several agents (P1K-93, cinacalcet, elesclomol, GSK-1059615) that
did not modify cytosolic Ca?* levels were found to have no effect on mitochondrial polarization

(Table 4.2).
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Table 4. 2 Change in cytosolic and DV [Ca?*].

Strain  Location of Measurement Drug Change in [Ca?*] (nM/min)
Dd2 DV CQ (2XIC, ) -0.08
CQ (2XLDso) -3.82
Cytosol CQ (2XIC, ) 0.83
CQ (2XLD50) 5.15
HB3 Cytosol Artemether (2XIC, ) 1.11
Artemether (2XLD S 0) 3.91
Lumefantrine (2XIC5 0) 0.07
Lumefantrine (2XLD50) 2.82
Propafenone (2XIC 5 0) 0.35
Propafenone (2XLD50) 6.50
Nicardipine (ZXICSO) 0.04
Nicardipine (2XLD 5 0) 4.84
KN-62 (2XIC, ) 0.63
KN-62 (2XLD, ) 2.20
CQ (2XIC, ) 0.27
CQ (2XLD,) 1.30
Reserpine (0.5 uM) 1.70
Reserpine (1 uM) 1.85
Reserpine (5 uM) 3.40
PIK-93 (2XIC, ) 0.46
PIK-93 (2XLD, ) 0.66
Cinacalcet (2XIC50) 0.76
Cinacalcet (2XLD, 0) 0.53
Elesclomol (2XIC5 0) 0.47
Elesclomol (2XLD50) 0.50
GSK-1059615 (2XIC, ) 0.53
GSK-1059615 (2XLD, ) 0.38

Examination of drug combination effects on mitochondrial depolarization mirrored the
outcomes from the parasite viability screens. For instance, the effect on mitochondrial potential

for the combination of ATM and KN-62 was synergistic or additive in each line (Figure 4.3A,
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Panel 1) which mirrored the synergistic responses in this study (Figure 4.3A, Panel 2). Similar
results were seen for many ARTs and ion channel modulator combinations including the
combination of ATM and reserpine (Figure S4.4, Appendix B). These data suggest a
relationship between Ca?* release and mitochondrial depolarization, and further substantiate the
connectivity of calcium homeostasis to the actions of multiple antimalarial agents. While these
data represent a new element to the debate surrounding the contribution of calcium channel
modulation to antimalarial action they do not eliminate the potential contribution of PfCRT or
other drug transporters to the synergy noted between antimalarials and ion channel modulators.

Pharmacological induction of oxidative stress or alteration of the parasite response to
elevated reactive oxygen species (ROS) is a postulated MOA for several antimalarial drug
classes. ARTs are reportedly activated by hemoglobin degradation products, presumably heme
or ferrous iron, thereby inducing oxidative stress within the DV®!. The endoperoxide
pharmacophore of ARTSs is absolutely required for activity, and several studies have correlated
excess ROS levels with activity®! 1°°. Recent reports suggest that a regulated autophagy cascade
in response to oxidative stress may play a role in P. falciparum fitness and response to selected
therapies (see previous chapter, this thesis). A quantitative trait loci (QTL) analysis of CQR
versus CQS parasite strains correlates increased numbers of Plasmodium autophagy-related
protein 8 (PFATGS8) puncta with drug response and identified candidate drug resistance genes
involved in modulating this cascadel” (previous chapter, this thesis). Interestingly, in all
eukaryotes, the autophagy cascade requires the coordinated function of multiple autophagy-
related proteins and the regulatory activities of the PI3K Vps342* 3%, The single agent screens
included numerous investigational drugs targeting human PI3Ks and mTOR (Figure 4.1),

including the potent mTOR inhibitor torin 2 which was recently reported to have impressive

101



antimalarial activity against the asexual, liver and gametocyte stages of malaria200-20t,

Additional examples include advanced clinical candidates NVP-BGT226 (a structural congener
of torin 2, Dd2 ICso=2.1nM), GSK-2126458 (Dd2 ICso=124nM), INK-128 (Dd2
ICs0=69 nM) and ZSTK-474 (Dd2 1Cso=67 nM) (Figure 4.1). The Plasmodium genome
possesses only one P13K (a class I11 Vps34 ortholog)*®®, thus making it a possible target of these
agents. There are, nevertheless, other potential targets for these drugs that could explain their
strong activity.

An investigation of the parasite autophagy-related response to selected drug
combinations proved insightful. In eukaryotes, PfAtg8 positive vesicle formation is
downstream from Vps34. In P. falciparum, PfAtg8, in part, tracks to apicoplast-targeted
vesicles® 2735 In response to cytocidal CQ treatment, PfAtg8 has been shown to traffic in a
more radially dispersed pattern along with an autophagosomal complex that includes PfRab7"
2135 A similar radial distribution of puncta occurs upon treatment with ATM, LUM, and AQ
(Figures 4.4-4.5). Similar to CQ, radial distribution of puncta in response to ATM was increased
at LDso dose (Figure 4.4B) relative to 1Cso dose (Figure 4.4A), and application of Coartem
(ATM+LUM) induced an even greater response (Figures 4.4C, 4.7). Interestingly,
administration of NVP-BGT226 or GSK-2126458 at their LDsp concentrations in combination
with ATM, LUM, AQ and CQ or applied to parasites cultured in starvation conditions did not
elicit the same increase in autophagosomal trafficking (Figures 4.4D, 4,4E, 4.5-4.7). Similar
reduction in autophagosomal trafficking was observed when starvation was administered with
Torin 2, PIK-93 or INK-128 at LDso (Figure 4.6). Autophagy is a prosurvival response;
however, rapid overstimulation of the autophagy response can lead to cell death. Following

administration of two autophagy-inducing agents (e.g. ATM and LUM), parasite fitness may be
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compromised due to the rapid onset of the autophagy response. Administration of a stimulant
and inhibitor (e.g. ATM and NVP-BGT226) may lead to parasite death through blockade of this
key survival response. Inhibition of human class | PI3Ks (the targets of NVP-BGT226 and
GSK-2126458) and mTOR can have contextually diverse effects on autophagy while inhibition
of Vsp34 is generally regarded as a means to mitigate the autophagy response. If these drugs
do inhibit PfVps34 it suggests a role for this key regulator protein and PI(3)P in the parasite

autophagy response and that targeting this response is deleterious to parasite fitness.
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Figure 4. 4 Analysis of autophagosomal body puncta formation and trafficking in response to
pharmacological stress. Imaging of PfAtg8 containing puncta within parasite (the Plasmodium
falciparum HB3 strain) infected RBC after 6-hour bolus exposure to Artemether (ATM) or
ATM combinations: (A) ATM at the defined ICsp value (7.2 nM). (B) ATM at the defined
LDso value (16.3 nM). (C) ATM and LUM at their respectively defined LDso values (16.3 nM
and 323 nM, respectively). (D) ATM at the defined LDso value and GSK-2126458 at the defined
LDso value (101.7 uM). (E) ATM at the defined LDso value and NVP-BGT226 at the defined
LDso value (17.5 nM). Panel 1: transmittance image. Panel 2: anti-PfAtg8 antibody imaging.
Panel 3: DAPI nuclear staining. Panel 4: a merged image of all three channels. Bar =2 pm.
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Figure 4.5 Analysis of autophagosomal body puncta formation and trafficking in response to
pharmacological stress. Imaging of PfAtg8 containing puncta within parasite infected RBCs as
judged by a static view of RBC and parasite (panel 1), anti-PfAtg8 peptide antibody imaging (panel
2), DAPI nuclei (panel 3), amerged image of all three views (panel 4) of (HB3) parasites following
a 6-hour exposure to (A) CQ at the defined LDso value. (B) CQ at the defined LDso value and
GSK-2126458 at 101.7 uM. (C) CQ at the defined LDsp value and NVP-BGT226 at 17.5 nM. (D)
AQ at the defined LDso value. (E) AQ at the defined LDsg value and GSK-2126458 at 101.7 pM.
(F) AQ at the defined LDso value and NVP- BGT226 at 17.5 nM. (G) LUM at the defined LDso
value. (H) LUM at the defined LDso value and GSK-2126458 at 101.7 uM. (1) LUM at the defined
LDsg value and NVP- BGT226 at 17.5 nM. (J) GSK-2126458 at the defined LDso value. (K) NVP-
BGT226 at the defined LDso value. Bar = 2 pm.
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Figure 4. 6 Analysis of autophagosomal body puncta formation and trafficking in response to
environmental and/or pharmacological stress. Imaging and quantitation of PfAtg8 containing
puncta within parasite infected RBC as judged by a static view of RBC and parasite (panel 1), anti-
PfAtg8 peptide antibody imaging (panel 2), DAPI nuclei staining (panel 3), a merged image of all
three views (panel 4) of (HB3) parasites following a 6-hour exposure to starvation media (A) with
no drug added. (B) GSK-2126458 at the defined LDsg value. (C) NVP-BGT226 at the defined
LDso value. (C) Torin 2 at the defined LDso value. (D) PIK-93 at the defined LDso value. (F) INK-
218 at the defined LDsp value. Bar =2 pum.
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Figure 4. 7 Quantification of PFATGS8 positive puncta. PFATG8 positive puncta, quantified as
described previously!’, were measured upon treatment with LDso — doses of ATM, LUM,
ATM+LUM (CoArtem) as well as either ATM or LUM in the presence of two PI3K inhibitors
(GSK-2126458 or NVP-BGT226). The first two bars (left) and the last two bars (right) in each
plot are not statistically different (P value > 0.05), but either of the first two bars are statistically
different from either of the second two bars in both plots (P value < 0.05).

Translation of drugs and drug combinations requires an appreciation of both 1Cso and
LDso (cytocidal) activities. A recent study of quinoline-based combinations highlights that drug
pairs found to be synergistic by a fixed-ratio isobologram methodology using 1Cso derived
values to quantify activity were not necessarily synergistic when LDso values were tested%®.
Therefore, the LDso values for several agents including ATM, LUM, NVP-BGT226, torin 2,
and GSK-2126458 were examined (Table S4.1). Further, while LDso doses for quinoline-based
drugs are often higher relative to 1Cso doses (for example CQ; LDso =250 nM, ICs0 =20 nM for
the CQS strain HB3, LDsg= 16,000 nM, ICs9 =200 nM for the CQR strain Dd2), the LDso and

ICs0 values for ARTs are more closely aligned. To appreciate how each alternate drug: drug
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ratio will alter their combination profile, several combinations at ratios determined by their ICso
and LDso were analyzed using the Chou-Talalay method (C-T).

There are multiple methods for assessing the efficacy of combination drug therapies?°2-2%,
Some of these methods can be extremely time consuming. The Chou-Talalay “one-point” method,
in comparison, is simpler and it requires the evaluation of the drug pair at a singular ratio. In this
method, the two drugs in question are utilized at a 1:1 effective dose (ICso:1Cso 0r LDsg:LDso; note
absolute concentrations are not necessarily equal) over a range of multiple concentrations,
generating C-T plots of parasite growth or survival as a function of each drug concentration. These
plots are then used to calculate fractional inhibitory concentrations (FIC) for each drug in question
using Equation 1-3.

FICA _ ICs9 of Drug A in Combination (Equation 1)

ICsg of Drug A alone

FICB — ICsq of Drug B in Combination (Equation 2)

ICso of Drug B alone

FICipgex = FIC, + FICy (Equation 3)

The individual FICs are then added (Equation 3) to determine the FICingex Of the drug
combination therapy (or FLDingex if examining cytocidal potency). This one point Chou-Talalay
analysis provides a clear distinction between synergistic, additive and antagonistic drug pairs®.
Based on their calculations, Chou and Talalay define additivity when the FICndex €quals 1. When
the FICindex is less than 1, the interaction is synergistic; when it is greater than 1, the interaction is
antagonistic®. However, when warranted, these ranges can be altered based on experimental
variance - from synergy being less than 0.5 to antagonism being greater than 4% or additivity being
represented between 1 and 2%. For the purpose of this study, synergy was defined as having an
FICindex/FLDindex<1, additivity as FICindex/FLDindex between 1-2 and antagonism as having an

F|C|ndex/FLDIndex>2-
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Most of the studied combinations show additive interactions at the cytostatic level,
including the combination of ATM and LUM (Coartem) (Table 4.3). Synergy is seen in both HB3
and Dd2 parasites for the LUM+GSK-2126458, ATM+GSK-2126458 in HB3 alone, and
LUM+torin2 and LUM+PIK-93 in Dd2 alone. No antagonistic interactions were observed.

Table 4. 3 Average FICindices

Combo Average FICindex IC Assignment
A/B HB3 SEM Dd2 SEM HB3 Dd2
ATM/LUM 1.1 0.2 11 0.2 Add Add
LUM/ GSK212 1 0.2 0.67 0.2 Syn Syn
ATM/GSK?212 1 0.3 11 0.3 Syn Add
LUM/NVP 1.6 0.1 15 0.3 Add Add
ATM/NVP 1.6 0.2 2 0.4 Add Add
LUM/Torin 2 1.4 0.4 0.9 0.1 Add Syn
ATM/Torin 2 1.3 0.5 1.3 0.2 Add Add
LUM/PIK93 1.2 0.3 0.81 0.2 Add Syn
ATM/PIK93 1.8 0.6 11 0.2 Add Add

Under cytocidal conditions, a greater number of combinations were determined to be
synergistic (Table 4.4). Additive interactions were only observed for ATM+LUM, ATM+NVP-
BGT226 for HB3 and LUM+NVP-BGT226, LUM+PIK-93 for Dd2. Contrary to cytostatic
conditions, two combinations were observed to be antagonistic under cytocidal conditions;
LUM+NVP-BGT226 in HB3 and ATM+PIK-93 in Dd2. GSK-2126458 was the most potent

synergy partner, yielding the lowest FLDpgices.
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Table 4. 4 Average FLDindices

Combo Average FLDindex LD Assignment
A/B HB3 SEM Dd2 SEM HB3 Dd2
ATM/LUM 1.3 0.4 1 0.3 Add Syn
LUM/GSK212 0.18 0.04 0.35 0.1 Syn Syn
ATM/GSK?212 0.62 0.1 0.39 0.3 Syn Syn
LUM/NVP 2.8 0.7 2 1 Ant Ant
ATM/NVP 14 0.2 0.93 0.3 Add Syn
LUM/Torin2 0.28 0.2 0.5 0.4 Syn Syn
ATM/Torin2 0.46 0.2 0.94 0.4 Syn Syn
LUM/PIK93 0.9 0.3 15 0.03 Syn Add
ATM/PIK93 0.85 0.3 2.1 0.4 Syn Ant

These results substantiate that synergy, additivity and antagonism are conditional and

will depend on many variables including drug concentration and parasite strains.

4.4 Discussion

Most ACTs being used currently were discovered empirically and drug-drug interactions
and compatibilities of modes of action were not fully investigated. Thus, there is a possibility that
some drug combinations used today might not be ideal partners. Coartem, or the ATM/LUM
combination is one such combination. Early work done on validating this combination are not
available outside of China for the most part, and such available data is in Chinese. This makes it
difficult to investigate the trajectory of this combination from China to one of the main ACTs
supported by the WHO. Although there are claims on the activity of this combination in a
preclinical setting, this is not verifiable'®. Reports that can be found on this combination have
declared a synergistic interaction based on discussions of pharmacokinetic properties of ATM and
LUM and results from clearance of parasites in animal models!®® 2% put quantitative Chou-

Talalay or classical isobologram data are lacking.
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The emergence of parasites showing reduced clearance to ACTs®? 718 have amplified the
significance of the discovery of new combination therapies. The high-throughput screening of
single drugs and drug combinations led us to the identification of many pharmacologically diverse
agents including alvespimycin (human HSP90 inhibitor), propafenone (ion channel modulator)
and carfilzomib (human proteasome inhibitor) and a interestingly a few compounds that target
human phosphatidylinositide 3-kinases (hP13K) including GSK-2126458, NVP-BGT226, Torin 2,
and PIK 93. This discovery was significant due to the presence of a single PI3K in the Plasmodium
genome % and the absence of an mTOR homologue, thus making a potentially significant
regulator of the autophagy pathway a drug target in Plasmodium parasites.

Work done by Gaviria et al. showed that an autophagy-like pathway is activated upon
treatment of parasites with either nutrient-depleted medium or cytocidal concentrations of drug.
This pathway was also shown to be dysregulated in parasites showing resistance to CQ. Taken
together, these led us to further invertigate the mechanism of action of these PI3K inhibitor drugs.
Immunofluorescence assays show that drugs such as ATM caused an increase in the
autophagosomal-body puncta formation. This could cause parasite fitness to be compromised as a
result of the rapid overstimulation of the autophagy response. PI3K inhibitor drugs (GSK-2126458
and NVP-BGT226) were capable of blocking, to a certain extent, the autophagosomal body puncta
formation caused by these drugs or through starvation along with being synergistic with ATM in
killing intraerythrocytic P. falciparum. In this case, administration of an inducer and an inhibitor
to the survival mechanism could be deleterious and lead to death of parasites.

Another significant finding was the discovery of synergy between ion channel
modulators and artemisinins. Studies with single cell photometry done using cytodical

concentrations of CQ showed a rapid loss of Ca?* from the parasite DV with a concomitant
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increase in cytosolic Ca?*. Similarly, an increase in cytosolic Ca?* was observed for ATM,
LUM, propafenone, nicardipine, reserpine and KN-62 at cytocidal concentrations. Many
complementary mechanisms, including the action of membrane transporters and the use of ER
and lysosomal (DV) Ca?* stores, are involved in the regulation of calcium homeostasis in all
cells'®8, Marked Ca?* uptake by the mitochondria can lead to a transient loss of polarization.
Interestingly, each drug that caused an increase in cytosolic Ca?" was found to induce
mitochondrial depolarization and drugs that did not modify cytosolic Ca?* levels did not have
an effect on mitochondrial polarization as well. These results often mirrored the outcomes of
viability assays for these drug combinations.

It is important to note that drug combinations should be analyzed not only at cytostatic
levels, as done traditionally, but also at cytocidal levels. These are the concentrations that parasites
are exposed to in a clinical setting and thus, evaluating the efficacy of combination therapies at
these levels of drug is vital. Results showed that most pairings under cytostatic conditions were
additive, including the ATM+LUM combination (Coartem). However, under cytocidal conditions,
most were synergistic, with LUM+NVP showing the greatest antagonism. ATM+LUM was
additive under these conditions as well. Interestingly, immunofluorescence assays showed that the
ATM+LUM combination led to an increase in the number of radially distributed autophagosomal-
body puncta compared to single drug treatments. This could suggest an increased level of oxidative
stress on parasites upon treatment with these two agents.

The response to a single drug or drug combination is a multi-step processes involving
target engagement, drug transport, activation and degradation, with possible involvement of
other unknown molecular interactions and genetic divergences. Variations in these steps as well

as the natural parasite cycles which may alter target candidacy will have significant
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consequences for drug efficacy. Strain-dependent differences further highlight the complexity
of anti-malarial drug discovery efforts and many of the outcomes of this study will require

detailed follow-up with these variabilities in mind.
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4.5 Appendix B

Figure S4. 1 Compound effect on P. falciparum 3D7 mitochondrial transmembrane potential as
assessed by JC1 staining.
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Evaluation of each compounds ability to perturb the mitochondrial membrane potential in a dose
dependent manner. Graphs indicate the dose dependent AW dissipation expressed as FL2/FL1
(Red/green fluorescence ratio). Each value has been normalized versus the FL2/FL1 ratio of the
vehicle treated control to which an arbitrary value of 1 has been assigned. Each point is the mean
of three independent experiments performed in duplicate, error bars represent SEM.
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Dd2 Summary JC1 Assays

Figure S4. 2 Compound effect on P. falciparum Dd2 mitochondrial transmembrane potential as
assessed by JC1 staining.
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Evaluation of each compounds ability to perturb the mitochondrial membrane potential in a dose
dependent manner. Graphs indicate the dose dependent AY dissipation expressed as FL2/FL1
(Red/green fluorescence ratio). Each value has been normalized versus the FL2/FL1 ratio of the
vehicle treated control to which an arbitrary value of 1 has been assigned. Each point is the mean
of three independent experiments performed in duplicate, error bars represent SEM.
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Figure S4. 3 Compound effect on P. falciparum HB3 mitochondrial transmembrane potential as

assessed by JC1 staining.
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Evaluation of each compounds ability to perturb the mitochondrial membrane potential in a dose
dependent manner. Graphs indicate the dose dependent AW dissipation expressed as FL2/FL1
(Red/green fluorescence ratio). Each value has been normalized versus the FL2/FL1 ratio of the
vehicle treated control to which an arbitrary value of 1 has been assigned. Each point is the mean
of three independent experiments performed in duplicate, error bars represent SEM.
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Figure S4. 4 Compound interaction with artemether on P. falciparum mitochondrial
transmembrane potential as assessed by JC1 staining.
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Table S4. 1 1Cso and LDsp values for selected agents versus HB3 and Dd2 strains.

Compound

cQ
AQ
MQ
QD
ON
eQN
eQD
PQ
TQ
MB

Art

GSK-
2126458

Prop
Artem

Lumef

NVP-
BGT226

Torin2

PIK93

INK128

GSK615

KN-62

HB3

22.7

10

21

17.8

129.3

6588.5

7893.6

1990

2189.9

53

22.6

89

1000

7.2

33.3

0.63

129

23.9

7700

2100

ICso (NM)
SEM  Dd2
N/A 2259
NA | 277
NA 304
NA 1191
NA 2777
3582 22376
468 35883
166 4695
187 2092.2
0.1 55
07 21.2
482 124
N/A | 1000
09 17.1
69 | 474
02 1.03
07 2.1
305 198
N/A 69
N/A | 3800
N/A 1300

SEM

N/A

N/A

N/A

N/A

N/A

76.4

194.1

62.1

20

0.1

2.3

27

N/A

1.8

18.9

0.1

0.4

42

N/A

N/A

N/A

HB3

126.3

37

476.9

423.7

71214

16100

17600

8640

42700

120.2

80

101700

116167

16.3

323

17.5

1875

2250

N/A

N/A

N/A

LDsp (NM)
SEM Dd2
30 15669
7 51.4
109 416.6
76 | 27238.2
1161 = 27308.1
400 36300
1400 38900
50 2810
2042.6 12100
95 108
N/A 80
20006 16100
18606 = 24867
04 25.1
52 242.3
75 17.3
384 2100
250 2033
N/A N/A
N/A N/A
N/A N/A
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SEM

2411

100

3389

3798

900

900

10

706

6.6

N/A

3037

20067

3.9

13.3

6.8

493

851

N/A

N/A

N/A
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CHAPTERYV

ENDOPEROXIDE DRUG CROSS RESISTANCE PATTERNS FOR PLASMODIUM

FALCIPARUM EXHIBITING A DELAYED CLEARANCE PHENOTYPE
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5.1 Abstract
In the previous chapter, a high-throughput screening lead to the discovery of several novel,
extremely potent antimalarial compounds. Specifically, it was found that PI3K inhibitors are
synergistic with endoperoxide compounds. Endoperoxide compounds are used in artemisinin
combination therapies (ACTs) as front-line antimalarial treatments. With the recent rise of
artemisinin resistance and failure of ACTs, it is imperative to find novel therapies that can
overcome this resistance. Thus, the ring-stage susceptibility assay (RSA) was modified to quantify

susceptibility to seven endoperoxide antimalarial drugs, including two novel, synthetic
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endoperoxide compounds. Multiple wild type versus K13-mutant Plasmodium falciparum strains
were investigated using this method. Susceptibility of all DCP lines relative to controls was lower
for six of the drugs tested. In contrast, DCP parasites did not show reduced susceptibility to the
synthetic endoperoxide drug OZ439. These data show that it is possible to circumvent emerging
artemisinin resistance with a modified endoperoxide drug. Combined with data from the previous
chapter, the data also show that it may be possible to develop new ACTs with 0Z439 and novel

ACT partner drugs.

5.2 Background

Artemisinin (ART) Combination Therapies (ACT) are currently the front-line treatment
against Plasmodium falciparum malaria. The WHO strongly recommends the use of combination
antimalarial therapies instead of drug monotherapies as a method of reducing the risk of parasite
development of drug resistance®. It is widely accepted that drug combination therapies are more
effective at killing parasites than monotherapies and are vital in reducing the possibility of
parasites developing resistance to either drug®2. These recommended drug combinations typically
include a fast-acting compound (such as artemisinin, which exerts its effects within 1-2 hours to
quickly kill parasites and is eliminated from the body within hours) and a slow-acting partner drug
(such as quinolines, which have a longer half-life on the order of days and exist in the human
blood-stream for extended periods of time after treatment to prevent recurrence of the parasite
infection). Commercial therapies include artemether-lumefantrine (Coartem) and
dihydroartemisinin-piperaquine (duocotexin), two of the few ACTs still effective against
multidrug-resistant P. falciparum in Southeast Asia’®. Recent observations of an artemisinin -

Delayed Clearance Phenotype (ART-DCP) in P. falciparum may portend the evolution of
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resistance to artemisinin related endoperoxide compounds and commonly used ACTs*®%, The
development of artemisinin resistance is of significant concern in Cambodia and Thailand, where
the first reports of DCP originated between 2008-2009%1¢3, especially since the Thai-Cambodia
border is considered the world’s hot-spot for the development of P. falciparum multidrug
resistance®.

Clinically, the artemisinin resistance phenotype is defined as either: 1) a patient having a
parasite clearance half-life of greater than 5 hours or 2) a patient having detectable parasitemia on
the third day of drug treatment®®. Typically, infections with ACT sensitive P. falciparum are
cleared by 50% within less than 5 hours and parasites are not detected after 3 days of treatment.
Recently, resistance to the partner drug in Duo-Cotecxin — piperaquine (PPQ) — has also been
reported®® 867, Previous reports showed a delayed parasite clearance, however, patients were still
cured of malaria. Delayed clearance meant that ACT treatment may have been required for 4 days
instead of the normal 3 day treatment®®. However, recent reports have been published of complete
ACT treatment failure, which implies parasites have become resistant to both the fast-acting and
slow-acting drugs in the combination (e.g. both DHA and PPQ)%3 8567 Additionally, the possibility
of spread or emergence of artemisinin resistance within Africa, where the majority of malaria
related deaths occur®®, is of enormous concern as well as the complete failure of other commonly
used ACTs. Thus, it is crucial to investigate the mechanisms of ART resistance and examine
compounds that may be able to circumvent these resistance mechanisms before ART resistance
becomes a more widespread issue.

Traditionally, the quantification of drug resistance has been done by comparing 1Cso
values. These assays quantify the concentration of drug required to inhibit parasite growth by 50%.

In other words, ICso calculates the cytostatic potency of a drug. However, reports have shown that
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the ICsp assay cannot distinguish the ART resistance phenotype®®3, In 2010, Witkowski et al.
reported on a parasite strain that was established as a laboratory derived artemisinin resistant strain
and was able to tolerate up to 9 uM ARTC. Interestingly, this resistant strain was not
distinguishable from the non-drug pressured control strain via ICso (~9.9 nM ART ICsp for both
strains). Thus, Witkowski et al. reported the first assay to successfully correlate in-vitro findings
with ART sensitivity. An assay was developed in which parasites were treated with high
micromolar concentrations of ART for 1-2 days and subsequently returned to control media and
allowed to grow to 5% parasitemia. Although this assay was able to correlate a quicker recovery
time with the drug-pressured strain, it required weeks to months to obtain results from one assay.
Thus, other means of distinguishing ART resistant strains needed to be developed to allow quicker
in vitro identification.

Recently, mutations in the propeller domains of a kelch domain-containing protein on
chromosome 13 (K13) have been linked to ART-DCP®® & |t has also been shown that the
distinction between delayed-clearance parasites vs ART-sensitive parasites is pronounced during
the early ring-stage of the parasite life-cycle’®"*, Witkowski et al.>” subsequently developed the
ring-stage susceptibility assay (RSA) to quantify the ART resistance phenotype. In the RSA, early
ring-stage parasites are bolus-dosed with 700 nM dihydroartemisinin (DHA) for six hours (a
physiologically relevant dose and incubation time)”?"3. The parasites are then washed, cultured in
drug-free media, and relative survival then determined at 66 hours after removal of the drug. In
the Witkowski method, parasite survival is measured microscopically by two microscopists from
whom each other’s data was masked. Each microscopist counted at least 10,000 erythrocytes from
giemsa smears of each sample. If the disagreement between the two microscopists was greater than

20%, a third microscopist would assess the slides. Quantitatively, the RSA allows for the
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calculation of percentage of parasite survival after a bolus dose of 700 nM DHA and survival rates
have been directly correlated with observations of clinical clearance time. Typically, sensitive
parasite strains have an RSA survival of ~0-1% and resistant strains have an RSA survival of
>10%57, 87.

In 2014, Straimer et al. genetically modified P. falciparum laboratory adapted isolates from
Cambodia, as well as non-Cambodian parasite strains, to assess the contribution of these K13
mutations to the RSA phenotype of each strain®’. Straimer et al. effectively show that, by
introducing a novel, unique K13 mutation to non-Cambodian laboratory strains (that were
previously K13-wild type), it is possible to induce ART resistance evidenced by a higher
percentage survival in the RSA®. Importantly, these findings also suggest that, while K13
mutations are necessary to explain the RSA and clinical phenotype of ART resistance, these
mutations are not sufficient to account for the observed phenotype. In other words, Cambodian
isolates with differing genetic backgrounds and identical K13 mutations show varying RSA
phenotypes. This implies that there are other factors in the parasite genetic background, separate
from the K13 locus, which also determine ART sensitivity. Nevertheless, the RSA is an effective
method for quantifying ART resistance and will be a useful tool in investigating potential novel
antimalarials.

In 2014, Amaratunga et al. * introduced the use of two-color flow-cytometry to accelerate
analysis of RSA data. This method utilized the DNA intercalating properties of SYBR Green | and
MitoTracker Deep Red accumulation in response to membrane potential in the mitochondria to
identify infected erythrocytes and subsequently categorize them as viable or non-viable. While

MitoTracker Deep Red has been shown to selectively accumulate within in-tact mitochondrial
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membranes in mammalian cells as an indicator of a large membrane potential ®, there has been
little evidence to discern the mitochondrial membrane potential in P. falciparum parasites.
P. falciparum parasites have acristate mitochondria’®. At 6 kb, their genomes are the

smallest among eukaryotes®®’

. Although they do not conduct oxidative phosphorylation, there is
evidence that these parasites still require mitochondrial energy in the form of the electron transport
chain’’. In most eukaryotic cells, the mitochondrial electron transport chain (METC) is necessary
to generate a proton-motive force which is required for oxidative energy metabolism?%. However,
in organisms that favor glycolytic metabolism, including malaria parasites, the role of the mETC
is greatly reduced. Plasmodium spp. lack the large, multisubunit Complex | of the mitochondrial
inner membrane, however they do possess Complexes I1-1V2%°. It has also been deduced through
genome data that Plasmodium mETC complexes have a much simpler subunit composition than
those found in mammalian cells or yeast?°. MitoTracker dyes accumulate within membranes with
high potential energy and, with a plasma membrane potential of ~-95mV?%, it is still unknown
whether P. falciparum parasite mitochondria possess a membrane potential great enough to cause
MitoTracker accumulation. Despite this uncertainty, results from the Amaratunga et al. RSA™
were shown to correlate with results from the Witkowski et al. RSA®’, and thus, the Amaratunga
et al. method is widely accepted as a more effective method of quantifying ART sensitivity.
Previous studies using the RSA to correlate DCP with K13 mutations have primarily
focused on the effects of DHA and ART® 54 8.87 Few studies have investigated the effects of
other endoperoxide drugs based on the structure of ART?'222, These drugs include AMS,
arterolane (0Z277) and artefenomel (0Z439), which have shown promise in clinical trials®® 214

216 No previous studies have precisely quantified relative degrees of resistance to these different

endoperoxides for DCP parasites.
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The dihydroartemisinin-piperaquine ACT has been used in Cambodia with 96-98% success
rates since 2008. However, there are recent reports of piperaquine treatment failure in Cambodia®’.
Piperaquine is a long-acting partner drug and its main use is in preventing parasite recrudescence.
The implications of piperaquine treatment failure are vast. The biggest concern is the spread of
multidrug resistance, specifically widespread ACT resistance and treatment failure. Together,

these points led our lab to investigate the activity of seven endoperoxide containing compounds.

5.3 Results

It was first observed that ART resistant P. falciparum parasites from Cambodia have a
decreased susceptibility to artemisinin in the early-ring stage that manifests as a quiescence
mechanism’. The ring-stage susceptibility assay (RSA), developed based on this observation,
provide a major advance in the study of ART resistance. Results from the Amaratunga et al. RSA™
were shown to correlate with results from the Witkowski et al. RSA®’, albeit with higher absolute
percentage survival values. | was interested to further investigate MitoTracker Deep Red (MTDR)
staining of P. falciparum parasites and test the ability of this dye to predict parasite viability, since
it might provide an improvement for RSA design. The traditional RSA, according to the protocol
by Amaratunga et al., utilizes 0.2X SYBR Green (SG) and 300 nM MTDR. I first utilized spinning-
disk confocal microscopy to visualize intraerythrocytic P. falciparum parasites stained with this
concentration of MTDR and observed a multi-faceted pattern of staining, resembling both the
suggested branched structure of the mitochondria?®® and some diffuse cytosolic staining (Figure
5.1A). To test whether I could observe more specific organellar staining with MTDR, | examined
the fluorescence at various concentrations between 3 nM — 300 nM. | found that at 20 nM, the

fluorescence observed was bright enough to be used for flow cytometry, but also that the staining
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was significantly more specific than at higher concentrations (Figure 5.1A). Thus, | used 20 nM
MTDR moving forward.

Colocalization experiments were then conducted to determine whether MTDR, in fact, stains
the mitochondria or other organelles. Mitochondrial heat-shock protein, Hsp60, has been shown
to be specifically transported into the mitochondria?*’-?!°. Thus, an Hsp60 antibody was used in
immunofluorescence experiments with MTDR. Results showed that MTDR indeed does
colocalize with Hsp60. However, the two stains did not show complete colocalization, indicating
that MTDR could be staining other cellular components as well, although to a small extent (Figure

5.1B).

Figure 5. 1 Evaluating MTDR staining. (A) MTDR staining evaluated at varying concentrations
(shown on right side of each row of images). Panel 1: transmittance image. Panel 2: SYBR Green
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nuclear staining. Panel 3: MTDR staining. Panel 4: a merged image of all three channels. (B)
Co-staining with MTDR and Rabbit anti-Hsp60 antibody. Panel 1: transmittance image. Panel
2: Rabbit anti-PfHsp60 antibody imaging. Panel 3: MTDR staining. Panel 4: A merged image
of the MTDR and Rabbit anti-PfHsp60 channels. Panel 5: DAPI nuclear staining. Panel 6: a
merged image of all four channels Bar =2 um.

The above data led us to conclude that even though SYBR Green | staining is not able to
distinguish "live" vs "dead" parasites (SYBR Green | stains DNA regardless) in combination with
lower MTDR it might be possible to improve quantification of DCP using RSA behavior.

Next, in consultation with others in our group | realized that while a 6 hour, 700 nM pulse
is a pharmacologically relevant dose for DHA?"3, this may not be the case for other endoperoxide
antimalarial drugs derived from ART such as artesunate (ATS), artemether (ATM), or artemisone
(AMS). Additionally, although ART, ATS and ATM all metabolize to DHA, the rate of
metabolism differs and AMS does not metabolize to DHA at all??%-?2® (see also Table 5.1). ART,
ATS, and ATM show varying peak plasma concentrations dependent on the dose administered,
the health of the patient and many other factors??42%°, suggesting that parasites infecting most
patients receiving an ACT are likely exposed to various ratios of DHA: parent drug. Thus, it is

important to take into account these differences in clinically relevant drug exposure when

attempting to quantify ART resistance.
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Table 5.1 Peak plasma concentration (Cmax) and clearance
containing antimalarial compounds investigated in this study.

Compound tu (hr)
Artemether 3.1-4.2231 39230 2227
Dihydroartemisinin 0.572%4, 3.9232
Artemisone 2.79226
Artemisinin 2.59225 11233
Artesunate 0.06%24, 0.41%%°

half-time (ty2) for endoperoxide

Crax (Mg/mL)

231231 593230 184227
2500224, 740%3?
140.2226
391225, 244233

200087, 114229

Due to the variance in peak plasma concentration of several different endoperoxide

containing antimalarials, in collaboration with my colleague Kalpana lyengar, | modified the RSA

to obtain dose-response curves in order to quantify the potency of these endoperoxide drugs for

control vs DCP parasites. In this study, using the modified assay, | calculate 50% ring-stage lethal

dose (RSLDso) for ART, ATM, DHA, ATS, AMS, OZ277 and 0Z439 (Figure 5.2). | analyzed

laboratory-adapted isolates CamWT (wild-type K13 sequence) and Cam3.ll (R539T K13

mutation) in addition to the transfectants CamwWT®®%Y (C580Y K13 mutation), Cam3.11°%8Y

(C580Y K13 mutation) and Cam3.11R®" (wild-type K13 sequence)®’ engineered using the zinc-

finger nuclease (ZFN) method?*.
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Figure 5. 2 Chemical structures of endoperoxide and synthetic ozonide compounds used.

All cultures were triple-synchronized using 5% D-sorbitol following established protocols®
and 0-6 hour rings were used in all experiments. Each strain was incubated for 6 hours with various
concentrations (typically 0.1 nM — 700 nM) of the seven compounds tested (Figure 5.2). After
drug exposure, parasites were washed 3x with complete culture medium and plates were then
incubated for an additional 66 hours. To determine percent outgrowth in each assay, the flow-
cytometric method developed by Amaratunga et al.”* was followed with a few modifications.
Specifically, while Amaratunga et al. used 300 nM MitoTracker Deep Red (MTDR), in this study,
| use 20 nM MTDR as | observed above that this is the ideal concentration to selectively stain
parasite mitochondrion without producing diffuse, cytosolic staining that may not be indicative of
parasite viability. Data were gated to exclude uninfected RBCs and to distinguish low (less viable)

vs high (viable) MTDR staining (x-axis) using contour plots as described®’ (see also Figure 5.3).
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Figure 5. 3 Contour plot representation of flow cytometry scatter plots. The distinction between
viable vs. non-viable parasites becomes more clear in this visualization as shown by Amaratunga
et al.”* and Witkowski et al.>’

Sigmoidal curve fits of the raw data (Figure 5.4) were used to calculate RSLDso (e.g. Figure
5.5). All data represent the average of at least three independent experiments. Dose-response
curves for the seven drugs were generated for each of the five strains tested (CamWT,
CamWT®®8% Cama3.I1, Cam3.11°%8%Y Cam3.11R"). By comparing these RSLDso values, | find that
for each of six drugs (ART, ATM, DHA, ATS, AMS and OZ277), the K13 mutant strains display
at least a 2-fold decreased susceptibility compared to the relevant parental strain expressing wild-

type K13 (Table 5.2; p < 0.05 for each DCP vs wild-type comparison for each drug).

Table 5.2 RSLDso values (in nM) obtained via dose-response curves (see Figure 5.5) for 5 strains,
tested against each of 7 compounds. "CamWT" and "Cam3.117¢"" harbor wild type K13 and are
drug sensitive, whereas the other strains have been engineered to express mutant forms of K13 and
show a DCP as defined by the standard RSA (see Straimer et al.®” for additional description of
these strains). Data are the average of at least 3 independent trials. SEM = standard error of the
mean.

Compound CamWT  CamWT®8Y  Cam3.0IR®  Cam3.I1¢58%Y Cam3.11
Artemether 15.0+ 1.0 33.7+4.1 15.1+£2.2 309+3.4 340+£29
Dihydroartemisinin 6.4+1.38 129+1.8 5.1+£0.7 11.4+0.8 141+1.6
Artemisone 32+0.3 6.5+0.6 3.6£0.8 94+0.7 9.5+1.6
Arterolane 59+03 11.9+0.7 92+1.5 26.3+7.0 273+9.6
Artefenomel 10.2+0.5 10.5+1.0 11.8+ 1.0 11.0+ 0.7 11.0+1.4
Artemisinin 19.4+£42 63.2+14.8 54.4+£8.0 125.4+£13.6 112.6 £5.5
Artesunate 50.9+13.9 130.0 + 3.1 48.8+17.6 1226+ 139 111.1+£13.0
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Figure 5. 4 Example of raw data obtained from two-color flow cytometry experiments for CamWT
(wild type K13) treated with variable concentrations of AMS. A Becton Dickinson (BD)
FACSAria llu flow cytometer was used to collect data. Data was collected in the FSC (forward
scatter), SSC (side scatter), FITC (488 ex. 530/30 em.) and APC (633 ex. 660/20 em.) channels.
On the FSC x SSC plot, data were gated to exclude debris and cell aggregates. On the FITC x APC
plot, data were gated to exclude uninfected RBCs as described in the text. From left to right,
increasing concentrations of drug (0, 10 nM, 700 nM) cause decreased outgrowth as shown by the
decrease in live parasite MitoTracker Deep Red staining (upper right quadrant)®” ™ 23°, Percent
survival was calculated via the ratio of viable parasitemias for drug treated vs control samples
(e.g., 0.07%/2.27% Fig. 2A right vs left panels).
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Figure 5. 5 Example of sigmoidal plots generated using raw flow cytometry data to compute
RSLDso. Filled circles represent CamWT (wild type K13) and open circles represent the K13
mutant CamWT%8%Y, Data are the average of 3 independent experiments +/- S.E.M.
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A recent report suggests that different washing procedures might affect the response to
some endoperoxide drugs used at concentrations above 500 nM?3, specifically 0Z439 as it is more
lipophilic and may be more stable in solution than other compounds tested. Thus, | removed all
data points in the RSLDso curves obtained at > 500 nM drug and recalculated RSLDso (Figure 5.6
and Table 5.3). Although absolute magnitude of the RSLDsg value changed slightly (<1%),
computed RSLDsg ratios for all possible WT vs DCP strain comparisons (Table 5.2) did not. At
these RSLDsp doses, | find no evidence for residual endoperoxide drug that may be present upon
incubation at higher dose (>500 nM, see Yang et al.?*%), but note that some caution should perhaps
be used in interpreting data obtained at high doses due to slightly different pharmacology of some

endoperoxides?®.

CamWT CamWTEes80Y

E\. . i.‘.‘. DHA 5 ol \E‘ DHA

07277

% Survival

\ 07277

% Survival

i | 07439 N ; § 02439

oy

Concentration (nM) Concentration (nM)

Figure 5. 6 RSLDso dose-response curves were modified to eliminate all drug concentrations
used above 500 nM and RSLDso was recalculated for DHA, OZ277 and OZ439.
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Table 5.3 RSLDso dose-response curves were modified to eliminate all drug concentrations used
above 500 nM and RSLDso was recalculated for DHA, OZ277 and OZ439.

DHA 0z277 07439

With all Without With all Without With all Without
data >500 data >500 data >500

CamWT 5.8587 5.8538 4.8296 4.8293 10.0239 10.0239

Strain

CamWT®80Y ' 11.3449  11.3561 10.2589 10.2623  10.5969 10.6203

Yang et al. also reported that in order to completely remove all of the ozonide drug from the
suspension during washing, the wells should be washed once, parasites subsequently transferred
to a new 96-well plate and further washed an additional three times?'3. To further ensure that no
residual drug remained after washing — which may cause artificially low results for RSLDso
indicating a stronger potency —I performed experiments in which | incubated parasitized
erythrocytes or empty well-plates with RSLDso doses of DHA, OZ277 or 0Z439. Results showed
no significant difference (p > 0.05) in parasite survival under any of the above tested conditions
(Figure 5.7). Together, our data suggest that there is no residual drug present in the wells after the
drugs are washed following the 6-hour incubation period. This further validates the significance
of our lab’s finding that 0Z439 circumvents endoperoxide drug cross resistance patterns displayed

by the laboratory-adapted Cambodian isolates used in this study.
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Figure 5. 7 Comparison of different washing methods used to ensure drugs are completely
removed from 96-well plate. Parasitized erythrocytes or empty wells were incubated in a 96-well
plate with DHA, OZ277 or 0Z439 for 6 hours. The plates were then washed in one of two ways:
1) washed 3x in the same 96-well plate without transferring to a new plate (the method used in my
study) or 2) washed 1x, contents transferred to a new, clean 96-well plate and washed 3x more.
Finally, parasitized erythrocytes were added to the wells in which only drug containing media was
originally added. After the standard RSA waiting period of 72 hours, the plates were read using
SG and parasite survival compared to a control was determined.

| also tested each strain using the traditional RSA “percent growth after fixed 700 nM dose”
assay’®. For the same 6 drugs, | observed that K13 mutant strains show 2- to 6- fold increases in
relative outgrowth compared to control (Table 5.4; p < 0.05 for each DCP vs wild-type comparison

for the six drugs).

135



Table 5.4 RSA % survival for 5 strains tested against 7 compounds at 700 nM fixed dose via the
standard RSA. Data are the average of at least 3 independent trials. SEM = standard error of the
mean.

Compound CamWT CamWTC8Y  Cam3.JIR®  Cam3.I1¢580Y Cam3.I1
Artemether 52+13 17.8 6.0 3.0+0.5 12.2+2.5 9.7+2.1
Dihydroartemisinin 5.0+1.0 21.4+2.0 55+1.2 17.0+3.3 16.7+3.0
Artemisone 3.0+0.3 16.7 £0.1 3.5+0.6 13.4+2.8 123+2.8
Arterolane 42+1.0 13.0£0.7 46+0.3 10.1+1.9 11.7+2.5
Artefenomel 6.2+0.5 7.2+2.0 6.4+1.5 74+1.3 7.3+£0.8
Artemisinin 5.7+ 1.0 26.3+49 8.1+1.4 247+1.3 29.0+4.8
Artesunate 5.7+0.9 22.1+£33 45+09 13.2+0.9 249 +2.8

Interestingly, however, | did not observe similar results for 0Z439 (artefenomel). 0Z439
RSLDso for both CamWT and CamWT¢%% were 10.2 + 0.5 nM and 10.5 + 1.0 nM respectively
(Table 5.2) and average RSA survival at fixed 700 nM 0Z439 were 6.2 + 0.5% and 7.2 + 2.0% for
CamWT and CamWT®Y respectively (Table 5.4). 0Z439 RSLDso for Cam3.11, Cam3.11¢58Y
and Cam3.11R® were 11.8 + 1.0 nM, 11.0 + 0.7 nM and 11.0 + 1.4 nM respectively (Table 5.2) and
RSA survival at fixed 700 nM dose of OZ439 was 6.4 £ 1.5%, 7.4 £ 1.3% and 7.3 £ 0.8% for
Cam3.11, Cam3.11°%8Y and Cam3.11R®" respectively (Table 5.4). This indicated the ability of 0Z439

to surpass the cross resistance shown by K13-mutant parasites to other endoperoxide drugs.

5.4 Discussion
Artemisinin (also known as Qinghaosu; Figure 5.2) is a sesquiterpene lactone derived from
the Chinese medicinal herb Artemisia annua. Antimalarial activity of this drug is achieved through
the activation of the endoperoxide bridge?®. In order to improve bioavailability and efficacy,
several derivatives of this compound, such as DHA, ATM, ATS, and AMS have been synthesized
(Figure 5.2)27. DHA has also been found to be the active metabolite of ART and its semi-synthetic
derivatives ATM and ATS but not for AMS?2°-22%, The most significant property of ARTSs is their

ability to act rapidly and reduce the parasite burden up to about 10, 000-fold every 48 hours?8-2%°,
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Although having significant advantages, one disadvantage of these compounds is their short in
vivo half-lives. These can range from less than one hour to about 4 hours (Table 1). Due to this,
ART drugs are administered as a combination therapy with a partner drug such as lumefantrine,
mefloquine, amodiaquine, piperaquine, and pyronaridine, that have a significantly longer half-life.
Half-life of the partner drug can range from a few days to few weeks?%. This method of drug
administration ensures the prevention of recrudescence and is predicted to lower the frequency of
the development of resistance®? 240-241 \Work done to address the issue of short half-lives have led
to the development of the ozonide compounds, 0Z277 and 0Z4392'°, Of these two compounds,
0Z439 has the much longer elimination half-life (ranging from 30-60 hours?# 242) and is
fortuitously currently being evaluated as a single or a combination therapy in human trials?% 243
244.

Recent reports indicate artemisinin DCP in P. falciparum®®-®°, This could be an early
indication of the development of artemisinin resistance. The primary molecular marker that
characterizes parasites displaying a DCP is mutations in the kelch domain of a protein on
chromosome 13 (K13) in P. falciparum parasites®®>’. This phenotype cannot, however, be
identified in vitro through traditional drug susceptibility assays such as ICso and LDso assays. Thus,
Witkowski et al. developed an assay named the RSA. Parasites having a DCP phenotype showed
an increased survival in the RSA%" 1, The RSA was primarily developed to assess the potency of
DHA on parasite strains. Thus, my goal was to modify this assay, incorporating improvements
made by Amaratunga et. al.”* to use flow cytometry, so | could assess the potency of other drugs
containing an endoperoxide bridge.

Typically, resistance to one drug within a specific class implies some level of cross

resistance to structurally related drugs since drugs within that class often share common
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mechanisms of action. Examples include cross resistance to multiple R-lactam antibiotics for some
gram-negative bacteria, resistance to multiple vinca alkaloid antibiotics for multidrug resistant
tumor cells, and pleiotropic quinoline drug resistance for P. falciparum. Thus, it is not surprising
that DCP P. falciparum show shifted RSLDso for six of the seven endoperoxide antimalarial drugs
tested. It is particularly striking then that a leading candidate synthetic endoperoxide drug (0Z439)
does not overlap with this endoperoxide cross resistance pattern. Although the higher stability of
0Z439 observed in solution 2> may lead to a comparatively higher concentration of residual drug
after 6-hour drug pulse, this phenomenon does not interfere with observed cross-resistance patterns
via RSLDsg data obtained at low dose. My data suggest that 0Z439 is able to overcome at least
part of the mechanistic basis of DCP, and therefore would in theory provide the basis for an
improved ACT.

Importantly, although ART, ATS and ATM all metabolize to DHA, such conversion does
not occur in cell culture. Also, AMS does not convert to DHA at all, as obviously 0Z277 and
0Z439 do not either. | find it quite intriguing then that DCP parasites show reduced susceptibility
to OZ277 but not to the related molecule OZ439. This suggests that groups added to the OZ439
structure negate association with DCP determinants. Although perhaps controversial, it has been
suggested that a P. falciparum PI3"-kinase may represent the DCP determinant®*, therefore it may

prove useful to compare any interactions between this kinase and these endoperoxide drugs.
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CHAPTER VI
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6.1 Abstract

Previous results have shown that Plasmodium falciparum parasites possess the machinery
necessary for autophagy and that this pathway is triggered in response to cytocidal concentrations
of drugs such as artemether. Additionally, PI3K inhibitors have been shown to be potent
antimalarial compounds that inhibit the autophagy pathway and are synergistic with artemisinin
compounds. 0Z439 was found to be potent against both artemisinin resistant and sensitive P.
falciparum strains. Taken together, these findings first lead to the investigation of the autophagy
pathway in artemisinin resistant parasites. Results from experiments described in this chapter show
that the autophagy pathway is further dysregulated in artemisinin resistant malaria. Due to the
indication of dysregulation of autophagy in ART resistant parasites and the ability of PI3K

inhibitors to target this pathway, the next step involved evaluating drug combinations with these
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compounds in an attempt to discover novel antimalarial combination therapies to combat rising
artemisinin resistance. Significant cytocidal synergy was found for drug combinations involving

0z439 and PI3K inhibitors, specifically during the ring stage of parasite development.

6.2 Background

Artemisinin (ART) Combination Therapies (ACT) are currently the front-line therapy for
treating Plasmodium falciparum malaria. Typical combinations include a fast-acting compound
(such as artemisinin, which exerts its effects within 1-2 hours to quickly kill parasites and is
eliminated from the body within hours) and a slow-acting partner drug (such as quinolines, which
have a longer half-life on the order of days and exist in the human blood-stream for extended
periods of time after treatment to prevent recurrence of the parasite infection). Commercial ACTs
include combinations of: artemether-lumefantrine (Coartem) and dihydroartemisinin-piperaquine
(Duo-cotecxin), two of the few ACTSs still effective against multidrug-resistant P. falciparum in
Southeast Asia. Reports of artemisinin resistant P. falciparum are on the rise and could indicate
the imminent failure of ACTs*®°, The development of artemisinin resistance is of significant
concern in Cambodia and Thailand, where the first reports of delayed clearance originated®,
especially since the Thai-Cambodia border is considered the world’s hot-spot for the development
of P. falciparum multidrug resistance®®. Thus, investigating mechanisms of ART resistance and
understanding these mechanisms to inform the development of novel antimalarial therapies is of
utmost importance.

Many of the ACTs currently in use were discovered empirically without validation of the
drugs’ mode of action (MOA). This led to combinations of drugs with similar MOAs which is not
as beneficial for avoiding emergence of drug resistance phenomena??%?4, That is, for an

antimalarial therapy to truly be effective at both curing patients and reducing the risk of the
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development of concurrent resistance, the drugs used must possess different MOAs. Mott et al.
conducted a study investigating thousands of potential antimalarial compounds for potency, drug-
drug interactions, MOAs and combination efficacy*®. A particularly striking result from this study
includes the discovery of phosphatidylinositol 3’-kinase (PI3K) inhibitors as extremely potent
antimalarial compounds and partner drugs for new ACTs. Not only were these compounds potent
at the cytostatic level, but they also showed significant cytocidal potency and were found to be
cytocidal synergistic in combination with several other antimalarial compounds. This is extremely
important in developing novel antimalarial therapies as clinically, malaria parasites are subjected
to higher, cytocidal, concentrations of drugs and the goal is to kill parasites, not merely slow their
growth. Additionally, Mott et al. also showed through in vivo experiments that, although several
tested combinations resulted in a rebound of parasitemia, the combination of ATM and NVP-
BGT226 (one of the PI3K inhibitors tested) was successful at curing mice, similarly to the standard
ATM and LUM combination. Although the potency of ARTs and PI3K inhibitors has been
validated in the canonical HB3 and Dd2 strains as well as in vivo, these drugs have not been tested
against ART resistant strains of P. falciparum.

Further study of PI3K inhibitors could prove vital to understanding cytocidal drug
resistance. As shown by Gaviria et al., there is an autophagy-like process that exists in P.
falciparum parasites as a survival mechanism?’. The autophagy pathway is stimulated by cytocidal
doses of chloroquine and other external stressors. Furthermore, this pathway becomes dysregulated
in chloroquine resistant parasites strains such as Dd2, which indicates a role for this pathway in
cytocidal antimalarial drug resistance. Therefore, investigating compounds which target this
pathway can be extremely important in not only understanding the pathway better but also in

assessing potential novel therapies to overcome cytocidal drug resistance.
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P. falciparum parasites possess homologues of many key proteins involved in the
autophagy pathway. Interestingly, the Plasmodium genome contains only one PI3’-kinase — the
class 111 PI3K, Vps3424. Most of the PI3K inhibitors have been developed to target class I PI3’-
kinases, however, class III PI3’-kinases are structurally very similar to class I PI3’-kinases and
many compounds can target both classes?*®. Several class | PI3K inhibitors that have been shown
to be potent antimalarial compounds (see Mott et al.*), recently have been validated through an
in vitro assay directly examining the inhibition of the enzymatic activity of Pf\Vps34 (unpublished
data summarized in the recently completed Ph.D. thesis of my laboratory colleague Matthew
Hassett and two recently submitted manuscripts from this thesis work). Since Vps34 is the only
PI3K in P. falciparum parasites, it is possible that this protein is the target for PI3K inhibitors.
This would suggest that PI3K inhibitors can target the autophagy pathway in malaria parasites and
provide a novel class of compounds with a unique MOA that can be useful in combination with
other compounds.

In addition being involved in cytocidal drug resistance to CQ?’, the autophagy pathway in
Plasmodium parasites has been recently implicated as contributing to the ART resistance
phenotype®®54. In 2015, Wang et al.>® used a fluorescent ART probe to analyze the alkylated
targets of ARTs and interestingly found Atg18 protein covalently bound to the probe. Additionally,
in a genome-wide investigation of ART resistant parasite strains, T38N mutation in Atgl8 was
tentatively associated with decreased DHA and ATM susceptibility®:. In the same year, Mbengue
et al. reported the possible involvement of another component of the autophagy pathway in ART
resistance; the increased activity of Vps34 was asociated with K13 mutations and ART
resistance®. Together, these findings lead us to believe that the autophagy pathway is not only

important in the context of cytocidal CQ resistance, but it is also important to ART resistance and
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must be investigated further. Thus, I first investigated the cytocidal effects of DHA — the primary
active metabolite of many ARTs — on Atg8 puncta formation in the canonical laboratory strains
HB3 and Dd2, as well as in the laboratory-adapted Cambodian isolates CamWT, CamWT <%0
Cama3.11R®¥ and Cam3.11R%3T,

Targeting the autophagy pathway is one method of introducing novel antimalarial therapies
with uniqgue MOAs that can be extremely useful in combination therapies. Recent reports have
also provided evidence to support novel compounds with significant antimalarial potency%%: 24¢-
249 These include Torin 2 (which is an mTOR inhibitor), NITD609 (a spiroindolone), ELQ300
(part of the class of quinolone-3-diarylethers), DSM265 (a dihydroorotate dehydrogenase
inhibitor), and DDD107498 (an elongation factor or protein synthesis inhibitor). Additionally, due
to the excellent potency and quick action of endoperoxide compounds, attempts have been made
to synthesize compounds containing endoperoxide bridge®*°. Of these synthetic endoperoxides, or
ozonides, 0Z277 and 0Z439 have shown promise in clinical trials®® 215 242,

Endoperoxide drugs, like artemisinins, which possess a 1,2,4-trioxane heterocycle®!, are
attractive antimalarial therapies. Due to their rapid action on parasites, this allows for less drug
exposure time for parasites to develop resistance to the endoperoxide compound. These
compounds are thought to exert their parasiticidal activity through reductive activation by heme,
which is released as a result of hemoglobin digestion by malaria parasites?®22%. This produces
carbon-centered free radicals, which results in the alkylation of heme and various proteins, some
of which may be critical to parasite survival®>®. However, as mentioned above, there has been a
recent rise in the emergence of resistance to ACTs. Additionally, as a drug class, ARTs suffer from
chemical (semi-synthetic availability, purity and cost)?*®, biopharmaceutical (poor bioavailability

and limiting pharmacokinetics)?” and treatment (non-compliance with long treatment regimens
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and recrudescence)?’2% jssues that limit their therapeutic potential. Therefore, it is imperative
that this efficient class of drugs be improved upon to discover novel antimalarial treatments that
are cheaper and more efficient at killing malaria parasites.

In 2004, Vennerstrom et al. described the synthesis of a large arrays of compounds in an
attempt to create optimized, leading-candidate antimalarial compounds. One of the produced
compounds included the ozonide compound, 0Z277%°. This compound also possesses the
endoperoxide moiety necessary to cause oxidative damage to parasites in an efficient manner. This
compound was optimized for half-life (1.4 hr) and bioavailability (35.0%). Typically, the general
trend exhibited by ARTSs is that increased lipophilicity leads to higher antimalarial activity but
with compromised biopharmaceutical properties®®®. However, 0Z277 was the exception to this
trend and has an antimalarial potency of equal to or greater than artemether and artesunate.

Further development of the 1,2,4-trioxolane pharmacophore lead to the discovery of
another ozonide compound, 0Z439%%, Similar to OZ277 and other endoperoxide antimalarials,
0z439 is fast-acting and has been shown to eliminate parasites within hours of treatment.
Additionally, unlike other endoperoxide compounds, it has a significantly longer elimination half-
life and increased blood concentration versus time profile. The outstanding efficacy and prolonged
blood concentrations of 0Z439 make it an excellent candidate for further investigation in
antimalarial combination therapies. 0Z439 has been shown to be tolerated up to doses of 1,600
mg, has completed Phase 1l clinical trials and is currently being marketed by Ranbaxy Pty Ltd in
India®*4 260261 ' 07439 has also been suggested to be a single-dose curative agent due to its
extended elimination half-life of 23 hours, bioavailability of 76% and in vitro ICsg in the single-

digit nanomolar range?®.

145



In 2016, Siriwardana et al. further validated the use of 0Z439 in not only treating canonical
laboratory strains of P. falciparum, but also in treating ACT resistant parasite strains?®. A
modified RSA capable of quantifying the DCP was conducted to study seven endoperoxide
containing compounds against five laboratory-adapted Cambodian isolates, which were either K13
wild-type or contained a unique, ART resistance conferring, K13 mutation. As shown previously,
K13 mutations are directly correlated with clinical findings of delayed parasite clearance or ART
resistance®®->"#", Siriwardana et al. showed that while six of the compounds tested were less potent
against K13 mutant parasite strains, these mutant strains were not cross-resistant to 0Z439. This
finding was validated through determination of parasite survival through the standard RSA at a
700 nM dose of drug as well as through the calculation of an RSLDsg derived from a modified
dose-response version of the RSA. In 2017, Baumgartner et al. conducted a similar, dose-response

RSA examining with several synthetic ozonide compounds?%?

and this study also confirmed that
0z439 is significantly more potent than DHA or the previously discovered OZ277. These results
suggest that 0Z439 is an excellent candidate for further investigation and could provide an

alternative therapy effective against ACT resistant malaria. In order to further validate the efficacy

of 0Z439, | sought to investigate its effect in combination with PI3K inhibitors.

6.3 Results
It has been established that antimalarial compounds can target different cellular pathways
at cytostatic and cytocidal concentrations'> 17 263 Additionally, it has been shown that the
autophagy pathway is an important drug target at cytocidal concentrations of CQ and this pathway
is dysregulated in CQ resistant parasite strains!’. Recently, there has been evidence suggesting that

the autophagy pathway also plays a role in the artemisinin resistance phenotype, with observations
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of Atg18 mutations and increased enzymatic activity of Vps34°3-°, We, therefore, were interested
to further investigate the role of the autophagy pathway in the laboratory-adapted Cambodian
isolates CamWT, CamWT%Y  Cam3.11R® and Cam3.1IR%%T, A protocol similar to that used in
Gaviria et al.}” was utilized to assess the distribution of Atg8 containing puncta in the above
mentioned strains, as well as the canonical laboratory strains HB3 and Dd2, under pressure with
either control, drug-free media, starvation media or complete media containing an LDso
concentration of DHA.

As expected, under control, nutrient rich conditions, all strains tested displayed diffuse
Atg8 staining, localized to the cytosol as reported previously!’ (data not shown). However, under
both nutrient starved and DHA LDsg conditions, there were significant differences in the observed
staining patterns and quantification of Atg8 containing puncta. For HB3 and Dd2 parasite strains,
similar to previous observations (see Gaviria et al.'’), a significant re-distribution of Atg8-labeled
puncta was observed under both starved and DHA LDso conditions (Figure 6.1). In CamWT and
Cam3.1IR®, both containing wild-type K13 sequences, | observed a reduced re-distribution of
Atg8-labeled puncta in both starved and DHA LDsp treated parasites (Figure 6.1) which is distinct
from the CQR (Dd2) phenotype. It should be noted that, to date, all observed cases of ART or
ACT resistance have evolved in regions of the globe where CQR is prevalent and therefore on a
CQR background. Thus, it could be assumed, according to results in Chapter 3, that the autophagy
response to CQ would be muted. However, surprisingly, even the Cambodian strains harboring a
wild-type K13 show a relatively muted autophagy response to nutrient starvation, as well as to
stress caused by DHA, in comparison to the canonical HB3 and Dd2 strains. The most striking

result was observed for the K13 mutant strains. CamWTC%8Y and Cam3.11R%%T strains, which
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contain the mutations C580Y and R539T respectively in the K13 domain, did not display a re-

distribution of Atg8-labeled puncta under either stress inducing condition (Figure 6.1).

HB3

Dd2

|

|
: z‘ CamWTC580Y
.

'3

- ‘\‘q
3 Cam3.I1Rev

-

Figure 6. 1 Imaging of autophagosomal body puncta formation and trafficking in response to
starvation and LDso DHA. Imaging of PfAtg8 containing puncta within parasite (from top row
to bottom - HB3, Dd2, CamWT, CamWT®*8Y Cam3.11R®, and Cam3.11R%°T) infected RBCs
after 6-hour exposure to either starvation (A) or a bolus dose of DHA at LDso (B). Panel 1:
transmittance image. Panel 2: anti-PfAtg8 antibody imaging. Panel 3: DAPI nuclear staining.
Panel 4: a merged image of all three channels. Bar =4 um.

To better define this phenotype, | next quantified this puncta response as described
previously'’. Briefly, the number of puncta at a distance > 3.5 um from the center of the parasite
DV was quantified by combining confocal microscopy imaging with 3-dimentional image analysis

software. In agreement with the visual observations, HB3 and Dd2 strains had the highest number

of puncta in response to both starvation and DHA LDsg. A statistically significant difference was
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not observed (p>0.05) in the autophagosomal body-puncta response for either HB3 or Dd2 under
starvation conditions or DHA LDsg (Figure 6.2). Compared to these strains, there was a statistically
significant reduction in the puncta-response (p<0.05) for both CamWT and Cam3.IIR®" strains,
both harboring the wild-type K13 sequence (Figure 6.2). However, this pattern of Atg8 staining
was distinct from that observed under control conditions (p<0.05). As seen in Figure 6.1, there
was no significant re-distribution in the autophagosomal-body puncta for CamWT®*®% and
Cam3.117%%9T when stressed with either starvation or DHA LDso (Figure 6.2). This response was

not statistically different from Atg8 staining that is typically observed under control conditions

(p>0.05).
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Figure 6. 2 Quantification of PFATGS8 positive puncta. PFATG8 positive puncta, quantified as
described previously!’, were measured upon treatment with control median (CM), starvation media
(SM) or an LDso dose of DHA. * indicates that the difference in puncta distribution is statistically
significant compared to HB3 under control conditions (p value < 0.05). ** indicates that the
difference in puncta distribution is statistically significant compared to HB3 under starvation
conditions (p value < 0.05).

These results indicated that there was a difference in the autophagy response in K13 wild-

type versus K13-mutant parasites. This is a significant observation given that dysregulation of the
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autophagy process was also involved in acquiring choloroquine resistance at a cytocidal level®’. It
is also important to note here that Mbengue et al. recently reported the involvement of the
increased activity of Vps34 in correlation with K13 mutations and ART resistance®. Another
recent, and particularly intriguing, result was the discovery of PI3K inhibitors that were extremely
potent against Plasmodium parasites*®. Taken together, this could indicate the autophagy pathway
as a vital drug target in overcoming ART resistance. As WHO currently recommends
administering antimalarial drugs as combinations, it is important to identify a suitable partner drug
for these PI3K inhibitors. Work done recently in our lab has shown that the compound 0Z439 is
capable of overcoming the cross-resistance shown by K13-mutant parasites to structurally related
ART drugs'?. ART resistance was initially defined as a delayed clearance phenotype®. However,
patients were still cured of malaria. Delayed clearance meant that ACT treatment may have been
required for 4 days instead of the normal 3 day treatment®®. Disturbingly, resistance to the partner
drug in Duo-Cotecxin — piperaquine (PPQ) — has also been reported recently®® %557, Therefore, it
is important to discover partner drugs to existing ARTs to overcome resistance shown to the
partner drug and it is also important to develop new combinations therapies with compounds such
as 0Z439, which have enhanced properties. This led our lab to look at combinations of PI3K
inhibitors with two existing ART drugs — DHA and ATM — as well as combinations with 0Z439,
both at cytostatic and cytocidal levels using the Chou-Talalay (C-T) combination assay format
(Figure 6.3)

There are multiple methods for assessing the efficacy of combination drug therapies?%2-204,
Some of these methods can be extremely time consuming, requiring multiple assays to produce
one output describing a unique drug pair. The Chou-Talalay method is simpler, in that it can be

done at a singular drug pair ratio and it is, therefore, amenable to a high-throughput format,
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allowing for the generation of large data sets and the evaluation of a vast array of drug pairs. In
this method, the two drugs in question are utilized at a 1:1 ratio (ICs0:1Csg or LDso:LDso) over a
range of multiple concentrations, generating C-T plots of parasite growth or survival (dependent
on the nature of the assay, whether it is cytostatic or cytocidal, see Figure 6.3) as a function of each
drug concentration. These plots are then used to calculate fractional inhibitory concentrations

(FIC) for each drug in question using Equation 1-3.

FICA — IC50 of Drug A in Combination (Equation 1)

ICsg of Drug A alone

FICB — ICsq of Drug B in Combination (Equation 2)

ICso of Drug B alone

FICip4ex = FIC4 + FICy (Equation 3)

These equations allow for the comparison of the activity of each drug within the
combination versus the activity of each drug when it is used as a monotherapy. The individual
FICs are then added (Equation 3) to determine the FICingex Of the drug combination therapy (or
FLDindex if examining cytocidal potency). The Chou-Talalay analysis provides a clear distinction
between synergistic, additive and antagonistic drug pairs®. For instance, if the presence of an
inactive compound simply augments the activity of a drug, this is not synergy; it is potentiation.
Synergy requires the presence of two active compounds. Additionally, the combined activity of
drugs A and B being greater than the monotherapies does not mean the combination is necessarily
synergistic; such a result could be caused by additive or slight antagonistic interactions®’. Based
on their calculations, Chou and Talalay define additivity when the FICingex equals 1. When the
FICindgex IS less than 1, the interaction is synergistic; when it is greater than 1, the interaction is
antagonistic®. However, these ranges can be altered based on experimental variance - from
synergy being less than 0.5 to antagonism being greater than 4% or additivity being represented

between 1 and 2%. This can be explained if analyzed from the perspective of isobologram analysis.
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As previously described, isobolograms are constructed using the 1Cso/LDso of each compound on
each of the x or y axis. The line of additivity connects each single-drug ICso/LDso. It is conceivable
that for a particular drug combination, one could observe ratios of 1:1 and 1:2 below the line of
additivity and ratios 2:3 and 3:1 above the line of additivity. In this case, it is unclear what
interaction the drug pair presents. Thus, the cutoffs for synergy, additivity and antagonism using
the Chou-Talalay assay are arbitrary and are not necessarily always accurate. For the purpose of
this study and to utilize more stringent criteria, | defined synergy as having an FICingex/FLDindex<1,
additivity as FICindex/FLDindex between 1-2 and antagonism as having an FICngex/FLDingex>2.
Synergy could potentially arise from inhibition of pathways that undergo downstream cross-talk,
or through interacting with the same pathway in two different locations, or perhaps by inhibiting
two different pathways completely. The isobologram or Chou-Talalay analysis only determines
the nature of the interaction, not how it comes to be. Our hope is that by targeting two separate
pathways, we may be able to discover synergistic drug pairs that could also prove useful in

preventing the rise of antimalarial drug resistance.
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Figure 6. 3 Chou-Talalay combination analysis. A) Representative graphs of a Chou-Talalay
cytocidal analysis performed on the combinations of 0Z439 and NVP-BGT226/GSK2126458 for
the laboratory-adapted Cambodian isolate, CamWT and the ZFN edited transfectant,
CamWT®®8 which possesses a C580Y mutation in the K13 propeller domain. B) Sample
calculation of FLD for each drug used and FLDngex for the pair. Values < 1 considered synergistic,
values above 2 antagonistic.

Initially, the combinations of endoperoxides with PI3K inhibitors were investigated at the
cytostatic level, using the C-T method described above, to determine if any of these combinations
have parasite growth inhibitory efficacy against CamWT, CamWT%Y Cam3.1IR¢¥, Cam3.11¢580Y
and Cam3.11R%°T, The activity of the combinations of ATM, DHA or 0Z439 with PI3K inhibitors
as well as the standard ACT parings of ATM+LUM and DHA+PPQ were employed. Many of the

combinations tested were additive, however, there was significant synergy observed for the

CamWT®®8 strain (Table 6.1). This could indicate significant growth inhibitory potential of the

153



0Z439+PI3K combinations against ART resistant strains; however, similar synergy was not
observed in the Cam3.11R%T strain (which possesses a native K13 mutation) or the Cam3.11¢58Y
strain (which was genetically engineered to contain a different K13 mutation). As mentioned
previously, the cytostatic potency of drug monotherapy or combination therapy is not necessarily
the most clinically relevant observation and with multiple indications of the role of autophagy in
cytocidal drug resistance, it was extremely important to investigate the cytocidal potency of these
combinations. Due to the different molecular targets at the cytostatic versus cytocidal levels, it is
possible that results from these two different types of assays might not correlate with each other.
In other words, it is possible to observe additivity or antagonism at the cytostatic level but also to
observe synergy for the same drug combinations at the cytocidal level. Thus, my colleague,
Kalpana lyengar and | next investigated the previously tested drug combinations at the cytocidal
level using the CamWT and CamWT®Y strains. The cytocidal (LDso) combination assay
involves a more sophisticated process, requiring multiple washing steps and thus, is not as
amenable to a high-throughput format that we and our collaborators were able to use for the

263 As shown by Siriwardana et al.*%, two strains CamWT and CamWTC580Y

cytostatic (ICso) assay
display a similar ART sensitive/resistance phenotype compared to the Cam3.11 background strains

and therefore, these two were used as representative strains to investigate possible synergy.

Table 6.1 Combination FIC ndgices for endoperoxide + PI3K inhibitor treatments in comparison with
standard ATM+LUM or DHA+PPQ, tested for all five DCP strains. Several combinations,
including OZ439+PI3K inhibitors were synergistic for CamwWTC%80Y,
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The ICsp assay subjects parasites to a continuous, 72 hour exposure to the drug(s) and thus,
parasites pass through multiple stages of their life-cycle during this time period. As previously
mentioned, malaria parasites pass through the ring, trophozoite and schizont stages during the
intraerythrocytic phase and this cycle repeats approximately every 45 hours. On the other hand,
the LDso assay subjects parasites to a 6 hour bolus dose of the drug(s). This is shorter than the
amount of time that it required for the parasites to complete one stage of their life-cycle.
Additionally, it has been shown that, in ART resistant parasite strains, early ring-stage parasites
are less susceptible to ARTs compared to the trophozoite stage of the same parasite strains®® 5" 7%
8,123 Thus, our lab wanted to investigate the cytocidal potency of endoperoxide+PI13K inhibitor
combinations in both the ring and trophozoite stages of the parasite life cycle.

Similar to ICsp combinations, the standard ACT combinations as well as novel
endoperoxide+PI3K inhibitor combinations were investigated in the LDso format. Significant
synergy or additivity was observed for most combinations tested at the trophozoite stage for both
parasite strains (CamWT and CamWT®%Y) with the exception of DHA+NVP (which was
antagonistic vs one wild-type strain, see Table 6.2). However, due to the decreased sensitivity of
ring stages to ARTSs, my colleague, Kalpana lyengar and | were particularly interested in
examining combinations at the ring stage.

Of the drug combinations tested in the ring-stage cytocidal assay, 0Z439+Torin 2 was
found to be extremely synergistic (FLDingex: 0.40 £ 0.14 for CamWT and 0.12 + 0.02 for
CamWT®8%Y see Table 6.2). In the trophozoite stage assay, this same combination was also
synergistic for both strains but with approximately equal activity (FLDingex: 0.56 = 0.04 for
CamWT and 0.70 + 0.12 for CamWT®%Y). This was particularly interesting due to both partner

drugs involved. As mentioned previously, 0Z439 is an extremely potent antimalarial and ART
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resistant strains do not display cross-resistance to this compound?® 262, Torin 2 acts on the
autophagy pathway and thus, could be acting on a vital drug target in Plasmodium parasites.
Further, both of these drugs are potent antimalarials as monotherapies as well. Also noteworthy is
the fact that this combination was more synergistic in the K13-mutant strains compared to the K13
wild-type strain.

Additionally, several other combinations were found to have significant synergy against
the ring-stage of parasites, with many of these combinations being more potent against the K13-
mutant strain, CamWT®8Y | than against the K13 wild-type strain, CamWT. Notably, DHA+Torin
1/Torin 2/PIK93, 0Z439+NVP/Torin 1 and ATM+GSK/Torin 1 were all found to be synergistic
against the ring stage of CamWT®®%, Of these, DHA+Torin 2, 0Z439+NVP and
ATM+GSK/Torin 1 were more potent against the CamWT8Y strain. Although Torin 1 and Torin
2 are structural analogs of each other and both are thought to target mTOR, Torin 2 is a
significantly more potent antimalarial than Torin 1 at both cytostatic and cytocidal levels*. Thus,
it is encouraging to find that combinations involving Torin 2 are also more potent than combination
involving Torin 1. 0Z439+NVP was also significantly more potent in the ring stage than either
ATM or DHA +NVP (FLDingices for CamWT: 0.79 £ 0.01, 1.67 £ 0.20, 1.40 + 0.48 respectively).
This is another particularly promising result as it combines two compounds that are extremely

potent as monotherapies and are also targeting different cellular pathways.

Table 6.2 Combination FLDindices for endoperoxide + PI3K inhibitor treatments in comparison
with standard ATM+LUM or DHA+PPQ, tested for CamWT and CamWT*%Y_ In particular,
0Z439+Torin 1 or 0Z439+Torin 2 were extremely synergistic (FLD for 0Z439+Torin 2: 0.40 and
0.12 respectively for CamWT and CamWTC®8%). 0Z439 combinations were more synergistic in
ring stage than in trophozoite stage. 0Z439+NVP was also synergistic (FLD 0.79 and 0.77 for
CamWT and CamWT<®8 respectively.
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6.4 Discussion

Artemisinin (ART) Combination Therapies (ACT) are currently the front-line therapy for
treating Plasmodium falciparum malaria. However, reports of artemisinin resistant P. falciparum
are on the rise and could indicate the imminent failure of ACTs®®®. Thus, investigating
mechanisms of ART resistance and understanding these mechanisms to inform the development
of novel antimalarial therapies is of utmost importance. Many of the ACTs currently in use were
discovered empirically without validation of the drugs’ mode of action (MOA). This lead to
combinations of drugs with similar MOAs. However, for an antimalarial therapy to have the best
potential for both being effective at curing patients?®® and reducing the risk of the development of
concurrent resistance?*%-24! the drugs used should possess different MOAs.

It has been shown that phosphatidylinositol 3’-kinase (PI3K) inhibitors are extremely
potent antimalarial compounds*®. Not only are these compounds potent at the cytostatic level, but
they also show significant cytocidal potency and are synergistic in combination with several other
antimalarial compounds, including with ARTs*. Recent studies highlight the importance of
studying cytocidal drug activity as traditional ICsp assays unable to distinguish ART sensitive
versus ART resistant strains®” 71, At these cytocidal levels of drug, the activation of an
autophagy-like pathway is responsible for drug-induced parasite death. This pathway is involved
in acquiring cytocidal drug resistance as well'” 4. Of particular interest is the fact that P.
falciparum parasites only possess one PI3’-kinase, namely, the class 111 Vps34. Thus, it is possible
that this is the molecular target for PI3K inhibitors. Taken together, this suggests that by

simultaneously inducing the cell-survival mechanism of autophagy and inhibiting it with drug, it
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could be possible to induce parasite death through targeting the same pathway at multiple
locations.

The use of PI3K inhibitors is attractive, not only because this class of drugs targets a
cellular pathway that is integral to parasite survival under external stress, but also because the
expected target pathway for these inhibitors has been implicated in the rise of ART resistance. In
2015, Wang et al.>® used a fluorescent ART probe to analyze the alkylated targets of ARTs and
interestingly found Atg18 covalently bound to the probe. Additionally, Mbengue et al. reported
the involvement of another component of the autophagy pathway in ART resistance; the increased
activity of Vps34 was associated with K13 mutations and ART resistance®*. These findings show
that the autophagy pathway is important to ART resistance and must be investigated further. Thus,
| first investigated the cytocidal effects of DHA — the primary active metabolite of many ARTs —
on Atg8 puncta formation in the canonical laboratory strains HB3 and Dd2, as well as in the
laboratory-adapted Cambodian isolates CamWT, CamWT®*% Cam3.11R® and Cam3.1175%T,

My investigation of the autophagy response in both K13 wild-type and K13-mutant strains
in comparison with canonical laboratory strains HB3 and Dd2 provided invaluable insight into an
essential cell-survival and cell-death pathway. While a redistribution of Atg8 puncta was observed
in K13 wild-type strains CamWT and Cam3.11R¢", quantification of these puncta revealed a muted
phenotype in comparison with HB3 and Dd2 parasite strains. This result was observed for both
starvation treatment and LDso treatment with DHA. Most surprisingly, | did not observe a
redistribution of Atg8 puncta in CamWT%Y or Cam3.117%%7, the K13-mutant strains. K13
mutations have been associated with clinical findings of ART resistance®’, thus, my results suggest

that the autophagy response is dysregulated in ART resistant parasite strains. This could indicate
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that targeting the autophagy pathway could lead to the development of novel antimalarial
combination therapies to combat ART resistance.

Endoperoxide drugs, like artemisinins, which possess a 1,2,4-trioxane heterocycle®!, are
attractive antimalarial drugs. Due to their rapid action on parasites, this allows for less drug
exposure time for parasites to develop resistance to them. This, along with their excellent potency
lead to multiple attempts to synthesize compounds containing an endoperoxide bridge?®°. Of these
synthetic endoperoxides, the ozonides, 0Z277 and OZ439 have shown promise in clinical trials®*
215,242 1n 2016, our group validated the use of 0Z439 in treating ACT resistant parasite strains?3.
My colleague Kalpana lyengar and | conducted an RSA analysis on both K13 wild-type and K13
mutant P. falciparum strains and found that most endoperoxide compounds tested were less
effective against K13-mutant strains. 0Z439 was the only compound to which the K13-mutant
parasite strains were not cross-resistant. These results were further validated by a similar study
done recently?%2,

Together, our lab’s findings that 0Z439 is equipotent against both K13 wild-type and K13-
mutant parasite strains as well as the observations of a dysregulation of the autophagy pathway in
K13-mutant parasite strains led us to investigate the potency of drug combinations involving
0z439+PI3K inhibitors. While it is important to investigate the potency of these combinations at
the cytostatic level, it has been shown that ART resistance cannot be distinguished through ICso
assays®” 971, Therefore, the potency of these antimalarial combinations was also investigated at
the cytocidal level. Since ART resistance is associated with increased tolerance in the ring-stage’?,
these cytocidal combination assays were done on synchronized parasites at either the ring or

trophozoite stages for comparison. Comparison of the combinations indicate that while there is
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synergy for multiple drug pairs, notably, the synergy is most pronounced in combinations with
0z439. The most potent combination found was 0Z439+Torin 2. Additionally,
0Z439+NVP/Torin 1 were synergistic but with decreased potency compared to 0Z439+Torin 2.
It is also interesting that for both combinations of 0Z439+NVP/Torin 2, there is stronger synergy
in CamWTC%Y  the K13-mutant strain, than in CamWT, the K13 wild-type strain. This suggests
that these two drug pairs may be able to circumvent emerging ART resistance and can serve as
novel, leading-candidate replacement ACTs.

Ours results show that the autophagy pathway, which is essential to cytocidal CQ
resistance, is also dysregulated in ART resistant parasite strains. Additionally, we show that it is
possible to target this pathway to potentially overcome ART resistance by partnering PI3K
inhibitors with 0Z439, to which, we find, K13-mutant strains are not cross-resistant. This is
extremely important, considering the rise of ART resistance and the possibility of spread to other
countries, including Africa, where the majority of malaria related deaths occur. Thus, it is
imperative that future work continues to investigate the targeting of the malaria autophagy pathway

as a potential mechanism of overcoming drug resistance.
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CHAPTER VII
OVERALL CONCLUSIONS
Plasmodium falciparum malaria is a deadly parasite that continues to pose a global health
burden. The advent of and continual development of drug resistance to front-line therapies
necessitates research into drugs that target novel aspects of parasite biology. Since 2000, when
investigators in this field identified the PFCRT gene'®, considerable progress has been made in

understanding how mutations in PFCRT confer resistance to cytostatic (I1C.,) dosages of drug'?®

143 Although much progress has been made in recent decades understanding the genetic, cellular
and molecular basis of antimalarial drug resistance phenomena at a growth inhibitory, or cytostatic,
level, some questions still remain. One such central question is whether the resistance to cell kill
effects (cytocidal activity) of drugs is via distinct pathways compared to resistance to growth
inhibitory effects (cytostatic activity) of drugs; and, if so, how can these distinct mechanisms be
better elucidated and targeted to overcome multidrug resistance?

To investigate resistance to death, one must first investigate programed cell death
pathways. P. falciparum parasites lack caspases and other genes necessary to encode key apoptosis
regulators and no molecular alterations in the apoptosis pathway have been found in correlation
with chloroquine (CQ) resistance?®. This thesis work sought to analyze cell death pathways in P.
falciparum parasites and utilize this information to propose targeted and novel antimalarial
combination therapies in the face of mounting drug resistance.

CQ isan antimalarial drug that can exert both cytostatic and cytocidal effects. In the clinical
setting, resistance is developed via parasites that are not killed when exposed to typical plasma

concentrations of CQ (which range from 1-10 uM)>?®3. Thus, in order to understand mechanisms
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of cytocidal CQ resistance, it is essential to study cell-death pathways in malaria parasites. Result
from LDso directed QTL mapping using the progeny of the HB3 (CQS) x Dd2 (CQR) cross, done
in collaboration with Professor Michael Ferdig (Notre Dame), led our research group to inspect
cytocidal activity and resistance from the perspective of one potential programmed cell-death
(PCD) pathway, namely, autophagy. Recent literature suggests that autophagy plays a significant
role in malarial parasites®*28, The Plasmodium genome possesses homologues of 15 of the 30
identified autophagy related (Atg) genes including all essential elements required for a functional
autophagy pathway, although several homologues may be significantly different from other
species; most notably mTOR as evidenced by the lack of a candidate homologue?*. Interestingly,
V/ps34 is the only phosphatidylinositol 3’-kinase (PI13K) that has been identified in the Plasmodium
genome and suggests a possible regulation step in the absence of an mTOR homologue.
Autophagy genes are found in all eukaryotes and a growing number of protozoa show
evidence of functionality. The autophagy pathway has been well characterized in the related
apicomplexan parasite, Toxoplasma gondii?®® %. In addition to being a cell-death pathway,
autophagy serves housekeeping roles in the cell and it is necessary for processing misfolded or
aged proteins as well as damaged organelles. It is also a survival pathway under conditions of
nutrient starvation. Typically, it only operates as a death mechanism if conditions are too extreme
to recover from or if the mitochondria become compromised®. These roles have been probed in
malaria to a very small extent; to date, this thesis is one of the most comprehensive analyses of
autophagy in malaria and methods of targeting this pathway to overcome resistance to front-line

antimalarial therapies.
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Chapter 3 suggests an alteration in the autophagy pathway in CQR parasites when probed
at cytocidal concentrations of CQ. Thus, by targeting this pathway, it may be possible to overcome
CQ resistance. Made possible through a collaboration with Dr. Craig Thomas at the National
Center for Advancing Translational Sciences (NCATS), Chapter 4 identifies several novel
compounds which were potent antimalarials and were synergistic partners with currently used
drugs. An intriguing class of compounds that were identified included known human PI3K
inhibitors. Chapter 4 further investigates the autophagy response in P. falciparum parasites under
cytocidal doses of other antimalarial compounds, such as the endoperoxide artemether (ATM),
which is currently used in artemisinin combination therapies (ACTs). Additionally, as the WHO
recommends the use of drug combination therapies as a method of reducing the risk of the
development of resistance, work in Chapter 4 also sought to discover novel synergistic drug
combinations that combine potent monotherapies. One significant outcome of this analysis was
the discovery of the effect of various drugs on the autophagy pathway. As mentioned before, drugs
such as ATM which cause oxidative stress to parasites caused an induction of the autophagy
pathway. A synergistic partner which is also a PI3K inhibitor, NVP-BGT226, was on the other
hand able to reduce this response. Two drugs which act on the same pathway at different locations
is a possible method of acquiring synergy. Therefore, this result was extremely significant. In
addition, inhibition of the survival pathway simultaneously with induction of that pathway could
have significantly deleterious effects on the parasite. Since Vps34 is the only PI3K that has been
identified in P. falciparum parasites, it could be the molecular target for PI3K inhibitors such as
NVP-BGT226 or GSK2126458. Additionally, many PI3K inhibitors have already been approved

for use in the treatment of cancer, so these are attractive compounds to investigate in P. falciparum.
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However, more information is still needed about PfVVps34 as most PI3K inhibitors in use target
class | PI3"-kinases but are still potent against P. falciparum. A crystal structure of this protein
would give important details about its structure and its interaction with substrates and inhibitors.
There are only two known Vps34 specific inhibitors that have been developed, namely SAR-405
and PIKIN?4285 Thus, it would prove useful if information was available about binding
interactions of these compounds versus class I-targeted PI3K inhibitors with Pf\Vps34.

The novel antimalarial compounds that were found via the high-throughput screen in
Chapter 4 were further studied as both cytostatic and cytocidal drug combinations using the Chou-
Talalay method®. As previously mentioned, it is important that any novel antimalarial therapy be
evaluated at both levels since clinically parasites are exposed to cytocidal drug concentrations.
The Chou-Talalay method studies drug pairs at a 1:1 effective ratio (ICs:1Cs0 or LDsg:LDsg). The
advantage to this method is that it is efficient and relatively easy to produce multiple data sets.
However, the disadvantage to this method is that clinically, human plasma concentrations of these
drugs are not necessarily at a 1:1 ratio. It may be logical, then, to attempt to conduct the Chou-
Talalay analysis at physiologically relevant concentration ratios or at the ratio of concentrations
each drug is found in plasma human when used as a monotherapy. This does not represent the
most accurate method as well since it is possible that the presence of one drug can affect the
metabolism or absorption of the other drug, thereby changing the plasma ratio of the two drugs.
Thus, these physiologically relevant ratios must be further investigated in order to conduct
physiologically accurate Chou-Talalay analyses.

Due to the rise of resistance to ACTs, which are the current front-line antimalarial

therapies, it is imperative to discover novel antimalarial drug combination therapies that contain
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potent compounds which have different modes of action (MOA) and work synergistically to kill
malaria parasites. Original reports of ACT resistance in 2008 and 2009 suggested a delayed
clearance phenotype (DCP), in which parasites persisted in the body for 1-2 additional days.
However, all of these patients were still cured by the standard treatment’®"* 7, Commonly used
ACTs include artemether (ATM) + lumefantrine (LUM) or dihydroartemisinin (DHA) +
piperaquine (PPQ). Recently, there have been reports of complete treatment failure, suggesting
that parasites have developed resistance to both of the drugs used in combination®® % It has been
shown that mutations in the kelch propeller domains of a protein on chromosome 13 (K13) is
associate with clinically observed phenotypes of artemisinin (ART) resistance®® &’

Work summarized in Chapter 5 focused on identifying novel endoperoxide containing
compounds to target ART resistance and work summarized in Chapter 6 focused on identifying
PI3K inhibitors that could be used as partner drugs to overcome complete ACT treatment failure.
Chapter 5 identifies an ozonide compound, 0Z439, as equally potent against both K13 wild-type
and K13-mutant laboratory-adapted Cambodian isolates (parasites which come from a region
riddled with multiple drug resistance). 0Z439 was optimized from dozens of other ozonide
compounds as having excellent antimalarial potency, low toxicity, high lipophilicity and increased
bioavailability. Thus, this serves as a promising lead compound to battle rising ACT resistance.
Although 0Z439 is currently marketed in India by Ranbaxy Pty Ltd?*4 260261 it has still not
completed Phase 11 clinical trials and more work needs to be done to validate this compound as
safe and effective for use as a standard antimalarial therapy.

Discovering the dysregulation of the autophagy pathway in CQR parasites!’ and recent

studies identifying the involvement of components of the autophagy pathway in ART resistance>*
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5 led me to investigate the autophagy pathway in ART resistant parasite strains. These reports find
the association of a T38N mutation in Atgl8 is with ART resistance and the association of
increased enzymatic activity of Vps34 (leading to increased production of its product,
phosphatidylinositol 3-phosphate) with ART resistance. Results from my work suggest a muted
autophagy phenotype in K13-mutant parasites, which is distinct from the CQR phenotype. It
should be noted that, to date, all observed cases of ART or ACT resistance have evolved on a CQR
background (or in regions of the globe where CQR is already present and thus alternative therapies
had to be introduced). Thus, it could be assumed, according to results in Chapter 3, that the
autophagy response to CQ would be muted. However, surprisingly, all tested strains with a
Cambodian genetic background show a relatively muted autophagy response to nutrient starvation,
as well as to stress caused by DHA, in comparison to the canonical HB3 and Dd2 strains. Parasite
strains harboring wild-type K13 do show a redistribution of autophagosomal puncta in response to
starvation and DHA treatment, although to a relatively smaller extent. Most significantly, K13-
mutant strains (or parasites with a Cambodian background that have been genetically modified to
possess K13 mutations) show no significant re-distribution of autophagosomal puncta under both
nutrient starvation or LDso dose of DHA. These results suggest further modification of the
autophagy pathway in K13-mutant strains compared to CQR parasite strains.

Work needs to be done to elucidate the extent of the modification of the autophagy pathway
in K13-mutant strains in order to better understand its role in ACT resistance and to inform the
development of novel antimalarial therapies. With the advent of CRISPR?%-2% \which makes
genetic modifications of P. falciparum parasites significantly more efficient and easily accessible

than before, it is conceivable that significant progress could be made in this domain. Since all
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observed cases of ACT resistance have been developed on a CQR background, it would be useful
to genetically modify various CQS strains to possess K13 mutations and investigate the autophagy
response in these parasite lines. Since these parasite strains would be CQS, it would be expected
that the autophagy response to nutrient starvation or an LDso dose of DHA would be in between
that of HB3 and CamWT (a K13 wild-type strain with a Cambodian genetic background and is
CQR). This information would be invaluable in determining the extent of the Cambodian genetic
background influencing the autophagy response in ART resistant parasites. Additionally, it would
be interesting to revert the T38N mutation to the wild-type sequence in Atgl8, which is a
phosphatidylinositol 3-phosphate (PI3P) binding protein, and determine if any changes are
observed in ART susceptibility as well as the autophagy response.

The autophagy-related puncta response was not only reduced in the Cambodian parasite
lines when treated with LDso DHA, but this response was also reduced under nutrient starvation
conditions. This has not been observed before in comparing CQS versus CQR malaria and thus it
is unclear why these particular parasite strains do not respond to nutrient starvation in the same
way or to the same extent as other parasite strains. Further, K13-mutant strains do not show an
autophagy-related puncta redistribution at all under nutrient starvation conditions. Further work
must be done to understand this observation. It is possible that this observation arises from the
ability of these parasites to enter a quiescent state, as previously observed in correlation with ART
resistance’®. Or it is also possible that these parasites have an altered, more efficient/resistant
autophagy process that needs extensive stress to trigger a re-distributed puncta response and thus
not visible in a 6 hour experiment. An experiment could be designed to test the time-dependence

of the autophagy response (similar to that in Gaviria et al.r’), including additional, longer time
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points. These results could inform whether a 6 hour pulse is sufficient to induce autophagy at all
in these parasite strains or if a longer duration of the incubation in nutrient deprived conditions in
necessary. One obstacle to this investigation would be the transition of parasites to later stages of
the life cycle. This would alter the Atg8 response as seen in the observations of chapter 3. Thus,
incubations could be started at the rings stage and carried out to the trophozoite stage where the
autophagy response is quantified. Another approach would be to measure the resistance of
parasites to nutrient starvation in a plate format as done for LDsg assays. Cells could be incubated
for varying time periods in starvation media and survival could be measured as in LD50
determination using SYBR Green 1 after letting them out-grow in control media for an additional
amount of time.

Chapter 6 also identifies several drug combinations which are synergistic against both K13
wild-type and K13 mutant strains of P. falciparum. Only a few tested combinations were found to
be antagonistic, with the majority of combinations being additive or synergistic. Most
interestingly, a greater level of synergy was observed in some 0Z439+PI3K inhibitor
combinations in comparison with standard ATM+LUM or DHA+PPQ combinations as well as
ATM or DHA +PI3K inhibitor combinations. These results show that by simultaneously inducing
and inhibiting the autophagy pathway, it is possible to devise an antimalarial combination therapy
that is extremely potent and could provide a unique way of combating ACT resistance. Most of
the currently available therapies were discovered empirically, without validation of MOA of the
drug pairs. Thus, further work needs to be done in this field to identify compounds with differing
MOA that either target unique processes in P. falciparum parasites or that target the same pathway

in multiple locations. The combination found in Chapter 6 of 0Z439+Torin 2 could be a start in
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the right direction towards this goal. Endoperoxide compounds, such as OZ439, are thought to
cause oxidative damage to parasites and are activated by iron released from hemoglobin digestion
in the parasite DV. These compounds cause stress to the parasite and thus induce the autophagy
response. Torin 2 is a PI3K inhibitor that is extremely potent against malaria parasites. By using
these two compounds in combination, the autophagy process is simultaneously induced and
inhibited, which could provide a novel method of killing malaria parasites and significantly
reducing the risk of the development of resistance.

As shown by Straimer et al., K13 mutations are necessary but not sufficient to describe the
ART resistance phenotype®’. Several genome-wide analyses have been conducted to compare
ART sensitive versus resistant strains and to determine which genetic factors associate with ART
resistance®® % 66 7882 Thjs jnformation can be utilized to inform further experiments to
systematically perform genetic modifications to Cambodian parasite strains in an effort to identify
other genetic loci associated with ART resistance. This is an area which has not been studied
extensively and most researchers are basing experimentation on K13 mutations, which does not
provide a complete picture of ART resistance. It is imperative that further studies be done to fully
understand the mechanism and genetic basis of ART resistance in order to be able to properly

devise treatments to overcome this basis of resistance.
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